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PREFACE

The work embodied in the thesis entitled “Design of Luminescent Polypyridyl-Imidazole
based Ruthenium Complexes for Construction of Sensors, Switches and Logic Devices”
have been carried out in the Department of Chemistry of Jadavpur University during the
period between 2016 and 2022. The thesis is composed of six chapters.

Chapter 1 describes an overview of the photophysical and electrochemical
properties of Ru(ll) complexes derived from polypyridine ligands. A brief review has
been presented on Ru(ll) complexes incorporating various polyheterocyclic ligands with
special emphasis on their design and photophysical properties. The switching of
photophysical properties in presence of different external stimuli has been discussed.
Moreover, diverse Boolean logic operations exhibited by the complexes based on their
optical and electrochemical responses in presence of a large variety of activating inputs
were also reviewed. Finally, objective and scope of this dissertation has been discussed at
the end of the chapter.

In Chapter 2, synthesis and characterization of a new array of Ru (I)-terpyridine
complexes derived from a terpyridyl-imidazole ligand (tpy-HImzPhsMe,) have been
reported. Acid and anions induced modulation of absorption and emission spectral
characteristics of the complexes were thoroughly studied by multiple optical channels
and spectroscopic techniques. DFT and TD-DFT studies were carried out to understand
the electronic structures of the complexes and also for appropriate assignment of the
spectral bands.

Chapter 3 reports the synthesis, characterization and photo-redox behaviors of
three homo- and heteroleptic Ru(ll)-complexes based on fluoro-substituted terpyridyl-
imidazole ligand (tpy-HImzPhsF;). The major focus of this chapter is pH and temperature
induced modulation of absorption and emission spectral behaviors as well as
electrochemical properties. DFT and TD-DFT studies were carried out to compare the
experimental and theoretical spectra of the complexes. Finally, the spectral signatures of
the complexes upon the influence of temperature, acid and bases were employed to

construct multiple Boolean logic gates.



Chapter 4 describes synthesis, characterization and photophysical properties of a
series Ru(ll) complexes based on dimethylamino-substituted terpyridyl-imidazole ligand
[(tpy-HImzPh3(NMe,),]. Anion and temperature responsive behaviours of the complexes
were thoroughly investigated. Additionally, the anion and temperature responsive
behaviours of the complexes were utilized to fabricate multiple Boolean (BL) and Fuzzy
logic (FL) operations. Finally, Artificial Neural Networks (ANNSs), Fuzzy-logic and
Adaptive Neuro-Fuzzy Inference System (ANFIS) were employed to fully understand as
well as to forecast the complete sensing behaviors of the complexes.

Chapter 5 deals with anion-responsive conduct of a Ru(ll) complex of the type
[(bpy)Ru(Hzpzbzim)] (ClO4), (1), where bpy = 2,2-bipyridine and Hspzbzim =
pyrazole-3,5-bis(benzimidazole) in acetonitrile and water via absorption, and emission
spectroscopy as well as by square-wave voltammetry (SWV). Alteration of the
photophysical and electrochemical behavior of the complex in presence of the selected
anions were predicted computationally by implementing Neural network based deep
learning methodologies such as ANNs and ANFIS.

In Chapter 6, multi-channel anion sensing behavior of a Ru(ll) complex of the
form [(bpy)2Ru(Hpzbzth)] (ClO4), (1) {bpy=2,2'-bipyridine and Hpzbzth=3,5-bis
(benzthiazol-2-yl)pyrazole} is carried out and also analyzed through multiple machine

learning tools.



ACKNOWLEDGEMENTS

I want to acknowledge those people who played a role directly or
indirectly for the successful completion of my thesis.

First and foremost, I would l[ike to express my gratitude and
thanks to my supervisor Professor Sujoy Baitalik. It was impossible
to complete this journey successfully without his continuous help
and support. I am greatly benefitted by his resourceful insight on
my analysis and numerous revisions. His hard work and positive
energy has always been an inspiration for me.

I am very much thankful to the Department of Chemistry of
Jadavpur University for giving me the scope to carry out my
research wovk. I would (ike to thank the present Dean, Faculty
Council of Science, Prof. Subenoy Chakraborty and the Head of the
department, Prof. Swapan Kumar Bhattacharya, and the Section-
in-charge, Prof. Saurabh Das for providing the departmental and
laboratory facilities. I also extend my heartfelt gratitude to all the
faculty members and non-teaching staffs of this department for
their help and supportive cooperation.

I would specially like to acknowledge Prof. Samaresh
Bhattacharya, Prof. Nitin Chattopadhyay, Prof. Chittaranjan
Sinha, Prof. Subrata Mukhopadhayay, Prof. Jnan Prakash Naskar,
Prof. Mahammad Ali, Drv. Tapan Kumar Mondal, Dr. Bibhuti
Bhusan Shaw, and Dr. Partha Mahata for their kind cooperation

and constant encouragement throughout my journey of research.



I am thankful to DST-INSPIRE for awarding me JRF and
SRF fellowship for the last five years to carry out my research
work smoothly.

I would (ike to acknowledge DST for providing single crystal
X-ray diffractometer in FIST and Time-Resolved Nanosecond
Spectrofluorimeter in PURSE programme to the Department of
Chemistry, Jadavpur University.

I also want to express my heartfelt regards and a lot of
thanks to my former lab-mates Dr. Dinesh Maity, Dr. Srikanta
Karmakar, Dv. Sourav Mardanya, Dr. Debiprasad Mondal, Dr.
Manoranjan Bar, Dr. Poulami Pal, Dr. Shruti Mukherjee, Dr.
Animesh Paul for their continuous help and support. An extensive
help from my present lab-mate Dv. Amit Chakraborty, Tanusree
Ganguly, Anik Sahoo, Toushique Ahmed, Soumi Das and Sohini
Bhattacharya is very much praiseworthy and deserves my
heartfelt acknowledgement. All the moments we spent together
during the research activities and others became a memory for the
whole [ife. T think I am fortunate enough to get an opportunity to
work with this helpful and friendly rvesearch group.

It was really impossible to complete this journey without the
unconditional love, support and encouragement from my family
members, especially from my parents. I want to express a heartfelt
gratitude to all my family members who always kept me in their
prayers. I am also thankful to my brother Saikat for his support.

I am also eager to acknowledge all of my friends and seniors for

their mental support during the phase of different ups and downs



in these vyears. Especially, I want to give a heartfelt thank to
joydeep da, my ex-roommate and a rveal friend of mine, who helped
me a lot. I am indebted to my friend Manish for helping me with
data analysis of my vesearch work. Now I am expressing my
apology since I have failed to mention personally each and
everyone.

Finally T would like to thank the almighty for his blessing to
journey of completion of my thesis.

Jownw/ ;290/( 12)i2f202Z
(Sourav Deb) '
Department of Chemistry,
Inorganic Chemistry Section,

Jadavpur University,

Kolkata-700032, India



CONTENTS

Chapter 1: General Introduction and Brief Review on Luminescent

11
1.2

1.3

1.4.
15

1.6.

1.7.

1.8.
1.9.

Ru (I)-polypyridine complexes and Objective and Scope
of the Present Work

. General Introduction

. Overview of the Photophysical Behaviors of Ru(ll) Complexes Based

of Polypyridine Ligands
Electrochemical Behaviors of Ru(l1) Complexes Based on Polypyridine
Ligands

Fabrication of Logic Functions

. A Brief Review of Ruthenium (I1) Complexes Derived from Poly-Pyridine

Ligands

Switching of Photophysical and Electrochemical Properties Ruthenium (11)
Complexes Derived From Poly-pyridine Ligands

A Brief Review on Logic Gates

Objective and Scope of the Present work

References

Chapter 2: Exploitation of Second Coordination Sphere to Promote

2.1.
2.2.

2.3.

Significant Increase of Room Temperature Luminescence
Lifetime and Anion Sensing in Ruthenium-Terpyridine
Complexes
Introduction
Experimental Section
2.2.1. Materials
2.2.2. Synthesis of the Ligands
2.2.3. Synthesis of the Metal Complexes
2.2.4. Physical Measurements
2.2.5. Computational Method
Results and Discussion
2.3.1. Synthesis and Characterization
2.3.2. DFT and TD-DFT Studies
2.3.3. Electronic Absorption spectra
2.3.4. Emission Spectral Behaviors
2.3.5. Acid-Induced Changes of the Emission
Spectral Characteristics of Complexes.
2.3.6. Anion-Induced Changes in the Photophysical

Properties of the Complexes.

Page No.

1-52

16

23
29
39

53-110

53
55
55
55
56
57
58
59
59
61
73
75
81

90



2.4.
2.5.

Conclusions

References

Chapter 3: Stimuli-Responsive Molecular Switches and Logic

3.1.
3.2

3.3.

3.4.
3.5.

Devices Based on Ru (I1)-Terpyridyl-Imidazole
Coordination Motif
Introduction
Experimental Section
3.2.1.Materials
3.2.2 Synthesis of the ligand
3.2.3. Synthesis of the Metal Complexes
3.2.4. Physical Measurements
Results and Discussion
3.3.1. Synthesis and Characterization
3.3.2. Absorption and Emission Spectra
3.3.3. Temperature-Induced Switching of
Emission Spectral Behaviors
3.3.4. pH-Induced Switching of Absorption
and Emission Spectral Characteristics
3.3.5. Electrochemical Behaviours and Proton-
Coupled Electron-Transfer Reactions
3.3.6. Fabrication of Logic Gates
3.3.6.1. INHIBIT Gate
3.3.6.2. IMPLICATION Gate
3.3.6.3. NOR Gate
Conclusions

References

Chapter 4: Analysis and Prediction of Anion- and Temperature

4.1.
4.2.

Responsive Behaviours of Luminescent Ru (I1)-Terpyridine
Complexes by Using Boolean, Fuzzy Logic, Artificial Neural
Network and Adapted Neuro Fuzzy Inference Models

Introduction

Experimental Section

4.2.1. Materials

4.2.2. Synthesis of Ligand

4.2.3. Synthesis of Metal Complexes

4.2.4. Physical Measurements

4.2.5. Artificial Neural Network (ANNS)

4.2.6. Adaptive Neuro Fuzzy Inference System (ANFIS)

99
99

111-157

111
113
113
114
114
115
116
116
119
129

132

139

145
145
145
147
148
149

158-202

158
161
161
161

163
163
164



4.3.

44.
4.5.

Results and Discussion
4.3.1. Synthesis and Characterizations
4.3.2. Absorption and Emission Spectra
4.3.3. Temperature Triggered Emission Switching
4.3.4. Modulation of Photophysical Behaviour in Presence of Anion
4.3.5. Binary Logic Function
4.3.5.1. Implication Gate
4.3.5.2. Keypad Lock
4.3.6. Fuzzy Logic Operation
4.3.7. Artificial Neural Network
4.3.8. Adaptive Neuro Fuzzy Inference System
Conclusions

References

Chapter 5: Harnessing Deep Neural Networks to Analyze

5.1
5.2.

5.3.

Multi-Channel Anion Sensing Characteristic
of Ru(ll)-Pyrazolyl-Bis(Benzimidazole) Complex

Introduction

Experimental Section

5.2.1. Materials

5.2.2. Synthesis of Ligand

5.2.3. Synthesis of Metal Complex

5.2.4. Physical Measurements

5.2.5. X-Ray Crystal Structure Determination

5.2.6. Artificial Neural Network

5.2.7. Adaptive Neuro Fuzzy Inference System

Results and Discussion

5.3.1. Synthesis and Characterization

5.3.2. Anion Responsive Behaviour

5.3.3. Absorption Spectra Monitoring

5.3.4. Emission Spectra Monitoring

5.3.5. Electrochemical Monitoring

5.3.6. Mode of Receptor-Anion Interaction

5.3.7. Artificial Neural Network (ANN)

5.3.8. Adaptive Neuro Fuzzy Inference System (ANFIS)

5.4. Conclusions

5.6. References

165
165
168
171
174
181
182
182
183
184
189
194
195

203-237

203
205
205
205
205
206
206
207
208
208
208
209
210
213
217
218
220
223
229
230



Chapter 6: Multi-Channel Anion Sensing Behaviour of a
Ru(l1)-Bipyridine Complex Based on Benzothiazolyl
Pyrazole Ligand: Experimental and Implication
of Machine Learning Tools for Data Prediction
6.1. Introduction
6.2. Experimental Section
6.2.1. Materials
6.2.3. Synthesis of Ligand
6.2.3. Synthesis of Metal Complex
6.2.2. Physical Measurements
6.3. Results and Discussion
6.3.1. Synthesis and Characterization
6.3.2. Solvent Dependent Absorption and Emission Spectral Behaviour
6.3.3. Anion Sensing Properties
6.3.4. Electrochemical Monitoring
6.3.5. Mode of Interaction Among Complex and Anions
6.3.6. Logic Operations
6.3.6.1. Combinational Logic and Keypad Lock
6.3.7. Fuzzy Logic Operations
6.3.8. Artificial Neural Network (ANN)
6.3.9. Adaptive Neuro Fuzzy Inference System (ANFIS)
6.4. Conclusions

6.5. References

List of Publications

238-266

238
239
239
239
240
240
240
240
241
242
240
247
248
250
251
253
254
260
261



Chapter 1

General Introduction and Brief Review on
Luminescent Ru (11)-Polypyridine Complexes
and

Objective and Scope of the Present Work
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1.1. General Introduction

Ru(ll) complexes of polypyridine ligands play promising role in the diverse field
of research such as artificial photosynthesis, dye-sensitized solar cell, photocatalysis,
molecular electronic devices and chemosensors because of their excellent photophysical
and redox characteristics.”'° More interestingly, their optoelectic properties can be tuned
by incorporating different chromophores in the ligand moiety or upon interaction with
different external stimuli such as anion, cation, pH, temperature.’*** The enormous
advancement in this branch of photochemistry was originated upon incorporation of
[Ru(bpy)s]** moiety which exhibits excellent photosensitizing properties.”? Latter on,
numerous polypyridine ligands involving either bidentate 2,2'-bipyridine (bpy) type or
tridentate 2,2".6',2"-terpyridine (tpy)-type chelating sites were designed to modulate the
photo-redox properties in the resulting complexes. Ru(ll) complexes based on bpy types
of ligands exhibit strong and long-lived luminescence at room temperature (RT) whereas
[Ru(tpy).]** does not emit at RT with a very low excited state lifetime of © = 250 ps.>>?®
In addition, bpy-type ligands give rise to diasteromeric mixtures in resulting octahedral
complexes which are often difficult to separate. On the other hand, [Ru(tpy).]**-type
complexes produce achiral rodlike structures.?* The major objective of this dissertation
is to design terpyridine complexes of Ru(ll) exhibiting strong and long-lived emission at
RT. Additionally, we synthesized some Ru(ll) complexes incorporating bpy-type
chelating units functionalized with imidazole and thiazole moieties.

Another important focus of this dissertation is to modulate photophysical and
redox behaviors of the complexes via exploitation of their second coordination sphere
with external stimuli. Synthetic protocol offers a number of azole moieties in their
secondary coordination sphere which upon interaction with anions can lead to substantial
modulation of photo-redox properties of the complexes. Upon inducing extensive
delocalization and/or incorporating electron-donating and electron withdrawing unit in
the ligand framework, the RT emission characteristics of the Ru(ll)-terpyridine
complexes have been substantially improved by adjusting their *MLCT-*MC energy
barrier. As temperature also plays a crucial role on the emission characteristics of the
complexes through adjustment of their SMLCT-®MC energy barrier, we performed

temperature-dependent emission spectral measurements to explore the efficacy of the

1
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complexes to act as temperature-triggered molecular switches. Theoretical calculation
using density functional theory (DFT) and time-dependent DFT are also executed to get
better knowledge about the structural and spectral aspects of the complexes.

The spectral and electrochemical outputs of the complexes in response to different
stimuli are also employed for construction of multiple Boolean Logic (BL) as well as
Fuzzy Logic (FL) functions. In BL, the output signal varies between two extremes, "0" or
"1 248 Byt the practical systems often consist of innumerable number of intermediate states.
To address the in-between states, the FL is an appropriate choice.**> Herein, we applied
FL to provide an infinite-valued logic algorithm upon utilizing spectral output of the
complexes in presence of the stimuli.®*® Execution of very detailed sensing studies upon
varying the analyte concentration within a wide domain is very tedious, time-consuming
and expensive. In order to overcome the lacuna, we implemented soft computing tools
such as Artificial Neural Network (ANNS), Fuzzy Logic (FL) and Adaptive Neuro-Fuzzy
Inference System (ANFIS) to analyze as well as to predict the experimental sensing data

of the complexes.

1.2. Overview of Photophysical Behaviors of Ru(ll) Complexes Based on

Polypyridine Ligands

In the previous section, we have already discussed that Ru(ll) complexes of polypyridyl
ligands are potential building blocks for light harvesting applications because of their
unique combination of photphysical, photochemical, and electrochemical properties.?*?’
The complexes strongly absorb in the visible (between 420 and 500 nm), display strong
RT luminescence in the red and decay to the ground state via primarily *MLCT state with
lifetimes that vary between a few nanoseconds to a few microseconds.?*%"%%7"
Photophysical properties of parent [Ru(bpy)s]** and [Ru(tpy),]** are presented in Table
1.1 and Figure 1.1. It is observed that absorption spectral profile of complexes consist of
metal-to-ligand charge transfer (MLCT), metal-centered (MC) and ligand-centered (LC)
bands, the position of which depends upon the electronic nature of ligand environment
(Figure 1.1.). Literature survey shows that [Ru(bpy)s]**-type complexes exhibit superior
luminescence properties in comparison with [Ru(tpy),]**-type analogues.?*?%"%7"

Whereas both types of complexes display intense absorption bands in the visible region

2
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due to MLCT transition(s) as well as very strong bands in the UV region due to ligand-

centered transitions, 2297280

Table 1.1. Photophysical parameters of the Parent Ru(ll) complexes in Deaerated
CH3CN at RT.

Complex kmaxabs Xmaxem, Texst, 298 K, REf
(MLCT), nm | nm ns
Ru(bpy)s®* 454 620 800 23,28
Ru(tpy),” 475 628 <5 23,28
@ [Ru(bpy)s]** (o) [Ru(tpy)]**

LC

Ex107% 'em™

200 300 400 500
Wavelength (nm)

Wavelength (nm)

Figure 1.1. Uv-vis absorption profile of parent [Ru(bpy)s]** (a) and [Ru(tpy)-]** (b) in
MeCN solution.

Upon excitation at MLCT bands, the complexes first promoted to excited state(s) and
undergo very fast intersystem crossing to either *MC or ®MLCT states or both and
eventually deactivates to ground state either through radiative or non-radiative decay
process.”?° The deactivation process mainly depends on the energetic relationship
amongst *MLCT, 3MC as well as °LC states. For complexes incorporating [Ru(bpy)s]**
moiety, the lowest lying excited state is predominantly *MLCT which undergo radiative
deactivation with reasonably long lifetime. By contrast, the complexes incorporating
[Ru(tpy)2]** motif are usually non-emissive or very weakly emissive because of close

proximity of their emitting MLCT and non-emitting *MC states at RT (Figure 1.2).

1.3. Electrochemical Behaviors of Ru(ll) Complexes Based on

Polypyridine Ligands
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Electrochemical properties of Ru(ll) complexes of polypyridine are quite interesting
because of their reversible nature. Highest occupied molecular orbital (HOMO) of the
complexes predominantly situated on the metal site, that means on oxidation Ru(ll) gets
converted to Ru(lll), whereas the lowest unoccupied molecular orbital (LUMO) is
localized over the pyridine rings and upon reduction, the electrons are accumulated on the
LUMO of the polypyridine ligands.”>™ It is observed that mono-metallic complexes
usually display one reversible oxidation in the positive window and many reduction

peaks in the negative potential window.

tpy

Figure 1.2. Simplfied energy profile diagram

1.4. Fabrication of Logic Functions

Electronic devices play a crucial role in our daily life which has reformed the
world through communication, sharing information, storing and processing of data.’**
The working principle of these digital electronic devices are based on few logics of
Boolean algebra. In real scenario, Boolean algebra deals with two binary codes “On-state
(1) and “Off- State (0)”. The data processing was depended upon the logic operation of
single or multiple logic inputs which gives a single output in each case. Usually, eight
fundamental logic operation are used for this purpose. They are OR, AND, XOR, NOR,
NAND, XNOR, INHIBIT (INH) and IMPLICATION (IMP). Several complicated
combinational logic operations are also possible based on the fundamental logic systems.

The fundamental circuits undergo arithmetic and other complicated operation and give
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rise to different complicated circuits, such as half-adder/subtractor, 8% keypad-lock, 3+%°

86-89 88-90 91-93 and

set-reset-flip-flop, memory-device, multiplexer/demultiplexer/exciplex,
encoder/decoder® etc.

Silicon based technology are very efficient for modern integrated circuits but the
only limitation is its size. Molecular computation is superior in comparison with silicon-
based devices as it can deals with the information upto nanometer scale. Hence, molecular
mimicry of logic gates has considered as potential alternative which is proposed by a de Silva
in 1993.3%3! Thus, deigning of stimuli responsive molecules are important in term of
molecular level computation. Output signal of these molecules upon interaction of various
external stimuli (such as temperature, anion, cation, pH, light, etc) are often utilized to

fabricate different binary logic functions.

1.5 A Brief Review of Ruthenium (11) Complexes Derived from Poly-
Pyridine Ligands

Different research group across the world has published various notable reviews
and papers pointing out the photophysical, photochemical and electrochemical properties
of Ru(ll) complexes based on polypyridine ligands (mainly bpy or tpy).22*%7 The
optoelectic properties of the complexes can also be tuned either by altering the electronic
distribution in ligand backbone or by interaction with various external guests such as
anion, cation, temperature, pH, solvent and light. Some relevant literature similar to our
present study will be reviewed in this dissertation.

Balzani and co-workers have reported a series of complexes of the type [Ru(tpy-
X)(tpy-Y)]*, where X and Y represent electron-donating and withdrawing groups at the
4'-position of the terpyridine moiety (Scheme 1.1).%°* It is observed that electron
withdrawing groups give more stability to lowest unoccupied molecular orbital (LUMO)
which is mainly located in the ligand moiety in comparison to metal-based highest
occupied molecular orbital (HOMO), So the complexes absorb at lower energy.
Incorporation of electron withdrawing group, on the other hand, lowered the energy of
SMLCT state with a reduction of thermal population of the *MC state. As consequence,
the excited properties of the complexes improved substantially (X = H, Y = SO,Me: Amax
=679 nm, r = 36 ns; X = SO,Me, Y = SO,Me: Amax = 666 nm, 7 = 25 ns). By contrast,
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the electron-donating group destabilized the metal-based HOMO more than ligand-based
LUMO, keeping the *MC state unaltered. A mixture of electron-donating and electron-
withdrawing groups, improves the luminescent properties of the complexes substantially
and the longest excited lifetime was observed for X = OH, Y = SO;Me (Amax = 706 nm, ¢
=50ns).*

Indelli et al. reported the solvent-dependent photophysics of a new series of
tricyano-terpyridine complexes (Scheme 1.2).*> The luminescence properties of the
complexes strongly depend upon the second-sphere donor-acceptor (SSDA) mechanism
of cyanide moiety and the solvent. With the increase of the acceptor nature of the solvent,
the MLCT band energy increases. An enormous improvement of excited-state lifetime of
complexes was observed. This is a classic example demonstrating proper usage of
ancillary ligands could substantially enrich the luminescence characteristics of Ru(ll)-tpy

complexes.

X Y
1. | MeSO, | MeSO,
2. |l Cl
3. |H H
4. | Pnh Ph
5. | EtO EtO
6. | OH OH
7. Me;N Me;N
8. H MeSO,
9. | OH MeSO,
10. | CI EtO
11. | OH Ph
12. | MeSO, | Me,N
13. | CI Me,N
14. | OH Me,N

Scheme 1.1
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1=40 ns, MeCN 7=40 ns, MeCN

Scheme 1.2

Incorporation of m-conjugated aromatic rings in the ligand moiety is also an
important strategy for improving the RT emission characteristics (Scheme 1.3).% It is
observed that introduction of pyrimidine ring in the 4'-position of a terpyridine can
improve the luminescence property quite substantially.®” n-conjugation can be further
increased by introduction of a second conjugated rings (pyrimidine, phenyl,
pentafluorophenyl) in the para-position of the first pyrimidine ring. As a consequence, the
triplet MC-MLCT energy gap increases and leads to good emission properties in the
complexes with enhancement of lifetime values up to 200 ns.

Hanan and co-workers reported a new array of Ru(ll)-terpyridine complexes
where different heterocyclic units (triazines, pyrimidines or N-heterocyclic carbenes
pyridine) have been introduced in the pyridine rings of the terpyridine moiety (Scheme
1.4).% Incorporation of additional N-atoms stabilize the ligand centered LUMO whereas
the metal center becomes electron deficient. As a result, the absorption and emission
spectra show a bathochromic shift compared to their analogues derivative with lesser
number of N-atom (Table 1.2). This behavior is also reflected in their MC-MLCT energy
gap which in turn improved the luminescence properties of the complexes substantially.
Presence of extra N-atom in complex backbone increases the probability of hydrogen
bonding and the complex structure becomes planner which facilitates delocalization of =-

electron through aromatic moieties.
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—CN

Scheme 1.3

Table 1.2. Photophysical and Electrochemical Data of Complexes in MeCN at RT as
presented in Scheme 1.4

Complex | Aams/im | &/10*MPem™ | Aew/nm | t/ns o Eo,/V Ref
A 492 1.33 646 3.6 1x10™ 1.22 98
B 500 1.46 716 8.4 3x107 1.56
C 497 3.4 658 3.8 74x10° 0.89
D 490 2.3 738 30 17.5x10™ 1.36
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Scheme 1.4

Incorporation of fused aromatic unit into the terpyridine unit could also improve
the emission properties of Ru(ll)-tpy complexes. Constable and co-worker incorporated
an anthracene moiety in the 4'-position of terpyridine unit of a Ru(ll)-tpy moiety.”® A
metal centered emission is observed at 650 nm. Another literature is found where a

pyrene unit is introduced in 4'-position of terpyridine (Scheme 1.5).1%

Scheme 1.5
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Campagna and Hanan group reported homo- and hereoleptic complexes of Ru(ll)
derived from tridentate polypyridine ligands where terpyridine unit is connected to
anthracene moiety through a pyrimidyl spacer (Scheme 1.6 a,b).®* It is observed that the
incorporation of polyaromatic unit has improved the excited state luminescence
properties significantly. This group beautifully demonstrated another important work
highlighting the application of Ru(Il) complexes as excited state storage element.*®* In
the reported complexes, the Ru(ll) metal is sandwiched between a pyrimyl-tpy and an
anthryl-tpy unit (Scheme 1.6c). Complexes exhibit impressive emission characteristics
with bi-exponential decay profile. It is clear from the emission data that energy of the
emissive *MLCT state gets lower in comparison with non-emissive triplet of anthracene
(An). The shorter component arises from the initially formed *MLCT whereas the long
component generated from the equilibrated state of MLCT and ®An. (t; varies from 10-

28 ns, 1 varies from 698-1040 ns).

T;=5.5ns
1,=402ns 298K

2+

—

N=— O 1;=5.8ns 298K
1,=1806n

\ Q

—7 N

Cl 71=10ns,75=698ns
phenyl — T1=25n8,5=1052ns 298K
J

p-bromophenyl 1,=28ns,7,=1040n

Scheme 1.6

10
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Baley and co-worker found that introduction of different heterocyclic ring (such
as furyl, pyrrolyl, thienyl and bithienyl groups) into the terpyridine moiety can effectively
enhance the excited state emission properties (Scheme 1.7).1®® The heterocyclic rings
increase the extent of delocalization and the *MLCT gets stabilized. As a result, triplet
MC-MLCT energy gap increased and consequently improvement of luminescence
properties was observed. Emission quantam yield is found to be quite high in comparison
to the parent [Ru(tpy),]**, notably the bithienyl substituted complex shows 100 times
higher emission quantum vyield. The electron-donating effect of the heterocyclic unit
destabilizes the metal centered HOMO and a bathochromic shift is reflected in the

absorption and emission profile of the complexes.

Scheme 1.7

Siemeling’s group demonstrated the photophysics of a series of Ru(ll)-tpy
complexes where 4’ position of terpyridine moiety is connected with either a ferrocenyl
(Fc) or octamethyl ferrocenyl substituent (Fc”) (Scheme 1.8).1%* The reported complexes
show a *MLCT band in region of 489-505 nm. The ferrocene derivatives of Ru-tpy
display poor emission properties due to the presence of Fc-unit which quench the
emissive *MLCT either by energy transfer or by reductive electron transfer pathway. The
length of the spacer plays a crucial role in emission properties of the complexes. The
longest spacer exhibits maximum luminescence properties. Improvement of

luminescence characteristics is also observed upon oxidation of the ferrocenyl moiety.
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Schubert et. al. reported Ru(ll)-terpyridine complex based on long chain
polymeric m-conjugated system which exhibits its potential to act as white light emitter
(Scheme 1.9).'%® The complex displays a strong absorption band at ~500 nm and a
emission band at 640 nm. The ®MLCT state gets stabilized via enhanced n-conjugation of
the ligand and plausible equilibrium between *MLCT and 3LC states is responsible for

the observed room temperature phosphorescence with lifetime (tp) 0f 36.5 ns.

R]_/Rz

R, 1/ns
260
260

<20

<20
120
110
75

580

415

170
55

tpy

TIITIOI®I>» I D
TOTMO OOm T > >

tpy —=—tpy

Scheme 1.8

C8H17O

Ae,=640nm

Scheme 1.9

12



Chapterl

Vos’s group reported a series of Ru(ll)-terpyridine complexes connected with
triazole/tetrazole motifs (Scheme 1.10).295%%7 All of them display intense absorption band
near 480 nm and emission band near 700 nm at RT. Their lifetimes vary between 20 and
80 ns. o-donor characteristics of ligands increased upon deprotonation which in turn
enhances the energy of the ®MC state. As a consequence, deprotonation of the
triazole/tetrazole moiety leads to enhancement of the lifetime almost double in
comparison with parent Ru(tpy),. By contrast, the emission intensity gets quenched upon

protonation.

Scheme 1.10

Harriman and co-worker reported Ru(ll)-terpyridine complexes incorporating an
ethynylene substituent and studied their temperature-responsive emission characteristics
(Scheme 1.11a).1% The complexes display a strong absorption peak at ~490 nm due to
MLCT transition and emission near 680 nm at RT in butyronitrile. It is observed that with
lowering of temperature both the luminescence intensity and quantum yield increases.

In a separate work, they introduced hydroquinone unit into the R(II)-tpy-

phenylethynyl moiety to tune their luminescence properties (Scheme 1.11b,c).'*
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Excitation on the MLCT band in the complexes generates a triplet state which in turn
delocalized onto the tpy-phenylethynyl moiety. The excited state lifetime of the complex
IS ~46 ns which enhanced remarkably on lowering of temperature. Upon oxidation of
hydroquinone to benzoquinone, promotion of an electron takes place from the *MLCT to
the quinone moiety and subsequently the excited lifetime decreases to 190 ps together

with quenching of emission.

Anm=680nm
17=44ns, RT

Anm=675nm
1=46 ns, RT

(©)

non emissive
=190 ps, RT

Scheme 1.11

Cyclometallation is also an effective synthetic strategy for improvement of RT
luminescence properties of Ru(ll)-terpyridine type complexes and the literature on this
topic is quite exhaustive.?’'°'! Sauvage and co-workers reported a series of
cyclometallated Ru(ll)-tpy complex coupled with phenyl-phenanthroline type unit
(Scheme 1.12).° A huge increase in excited state lifetime was reported for
cyclometallated complex in comparison with non-cyclometalled. Lifetime is found to be

in the range of 70 to 130 ns. The emission maxima of cyclometallated complexes are also
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red-shifted. This happens because the o-donation power increases upon cyclometallation
which in turn populates electron density in metal centre and effectively increases the
*MLCT-*MC energy gap.

Berlinguette and co-worker reported a new array of Ru(ll) cyclometalated
complexes based on different substituted terpyridine-triazole unit (Scheme 1.13).** The
complexes exhibit excited state lifetime in the microsecond range and steady state
emission maximum varies in the range of 643-694 nm. The introduction of triazole motif
is the main reason behind such a remarkable improvement of excited state properties
because it has a strongly o-donating and weakly m-accepting tendency. It actually
increases the energy separation between 3MLCT and MC states. It is observed the
incorporation of electron-donating and electron-withdrawing group in the ligand moiety
further increase the MLCT-MC energy gap which is reflected in their excited-state

lifetimes.

\
Aem=802nM\= Aem=778"M
T=95ns HsC t=70.5ns

Scheme 1.12
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Rl RZ
1. -H Me  1=0.38ps Aeyn=643nm

2. -CO,Me Me  =1.72ps Agyn=688nm

3. \Q Me  7=6.98uS Aey=691nm

Br 7=7.90us Aen=694nm

Scheme 1.13

1.6. Switching of Photophysical and Electrochemical Properties

Ruthenium (I1) Complexes Derived From Poly-pyridine Ligands

In the previous section, several strategies for improvement of excited state characteristics
of Ru(ll)-terpyridine type complexes have been discussed. The researchers across the
globe are also interested to systematically tuned photo-redox behaviors of Ru(ll)-
polypyridine complexes upon the action of different external stimuli for making these
complexes as useful building blocks for a large variety of applications. A brief review of
the stimuli-responsive photophysical and electrochemical behaviors of Ru(ll)-
polypyridine complexes will be done in the next section.

Sessler and co-workers demonstrated the anion sensing studies of Ru(ll)-
polypyridyl complexes of dipyrrolylquinoxaline (DPQ) phenanthroline derivatives
(Scheme 1.14).1*#113 |t is observed that on coordination with Ru®*, the NH protons of the
pyrrole moiety becomes more acidic in comparison of free ligand. The complex strongly
interacts with F~ in DMSO with a value of binding constant being 1.2x10* M, which is
almost 30 times higher than that of free ligand. This group reported another similar type
Ru(ll) complex (2), where the change of emission characteristics with H,PO,™ is taken
under consideration. The emission intensity at 630 nm gets quenched with incremental
addition of H,PO, with a binding constant of 1.0x10°> M. It is evident from Jobs-plot
that a 1:1 complex is formed with H,PO,".

Later, Anzenbacher and co-workers studied a luminescence-lifetime based sensor

of related Ru(I1)-complex (3).*** In this case, both the emission intensity and excited state
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lifetime decreases with addition F* and CN" in MeCN medium and binding constant
values are found in the range of 4.3 x 10° M 't0 6.4 x 10°M ",

Ye and co-worker synthesized a series of Ru(ll)-complexes based on bis-
imidazole derivatives (4-7) and studied their anion-induced modulation of photophysical
and electrochemical properties (Scheme 1.15)."**!® The complexes posses two NH-
protons in their secondary co-ordination sphere. Depending upon the basicity of the anion
and acidity of NH proton, the complexes exhibit three types interaction between
imidazole NH protons and the anions (anion-NH hydrogen bonding, mono-deprotonation,
and double-deprotonation) (Figure 1.3). It is observed that CI, Br, I, NO3, HSO, ,
H,PO, , and OAc anions forms H-bonding adduct with complex 4 and excess addition
of OAc gives the mono-deprotonated complex with a visual color change from yellow to
orange. But in presence F, double-deprotonation occurs in two consecutive steps and

finally the color of the solution turns violet.

Scheme 1.14
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In case of bis-benzimidazole complex (5), a similar trend is observed for both F~
and OAc '™ First step deprotonation is observed with low concentration of anion (F
and OAc ) but excess anion leads to complete deprotonation of the complex. Two
different types of binding nature of 4 and 5 with anions could be attributed to difference
in their pK, values (7.2 for 4 and 5.7 for 5).

The methyl-substituent bis-benzimidazole complex (6) exhibits a pKa value of 6.2
which is in-between the pKa values of complex 4 and 5.8 In presence of weakly basic
anion, complex 6 displays an increase in photoluminescence intensity at 617 nm with a
slight bathochromic shift. The main reason is the rigidity of the complex-anion adduct
due to strong H-bond with weakly basic anion which actually diminishes the non-
radiative deactivation of 3MLCT state. But in presence of strongly basic anions (F~ and

AcO), the emission intensity decreases due to complete deprotonation of the imidazole

NH protons.
Z
I N
~N ™M\
N\INH
N "NH
\=/

Scheme 1.15
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Figure 1.3. The interaction mode of complex 4 with different anion.

The nitro-derivative of bis-benzimidazole complex (7) displays different behavior
with weakly basic anions.**® The metalloreceptor exhibits strong affinity for CI” and Br,
a weak affinity for I" and no such effect for NO3 and HSO, . In essence, Ye and co-
worker beautifully demonstrated the effect of variation of peripheral unit of the metallo
receptor on their anion sensing characteristics.

Molina and co-workers designed a Ru-complex derived from a ferrocene
appended phenanthroline-imidazole ligand (Scheme 1.16).° The complex (8) posses
sensing selectivity for CI". A significant increase in luminescence intensity is observed
with gradual addition CI- (almost 30 times). Additionally, the cathodic shift of
Fe(I1)/Fe(111) couple is also observed without alteration of Ru(I1)/Ru(lll).

Scheme 1.16
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Baitalik and co-worker reported Ru(ll) and Os(Il)-bpy complexes (9 and 10)
incorporating a pyrenylimidazole-10-pyridin-2-yl-9H-9,11-diazacyclopenta[e]pyrene
(HImzPPy) ligand (Scheme 1.17).'* DNA and anion binding studies of complexes were
investigated via absorption, steady sate and time-resolved emission as well as by circular
dichroism spectroscopy. In presence of excess F~ and OAc™ ions, the imidazole NH proton
gets deprotonated which induces marked reduction in emission intensity and leads to the
“Off-state”. But a different scenario is observed in case of H-bond interaction with H,PO,
~ which induces enhancement of emission intensity and represents to the “On-state”. The
binding constant of these systems were found to be in the order of 10° while the
detection limit in the order of 10°(M).

—|2+

M=Ru/Os

9/10

Scheme 1.17

Baitalik and coworkers also designed a Ru(ll) monometallic complex based on a
heteroditopic bpy-tpy type ligand of composition, (bpy).Ru(tpy-Hbzim-dipy)] (ClO4),
(11) (Scheme 1.18).'* The complex (11) exhibits an absorption peak near 470 due to
MLCT transition. The complex also displays solvent-dependent emission spectrum with
its maximum lying between 628 and 649 nm with excited state lifetime in the range 116-
257 ns. Both anion and cation sensing ability the complex was investigated through
different optical channels. It is observed that in presence of H,PO, and HSO,, the
emission intensity increases designating the “On-state”, whereas presence of more basic
anions (F and AcO ), gives rise to reduction in emission intensity representing the “Off-

state”. The cation sensing aspect of the complex was also studied by taking advantage of
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its free terpyridine motif. Fe®* among the other bivalent 3d cation exhibits visual color of
the complex from yellow to violet and thus act as a suitable colorimetric senor for Fe**.

Later, this same group reported an array of Ru(ll)-terpyridine complexes (12-14)
coupled with an anthraguinone unit (Scheme 1.19).22 Complexes exhibit excellent
luminescence properties at RT. The RT lifetime of the complexes varies in the range of
1.5-52.8 ns, depending upon solvent as well the ligand architecture. Presence of electron
withdrawing anthraquinone unit enhanced the acidity of NH protons. Taking advantage
of it, anion induced tuning of photophysical properties of the complexes were performed
in both organic as well as aqueous solutions. It is found that the complexes has an
admirable selectivity towards CN™ in aqueous solution with limit of detection values in
the order 10°° M.

Scheme 1.18

Das and co-worker designed a series of Ru(ll)-bpy monomers (15-17) based on
dipyridylamine ligand moiety (Scheme 1.20)."?* Anion sensing behavior of the complexes
were thoroughly investigated via. absorption, emission and cyclic voltametry. It is
observed that complexes can act as potential sensor for selected anions such as F~ and
CN’, which is also reflected in their visual color change.

Schmittel and co-worker designed two Ru(ll)-complexes (18-19) based on
bypyridine and phenanthroline unit containing free -CHO group in their second co-
ordination sphere (Scheme 1.21).*2* The complexes display high selectivity towards CN”
via formation of cyanohydrins intermediate. It is observed that the emission intensity of
the complexes enhanced with a blue shift of ~100 nm with gradual addition of CN". A

change of visual color from red to orange is also noticed.
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Scheme 1.21

1.7. A Brief Review on Logic Gates

Computer has emerged as an inevitable tool during last few decades with regard to high
level calculations, data processing, communication or sharing information.?**® The
consciousness of information processing and computation at the molecular level was first
recognized by De Silva in1993. The motivation was to construct very small size as well
as powerful computers which could not be fabricated with traditional silicon based
technology. Logic gates are the devices used to perform binary arithmetic and logical
operations which actually constitute the basis of modern computers. The computation at
the molecular level is possible only with molecular logic gate, which is capable of
integrating simple logic gates into combinational circuits and thus have the potential for
computation on a nanometer scale that silicon-based devices cannot address. The whole
process is carried out through some encrypted data in the form of binary digit. The binary
actually deals with two extremes, either 0 or 1. Different basic logic gates together with
their outputs are represented in Table 1.3. A brief literature survey on selected molecular
logic gates are discussed below.

Table 1.3. Truth Table of Different Binary Logic Gates

Output | MFLICATION | INHIBIT | OR XOR NOR XNOR AND NAND
npuN| T | - | -0 |- = ||
0 0 1 0 0 0 1 1 0 1

0 1 1 1 1 1 0 0 0 1

1 0 0 0 1 1 0 0 0 1

1 1 1 0 1 0 0 1 1 0
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Redmond and co-worker reported the construction of two input NOR logical
behavior of a Ru(Il) complex (Scheme 1.22).** They choose applied electric field as
input 1 and Cu® ion as the input 2. In presence of any of the two inputs, the
luminescence intensity at 668 nm gets quenched and corresponds to the “Off- state”. The
“On-state” is only feasible when no input is applied. Thus, the system can mimic the

function of NOR-gate.

O\ INPUT 1 | INPUT 2 | Output
(Vo) (Cu?) | (Emissionat
CN 668nm

o 1

B
0|
B

= o iis

0
| 0
0

—

Scheme 1.22. NOR logic gate in presence of electric field and Cu®* ion.

Li and co-worker developed Ir(Ill)-based chemosensor which can mimic the
function of AND and INHIBIT logic gate in presence of Hg®* and histidine (Scheme
1.23).1% It is observed that the complex is non-luminescent in its free form but in
presence of histidine, the emission intensity increases slightly whereas a huge increase in
emission intensity is observed in presence of both histidine and Hg?*. Thus, the Ir(111)-
based receptor demonstrates the function of two input AND and INHIBIT logic gate as
shown in Scheme 1.23.

Kumar and co-worker designed an optical chemosensor derived from pyrene-
thiacalix[4]arene of 1,3-alternate conformer (Scheme 1.24).**’ It is observed that the
receptor demonstrates the function of XNOR gate in presence of Fe** and F ions. They

have monitored the emission intensity at 386 nm as the output signal. In presence or
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absence of both inputs (Fe** and F), the output signal is in “on-state”, whereas in

presence of any of the inputs, the output signal is in “off -state”.

Inputs Outputs
Hg™  His  lsssom  lasonmlsasnm
|1 |2 01 OE
0 0 0 0l<1)
0 1 0 0(<1) AND
1 0 0 1 {~60)
1 1 1 0(<1)

(Input 1)Hg 2* INHIBIT

(Input 2)Histidine w

Scheme 1.23. AND and INHIBIT logic gate in presence of histidine and Hg?".

(\ o/\ Fe**(INPUT 1)
iR EO oj N F(INPUT 2)
ISVl
S S,\ l S S INPUT | INPUT | Output

| ST6 1 2 (Emission
i Y l (Fe*) = (F) | at386nm)
07 °NH — , N, g g g

SLENOS= B S

Scheme 1.24. XOR logic gate in presence of Fand Fe*.

Yen and co-worker designed a receptor incorporating oxygen and sulfur donor
atoms which can mimic the functions of several logic gates as shown in Scheme 1.25.%8
The emission intensity at 473 nm was utilized as the output signal in presence of Fe?* and
NOBF, inputs for the construction of NAND gate. Addition of any one of the two inputs

does not alter emission spectral behavior of the receptor, whereas simultaneous addition
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of the inputs leads to quenching of emission intensity and thereby mimic the function of a
NAND gate.

Secondly, alteration of emission intensity at 473 nm under the influence of
[(NH4)2.Ce(NO3)s] and CF;COOH was utilized for the construction of AND gate. In
presence of any of the two inputs (Ce**/H"), the emission intensity remains below
threshold level, whereas the presence of both of the inputs raises the emission signal

above the threshold level. In essence, the function of an AND gate is mimicked.

S. S Inputl NAND output Input 1 AND output
Input 2 Input 2

Inputl | Input2 | Emission Inputl | Input2 | Emission

(Fe*” | (NOBF,) | at473nm (Ce*? (H) at473nm
0 0 1 0 0 0
1 1 0 0
0 1 1 0 1 0
1 1 0 1 1 1

Scheme 1.25. Molecular system mimics the function of NAND and AND logic gate.

Awasthi and co-worker designed an imidazole-carboxylate based Os(ll)-bpy
complex which can mimic the function of combinational logic (Scheme 1.26).*% It is
observed that the brown color of the complex turns to colorless in presence of Cu®* while
upon addition of H,O the complex regains its original brown color. Cu?* and H,0O were
utilized as two inputs and absorption at 509 and 293 nm were monitored as the output
signals. Absorption signal at 509 nm leads to fabrication of an INHIBIT logic whereas

the signal at 293 nm gives rise to construction of an IMPLICATION logic gate.
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INHIBIT
INPUT 1
N/ OUTPUT 1

N Do
INPUT 2
t)(’ OUTPUT 2

IMPLICATION
Inputl Input2  Output 1 Output 2
@ C)  (HO)  (NH) (IMP)

0 0 1

1 0 1
0 1 0
1 0 1

Scheme 1.26. Molecular system mimic the function of combined logic circuits of
INHIBIT and IMPLICATION logic gate.

Zharnikov and co-worker employed the terpyridine ligand based triads
incorporating Fe(ll), Ru(ll), and Os(11) metals onto the solid SiOy surface connected via
Cu?* for mimicking different combinational Boolean logic functions in the solid state
(Scheme 1.27).2% It is observed that absorption band at 577 nm for the triad gets red-
shifted upon addition of NO* which can be restored again by adding deionizer water.
They have constructed a combination logic gate utilizing NO*, H,O, and Et3;N as three
different inputs and absorbance at 577 nm as the output signal.

They also fabricated another combination logic upon considering the oxidation of
Os®* center in the triad which is very much time dependent. In this case, NO*, H,O, Et;N
and time (t) were considered as 4 different inputs and absorption signal at 501 nm was
utilized as the output. Furthermore, they beautifully demonstrated the write-read-erase-
read cycle. The absorption signal at 501 nm can be shifted to 508 nm in presence of H,O
while initial position can be restored by using NO™ . This reversible cycle can be repeated

many times.
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Scheme 1.27. Molecular system mimic the function of different combination logic gates

Molecular system can also be employed for mimicking the operation of keypad
lock by sequential addition of different inputs. Shanzer and co-workers first induced
such logic operation.®® Thereafter, several molecular systems are utilized by different
research group for the construction of keypad lock.

Baitalik and co-worker recently developed such keypad lock (Scheme 1.28).%%

The absorption spectral signal at 535 nm of a Ru(ll) complex based on stilbene appended
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terpyridyl-imidazole ligand was utilized in presence of different external stimuli such as
OH" and light (A,,=334 nm). Two inputs OH" and light (A=334 nm) are labeled as “A” and
“C” respectively while “ON-state” and “OFF-state” are designated as “T” and “E”. In
absence of any input, the absorption signal at 535 nm is in the “OFF-state. Sequential
action of light (A,=334 nm) followed by OH" indicate “OFF-state. Thus a secret code
“ACE” was generated as keypad lock.

Input1 Input 2 ADS s5350m
Qight) (OH)
0 0 0
1 0 0
0 1 1
1(2nd) 1(1=%) 1
1(1%Y) 1(2nd) 0

Scheme 1.28. Molecular system mimic the function of Keypad lock

1.8. Objectives and Scope of the Present Work

Upon brief review of literature it appears that coordination complexes of ruthenium(ll)
metal based on polypyridine type ligands play crucial roles for the fabrication of
photochemical molecular devices by utilizing their outstanding photophysical and
electrochemical properties. Among the polypyridines, usually bipyridine (bpy) or
terpyridine (tpy) type chelating units covalently coupled with a variety of aromatic and

heteroaromatic units or electron-attracting or electron-releasing groups are commonly
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employed. The tpy-type ligands always generate achiral and rod-like architectures in the
resulting octahedral complexes, whereas the analogous bpy-type ligands yield complexes
with isomeric mixtures and the separation of which are extremely tedious. But the major
drawbacks of Ru(ll)-tpy type complexes is their poor room temperature luminescence
properties and short excited state lifetime compared with their bpy-type analogues.
Hence, the major objective of the present dissertation is to design terpyridine complexes
of Ru(ll) with enhanced RT emission characteristics as well as lifetime so that the
complexes can act useful building blocks for the construction of light harvesting
materials.

In order to achieve our objective, we have synthesized a series of terpyridyl-
imidazole ligand (tpy-HImzPh3;X;), wherein a terpyridine motif is covalently connected
with a substituted benzil unit via a phenylimidazole spacer. The benzil unit is decorated
with both electron-donating as well as electron-withdrawing group to fine tune the
photophysical and redox properties in the resulting Ru(ll) complexes. The desired ligand
are synthesized upon condensation of 4,4'-substituted benzil and tpy-PhCHO in 1:1 molar
ratio in refluxing acetic acid in presence of excess NH,OAc (Scheme 1.30).

Iz .2

AcOH/Reflux, 3 hr @ h
tpy—HImZP 3X2

X= CH3, F, NMez
Scheme 1.30

The scope of formation of various homo- and heteroleptic Ru(ll) complexes with the

proposed terpyridyl-imidazole ligand (tpy-HImzPh3;X,) are summarized in Scheme 1.31.
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2+

(C104)2

[(Hopbbzim) Ru(tpy-HImzPh3(X5)](ClO4),

Scheme 1.31

Subsequent to the synthesis of the ligands and their Ru(ll) complexes, they will be
carefully characterized by standard analytical tools and spectroscopic techniques such as
elemental analysis, Electrospray ionization (ESI) mass spectra as well as NMR
spectroscopic methods. Efforts will be given to determine X-ray crystal structures of
selected complexes. Absorption and emission spectral properties of the metal complexes
together with the ligands will be systematically investigated. The excited state lifetime of
the complexes along with the ligands will be measured by time-correlated single photon
counting experiments. The electrochemical properties of the compounds will be

investigated by cyclic and square wave voltammetry.
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In conjunction with the experimental measurements, theoretical calculations
employing density functional theory (DFT) as well as time-dependent (TD)-DFT
methods will be carried out to gain knowledge about their electronic structures and to
appropriately assign the origin of the experimentally observed absorption and emission
spectral bands.

Another important objective of this dissertation is to modulate the photo-redox
properties of the complexes upon exploiting their secondary coordination sphere with the
aid of different external stimuli for the fabrication of potential molecular sensors and
switches. All the metal complexes possess acidic imidazole NH proton(s) in the second
coordination sphere. Taking benefit of the NH motif(s), anion-induced modulation of the
photophysical and electrochemical properties will be explored via different optical
channel (absorption, emission and lifetime) as well as cyclic voltammetry (CV) and
sguare wave voltammetry (SWV) (Scheme 1.32-1.33). The extent of interaction between
the complexes and anions will be accessed through absorption and emission titration
experiments. The variation of excited state lifetime of the complexes in presence of
anions will also be explored be performed to check the potentiality as to act as lifetime-

based anion sensors.

Fluorescence quenching

Absorption spectral
P P /enhancement

(colour) change
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Scheme 1.32
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Scheme 1.33

Taking advantage of their NH motif(s), we will also be interested to investigate
the effect of pH on the photo-redox behaviors of the complexes. Systematic change in the
absorption and emission spectra as well as in the lifetime of the complexes will also be
explored upon gradual change in the pH within the domain of 2.0-12.0 (Scheme 1.34).
The titration profiles will be utilized for the estimation of both the ground and excited
state pK, values of the complexes. Proton-coupled oxidative electrochemical
measurement could also be feasible upon measuring half wave potential of Ru?*/Ru**
couple by varying the pH of the medium. The Ej, vs. pH profiles will allow the
evaluation of the acid dissociation constants of the complexes in both of Ru?* and Ru**
states (Scheme 1.35).
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[(tpy-PhCHg)Ru(tpy-HImzPh3(X),)](ClO4),

+H+ -H+1 Kal

[(pbbzim) Ru(tpy-ImzPh3(X,)](Cl04),

Scheme 1.34
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Scheme 1.35. Probable square schemes of electro-protic equilibria for the complexes.

The luminescence properties of the Ru(ll)-tpy complexes dependent upon energy
difference between emitting *MLCT and non-emitting *MC levels which in turn critically
dependent on temperature. Hence, temperature-dependent emission spectral measurement
will be thoroughly investigated to check the variation of emission intensity, quantum
yield and lifetime of the complexes as a function of temperature.

Thus, substantial alteration of the photo-redox behaviors of the complexes could
be expected upon the action of different external stimuli (anion, acid, pH and
temperature). By the use of spectral outputs of as a function of the said stimuli in
appropriate sequence, the possibility of mimicking advanced Boolean and Fuzzy logic
operations will be also explored (Scheme 1.36). Additionally, diverse soft computing

tools such as artificial neural network (ANN) and adopted neuro fuzzy inference system
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(ANFIS) could also be implemented to analyze and predict the detailed sensing behaviors

of the complexes (Scheme 1.37-1.39).
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The execution of diverse scopes together with relevant investigations will be
presented in chapters 2-6. Chapter 2 deals with the synthesis, characterization, and
photophysical behaviors of three Ru(ll)-terpyridine complexes derived from a terpyridyl-
imidazole ligand (tpy-HImzPhszMe,), wherein a terpyridine moiety has been coupled with
dimethybenzil unit through phenylimidazole spacer. Characterization studies include
elemental analysis, ESI mass spectrometry and NMR spectroscopy. Acid and anion
induced modulation of absorption and emission spectral characteristics of the complexes
will be thoroughly studied by multiple optical channels and spectroscopic techniques.
Binding constant and detection limit of the complexes towards selected anions will be
evaluated from the spectral titration data in both aqueous and organic media. In
conjunction with the experimental investigation, DFT and TD-DFT studies will be
carried out to understand the electronic structures of the complexes and also for
appropriate assignment of the spectral bands.

Synthesis, characterization and detailed photophysical as well as redox behaviors
of a series of homo- and heteroleptic Ru(ll)-complexes based on fluoro-substituted
terpyridyl-imidazole ligand (tpy-HImzPhsF;) are reported in chapter 3. Electron-
withdrawing fluoro group has been incorporated in the ligand backbone to modulate the
photo-redox behaviours in the resulting complexes. Temperature dependent emission
spectral measurements are executed to acquire knowledge about deactivation dynamics of
the complexes. pH-induced modulation of the absorption and emission spectral behaviors
as well as electrochemical properties are thoroughly investigated and associated pK,
values of the complexes are determined. Interestingly, the spectral signatures of the
complexes upon the influence of temperature, acid and bases will be employed to
construct multiple Boolean logic gates. Finally, DFT and TD-DFT studies will be carried
out to compare the experimental and theoretical spectra of the complexes.

Chapter 4 deals with the synthesis, characterization and photophysical properties
a series of Ru(ll) complexes based on dimethylamino-substituted terpyridyl-imidazole
ligand [(tpy-HImzPh3(NMe;),;]. Anion and temperature responsive behaviours of the
complexes are thoroughly studied. The absorption and emission spectral response upon
the influence of anion, acid and temperature will be used to fabricate multiple Boolean

(BL) and Fuzzy logic (FL) operations. Finally, soft computing techniques {Artificial
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Neural Networks (ANNSs), Fuzzy-logic and Adaptive Neuro-Fuzzy Inference System
(ANFIS)} will be employed to fully understand as well as to forecast the complete
sensing behaviors of the complexes.

The scope of investigation reported in Chapter 4 and 5 slightly differs from the
preceding chapters. Chapter 5 deals with detailed anion responsive conduct of one of our
previously reported Ru(ll) complex of the type [(bpy).Ru(Hspzbzim)] (CIO4), (1), where
bpy = 2,2'-bipyridine and Hspzbzim = pyrazole-3,5-bis(benzimidazole) in acetonitrile and
water via absorption, and emission spectroscopy as well as by square-wave voltammetry
(SWV). Alteration of the photophysical and electrochemical behavior of the complex in
presence of the selected anions is reported. In essence, the complex acts as anion- and
acid-responsive molecular switches. Neural network based deep learning methodologies
such as ANNs and ANFIS are also employed to compare the models outputs with those
of the experimentally observed values.

Multi-channel anion sensing behavior of a Ru(ll) complex of the form
[(bpy)2Ru(Hpzbzth)] (CIO,), (1) {bpy=2,2"-bipyridine and Hpzbzth=3,5-bis(benzthiazol-
2-yl)pyrazole} is carried out in chapter 6 and also analyzed through multiple machine
learning tools. The absorption, emission and electrochemical outputs of the complex in
presence of anions and acid are employed to mimic different types of Boolean and FL
operations. To overcome the shortcomings associated with carrying out very detailed
sensing experiment, we also implemented different deep learning tools such as FL, ANNs
and ANFIS to envisage the full anion sensing aspects of the complex. The outcomes of

the three models are compared and also tallied with the experimental parameters.
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2.1. Introduction

Atoms or groups which are situated at the outskirts of ligands and not directly
coordinated to a particular metal, often play a pivotal role on the physicochemical
behaviours of complexes.** This type of secondary coordination sphere effect is
operative in many proteins, but usually difficult to reproduce in synthetically designed
systems.”” We are interested in modulating the photophysical properties of Ru(ll)
complexes because of their promising roles in diverse fields of research such as
photochemical conversion of solar energy, molecular electronic devices, and
multichannel optical sensors, arising out of their outstanding photo-redox behaviors.®*!
Many ruthenium(ll) complexes derived from bipyridine-type ligands are particularly
important in this regard as they absorb light throughout the entire visible region, have
excited-state lifetimes of about 1us at room temperature, are stable upon one-electron
oxidation and reduction, and display remarkable photo-stability. However, bpy-type
ligands give rise to diasteromeric mixtures in resulting octahedral complexes which are
often difficult to separate. On the other hand, [Ru(tpy).]** type complexes produce
achiral rod-like structures.”*'’ But their shortcomings are non-luminescence
characteristics and very short excited state lifetimes at RT (t=0.25 ns for [Ru(tpy)2]*").*®
Therefore, improvement of RT emission behaviors of Ru(ll)-terpyridine complexes are
necessary to utilize them as effective visible light photo-sensitizers. Enormous efforts
have already been exercised to design terpyridine complexes of Ru(ll) with improved RT
luminescence characteristics and longer excited-state lifetimes by adopting various

synthetic protocols such as incorporation of electron-donating or -accepting groups'®?#

and polyaromatic moieties®>?’

onto the terpyridine ring. Most of these approaches were
involved in modulating the energy of *MLCT and *MC states. Cyclometalated ligands
have the ability to increase the energy of *MC state.’®* Change of pyridine moiety by
other heterocyclic rings sometimes produce less distorted octahedral geometry.®*®
Important point is to extend electron delocalization in the excited state to minimize non-
radiative deactivation channels.**** During last few years, our group also designed a
variety of Ru(ll)-terpyridine complexes by incorporating different aromatic and
heteroaromatic moieties at the 4'-position of terpyridine motif which are capable of

displaying RT luminescence with reasonably long lifetimes.*>!
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In this work, our objective is to modulate RT emission characteristics of Ru(ll)-
terpyridine complexes through exploitation of their secondary coordination spheres. In
order to achieve this, we have synthesized a terpyridyl-imidazole ligand, 2-(6-pyridin-2-
yl)-4-(4-(4,5-dip-tolyl-1H-imidazol-2-yl)phenyl)pyridin-2-yl)pyridine(tpyHImzPhs;Me,),
in which the terpyridine moiety has been coupled with dimethybenzil unit through
phenyl-imidazole spacer. This ligand has been employed for the preparation of three Ru
(1) complexes (both homo- and heteroleptic types) for fine tuning their emission spectral
properties (Chart 2.1). All these complexes display luminescence with relatively long
lifetime at RT. Additionally, the complexes possess imidazole ring(s) in their second
coordination sphere whose NH proton(s) can be subjected to protonation by acid and
deprotonation by base or selected anions. Accordingly, we have thoroughly investigated
the photophysical behaviors of these complexes as a function of both acid and anions.

Previously, we reported an array of Ru(ll) and Os(1l) complexes based on similar
terpyridyl-imidazole motif differing by peripheral methyl groups and investigated their
photophysical behaviors and anion sensing properties in MeCN and it was seen that the
complexes act as sensors for F', AcO", CN’, and H,PO, without selectivity.’>* The
incorporation of peripheral methyl group in the present ligand induces an enormous effect
on the emission characteristics of the complexes with regard to protonation of the
imidazole nitrogen atom(s). Most importantly, protonation induces augmentation of
emission lifetime by 80-fold with respect to their free forms. Anion sensing behaviours of
the present complexes studied both in organic and aqueous media via multiple optical
channels showed that while the complexes are highly sensitive probes for F, CN", and
AcO" in MeCN, they lack selectivity. In sharp contrast, the complexes act as very
selective probes for CN™ in H,O having limit of detection as low as 10® M. Again, while
remarkable improvement of emission characteristics occur in the presence of acid,
selected anions induce substantial quenching of emission intensity and lifetime of the
complexes.

A large body of reports are available in literature, particularly by the research

54,55 56,57

groups of Rau and Vos’™”", concerning the effect of solution acidity on the emission
characteristics of polypyridine complexes of Ru(ll) along with various azole-based

ligands. However, studied made with tridentate ligands are sparse compared with
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bidentate ligands.?>>**" A sizeable number of reports are also available from our group*
*8 as well as from the research groups of Rau,”®®! Ye,%% Fabrizzi,% Lees,”” to name a
few, on Ru(I1)-polypyridine complexes coupled with azole functionalities for recognition
of anions.

We have also carried out computation studies employing DFT and TD-DFT
methods on free-, protonated- and deprotonated forms of the complexes in order to gain
better understanding of their electronic structures and for appropriate assignment of

absorption and emission spectral bands.

Chart 2.1. Molecular structures of the complex cations 1*, 2**, and 3?* under present
investigation.

2.2 Experimental Section

2.2.1. Materials. Chemicals and solvents were purchased from local suppliers. 4-
formyl-2,2":6',2"-terpyridine  (tpy-PhCHO)® and 2,6-bis(benzimidazole-2-yl)pyridine
(Hopbbzim) were prepared following reported procedures.®® [(tpy-PhCH3)RuCls] and
[(Hopbbzim)RuCl;] were synthesized by treating RuCl3-3H,O with tpy-PhCH3 and
H,pbbzim, respectively in 1:1 molar ratio in refluxing EtOH.

2.2.2. Synthesis of the Ligand. [2-(6-pyridin-2-yl)-4-(4-(4,5-dip-tolyl-1H-
imidazol-2-yl)phenyl)pyridin-2-yl)pyridine(tpy-HImzPhs;Me,)]. Dimethylbenzil (1.7g,
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2.97 mmol), tpy-PhCHO (1.00 g, 2.97 mmol), and NH;OAc (2.3 g, 30 mmol) were
dissolved in CH3COOH (20 mL) and refluxed for 2h. After cool down to RT, the
resulting solution was poured into crushed ice (300 mL) and upon stirring an off-white
compound that deposited was filtered. The residue was dispersed in water (ca. 100 mL)
and neutralized with Na,COj3 solution. The resulting solid was filtered and thoroughly
washed with water. Purification of the compounds were performed through silica gel
column chromatography using CHCI; as the eluting solvent and finally through
recrystallization from CHCIl3-MeOH (1:1) mixture. Yield, 1.24 g, 74%). *"H NMR (400
MHz, DMSO-ds, o/ppm):11.90 (s, 1H, NH(imidazole)), 8.81-8.79 (m, 4H, 2H;+2Hg),
8.71 (d, 2H, J=8.0 Hz, Hg3), 8.32 (d, 2H, J=8.4 Hz, Hg), 8.14 (d, 2H, J=8.0 Hz, H), 8.07
(t, 2H, J=7.8 Hz, Hy), 7.46-7.42 (m, 6H, 2Hs+4Hy,), 7.24 (d, 4H, J=7.4 Hz Hy), 2.51 (s,
6H, Me). ESI-MS: m/z 556.24 ([L+H]"). Anal. Calcd for C3gHxNs: C, 82.14; H, 5.26; N,
12.60. Found: C, 82.07; H, 5.32; N, 12.55.

2.2.3.Synthesis of the Metal Complexes. The complexes were prepared under
oxygen and moisture free dinitrogen using standard Schlenk techniques.

[(tpy-PhCH3)Ru(tpy-HImzPh3zMe,)](ClO,)2-H,O (1). Ru(tpy-PhCH3)Cls (80
mg, 0.15 mmol) and tpy-HImzPhsMe, (84 mg, 0.15 mmol) were added to 10 mL
ethylene glycol and refluxed for 2h under Ar protection. The resulting solution was
cooled to RT and upon spilling into an aqueous solution of NaClO, an orange-red
compound deposited. The compound was collected and purified by silica-gel column
chromatography eluting with CH3CN. Recrystallization from CH3;CN-MeOH (1:1, v/v)
mixture afforded a red microcrystalline compound. Yield: 98 mg (55%). Anal. Calcd. for
CeoHas NgCl,09Ru: C, 60.17; H, 3.87; N, 9.36. Found: C, 60.11; H, 3.94; N, 9.29. 'H
NMR (400 MHz, DMSO-ds, 8/ppm): 12.40 (s, 1H, NH imidazole), 9.57 (s, 2H, Ha),
9.45 (d, J=8.0Hz, 2H, Hj~), 9.11 (d, 4H, J=8.0 Hz, 2Hs +2Hg¢), 8.75 (d, 2H, J=8.8 Hz,
Hsg), 8.51 (d, 2H, J=8.40 Hz, Hy), 8.36 (d, 2H, J=8.40 Hz, Hg) 8.10-8.07 (M, 4H, Ha+H.),
7.58 (d, 4H, J = 5.6 Hz, 2H3+2H3), 7.53 (d, 2H, J=5.6 Hz, H7), 7.50 (d, 4H, J=8.0 Hz,
Ho), 7.36 (d, 4H, J=7.2 Hz, Hy), 7.28 (m, 4H, 2Hs+2Hs), 2.48 {(s, 6H, CH3 (tpy-
HimzPhs;Me,)}, 2.39 (s, 3H, CHjs (tpy-PhCH3)}. ESI-MS (positive, CH3CN) m/z =
490.18 (100 %) [(tpy-PhCHs)Ru (tpy-HImzPhsMe,)]>".
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[(Hopbbzim)Ru(tpy-HImzPhsMe)](ClO4),-H,O (2). Complex 2 was prepared
by following the same procedure as 1. In this case [(Hzpbbzim)RuCls] (78 mg, 0.15
mmol) was used in place of Ru(tpy-PhCHs)Cl; and recrystallization was carried out in
CH3CN-H,0 (2:1, v/v) mixture under weakly acidic condition. Yield: 96 mg (54%).
Calcd. for Cs7H44N1oCl,OgRuU: C, 57.70; H, 3.74; N,11.81. Found: C, 57.63; H, 3.80; N,
10.93. *H NMR data (400 MHz, DMSO-ds, 8/ppm): 15.08 (s, 2H, NH imidazole), 12.13
(s, 1H, NH imidazole), 9.68 (s, 2H, Hz), 9.05 (d, 2H, J=8.0 Hz, Hg), 8.87 (d, 2H, J =8.0
Hz, Hg), 8.81(d, 2H, J=8.0 Hz, Hjs), 8.66 (t, 1H, J=8.0 Hz, He), 8.56 (d, 2H, J=8.0 Hz,
H;), 7.99 (t, 2H, J= 7.8 Hz, H,), 7.68 (d, 2H, J=8.0 Hz, Hi4), 7.53 (d, 4H, J=7.6 Hz 2H;
+2H10), 7.37 (d, 4H, J= 7.6 Hz, Hy), 7.28 (m, 4H, 2H3+2Hs), 7.03 (t, 2H, J=7.8 Hz, Hyy),
6.10 (d, 2H, J=8.4 Hz, Hy;), 2.50 {s, 6H, CHj; (tpy-HImzPhszMe;)}. ESI-MS (positive,
CH3CN) m/z = 484.09 (100 %) [(Hzpbbzim)Ru(tpy-HImzPhsMe2)]**.

[Ru(tpy-HImzPhzMe,),](Cl0O,4),-2H,0 (3). Synthetic protocol for 3 is basically
similar to that of 1. In this case Ru(DMSO),Cl, (72 mg, 0.15 mmol) and tpy-
HimzPhsMe; (167 mg, 0.30 mmol) were taken in 1:2 molar ratio in ethylene glycol and
refluxed for 3h. The compound was purified successively by silica gel column
chromatography as well as recrystallization from MeCN-MeOH (1:1, v/v) in weakly
acidic condition. Yield: 113 mg (52 %). Anal. Calcd. for C7sHg2N1oCl,010RU: C, 63.04;
H, 4.32; N, 9.67. Found: C, 62.97; H, 4.37; N, 9.62. 'H NMR data (400 MHz, DMSO-dg,
d/ppm): 12.20 (s, 2H, NH imidazole), 9.61 (s, 4H, H3z), 9.15 (d, 4H, J=8.4 Hz, Hg), 8.75
(d, 4H, J=7.6 Hz, Hg), 8.53 (d, 4H, J=8.0 Hz, Hy), 8.12(t, 4H, J=7.6 Hz, Hy), 7.59 (d, 4H,
J=5.6, H3), 7.59 (d, 8H, J=7.6, Hyp), 7.34 (m, 12H, 4Hs+8Hy), 2.51 {s, 12H, CH3 (tpy-
HImzPhsMe,)}. ESI-MS(positive, CH3CN) m/z=606.16(100%)[Ru(tpy-HImzPhsMe,),]*".

Caution! Perchlorate salts of the metal complexes are explosive and should be handled
in small amount with extreme care.

2.2.4. Physical Measurements. Elemental analyses of the compounds were
performed with a Vario-Micro V2.0.11 elemental (CHNSO) analyzer. NMR spectra were
collected on a Bruker 400 MHz spectrometer in DMSO-dg for both the ligand and metal
complexes. High resolution mass spectroscopy was performed on a Waters Xevo G2

QTOf mass spectrometer. The UV-vis absorption spectra were recorded with a Shimadzu
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UV 1800 spectrometer. Steady state luminescence spectra were obtained by a Horiba
Fluoromax-4 spectrometer. Luminescence quantum yields were determined by using
literature method taking [Ru(bpy)s]*as the standard. Luminescence lifetime
measurements were carried out by using time-correlated single photon counting set up
from Horiba Jobin-Yvon. The luminescence decay data were collected on a Hamamatsu
MCP photomultiplier (R3809) and were analyzed by using IBH DAS6 software. For a
typical absorption and emission titration experiment, aliquots of HCIO, (0.1 M) were
added incrementally to a 2.5 mL solution of the complexes (1.0 x 10° M).

Experimental uncertainties are as follows: absorption maxima, +2 nm; molar
absorption coefficients, 10%; emission maxima, +5 nm; excited-state lifetimes, 10%;
luminescence quantum yields, 20%.

The binding/equilibrium constants were evaluated from absorption/emission

titration data using equation (1).*"

2

Aeb([H] + [G] + (1/K)) + \,.x‘"’A(«,ﬂ/ﬂ([H] +[G] + (1/K))* — 4Ae2p? [H][G] 1

2

AA

where AA is the change in absorbance, [H] and [G] is the concentration of metal complex
and added anion, respectively. Ag is the change in molar extinction coefficient, b is the
absorption path length, and K is the binding constant. Non-linear regression analysis of
absorption/emission spectral data as a function of anion concentration lead to the value of
binding constants. Binding constants were performed in duplicate, and the average value
is reported.

Detection limits of complexes were determined by utilizing their
absorption/emission titration profiles. The curves plotted between normalized absorbance
or luminescence intensity vs. Log[anion]. Linear regression curves as fitted to the
intermediate values are also shown in the said figures. The point at which the line crossed
the ordinate axis was taken as the detection limit of the anion.

2.2.5. Computational Methods. All calculations were performed with the
Gaussian 09 program " employing the DFT method with Becke’s three-parameter hybrid
functional and Lee-Yang-Parr’s gradient corrected correlation functional B3LYP level of
theory.”™ 6-31G* and 6-311G" basis sets were employed for the C, H, N, and O while
SDD basis set was used for Ru atom.” Geometries were fully optimized using the criteria
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of the respective programs. TD-DFT'®" calculations of the singlet-singlet excitations
were performed in acetonitrile simulated by the CPCM model®® by using the so-called
nonequilibrium approach, which has been designed for the study of the absorption
process.®®2 Orbital analysis was completed with Gauss View®® and Gauss sum 2.2.34

2.3. Results and Discussion

2.3.1. Synthesis and Characterization. The ligand tpy-HImzPhs;Me, was
prepared by refluxing equimolar mixture of dimethylbenzil and tpy-PhCHO in
CH3;COOH with excess NH;OAc. The heteroleptic complexes (1 and 2) were synthesized
by reacting tpy-HImzPhsMe;, with the precursor complexes, [(tpy-PhCH3)RuCls] and
[(Hopbbzim) RuCls], respectively in 1:1 molar ratio in ethylene glycol at an elevated
temperature. The homoleptic complex (3), on the other hand, was obtained by refluxing
Ru(DMSOQ)Cl, with 2 equiv of tpy-HImzPhs;Me, in ethylene glycol. In all cases, the
reactions were followed by counter anion exchange with NaClO,4. The perchlorate salts of
the metal complexes are potentially explosive and should be handled in small amount
with extreme care. Column chromatography and recrystallization techniques were
employed for purification and all the complexes were obtained in fairly good yields
(~55%). The complexes were characterized by elemental analyses, ESI mass, and NMR
spectroscopic investigations. Details of synthesis and characterization data are already
provided in the previous experimental Section.

ESI mass spectra of 1 and 3 in conjunction with their computed isotopic patterns
are delineated in Figure 2.1. The complexes display intense peaks with m/z values
between 484.09 and 606.16, corresponding to bi-positive cation. Good correspondence
between experimental and computed isotopic pattern was observed in all cases. Proton
NMR spectra of the complexes including the ligand, are exhibited in Figure 2.2. The
spectrum of 3 is relatively simple due to the symmetrical ligand environment around the
Ru(lIl) center, whereas the spectra of the heteroleptic analogues (1 and 2) are more

complex because of overlapping resonances associated with two types of ligands.
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Figure 2.1. ESI (positive) mass spectrum for the complex cation of 1 [(tpy-PhCH3)Ru(tpy-
HimzPhsMe,]** (m/z = 490.18) (a) and 3 [(Ru(tpy-HImzPhsMe,),]** (m/z = 606.16) (b) in
MeCN showing both observed and simulated isotopic distribution patterns.

10 Me
16
H Ho |l H
N ‘ Ny 7 \N 14
: O s
O 11 12
Me
Hs+Hs0
Hg
H3 Hg H7H 4
tpy-HimzPhzMe,
Hio
Hy Ho+Hs
Hs
H6 H8 H7 H4 M
L A A :
Ha+Hig
Hz H Hg
15 Hs+His Hyp
He 1 Hy Hy e Hiz
81| Hig J& 9
H3+H3--
. Haw Ho+H
H3 Hg 779 HlO
Hg+Hg' )
Hg H; Hg Ha+Hy Hs+Hg:

1

T T T T T T T T T T T T T T T T T 1
98 96 94 9.2 9.0 88 86 84 8.2 8.0 7.? 76 74 72 70 6.8 66 64 62 6.0 58
(ppm

Figure 2.2. 'H NMR spectra of 1-3 together with tpy-HImzPhs;Me, in DMSO-d.
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2.3.2. DFT and TD-DFT Studies. Gaussian 09 software was used to optimize the
geometries of complexes (using B3LYP functional and 6-31G* basis set for C, H, N, O
and SDD basis set for Ru) in their free-, protonated- and deprotonated forms (Chart 2.2).
Optimized geometries are displayed in Figure 2.3. Structural parameters are tabulated in
Table 2.1. Diversion from perfect octahedral geometry is observed in all cases. Ru-N

distances vary over the range of 1.963 A and 2.116 A, which are in agreement with the

ozx

W*Me

Me  pme

Chart 2.2. Molecular structures of the complexes in their free- (1-3), protonated-(1a-3a)
and deprotonated (1b-3b) forms.

values reported in literature for structurally characterized related Ru (Il)-terpyridine
complexes.*>? Frontier molecular orbitals and their compositions are presented in
Figures 2.4-2.5 and in Table 2.2-2.3. Electronic charge density allocation in complexes 1-
3 and their reallocation on protonation (la-3a) and deprotonation (1b-3b) can be
envisaged from their electrostatic surface potential (ESP) plots (Figure 2.6). Green color
symbolizes electron rich region, while blue color implies electron deficient region. It may
be noted that the phenyl-imidazole portion of the complexes became more electron

deficient on protonaton and electron-rich zone upon deprotonation.
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Deprotonated Form Free Form Protonated Form

Figure 2.3. Ground state optimized geometries of complexes in their free- (1-3),
protonated- (1a-3a) and deprotonated (1b-3b) forms in MeCN.

Table 2.1. Selected Calculated Bond Distances and Angles for 1-3.

1 2
Ground Excited Ground | Excited Ground 3 Excited
State State State State State State
Bond length/A Bond length/A Bond length/A
Rul-N1 2.112 2.116 Ru1-N1 2101 | 2115 RULNL 2111 | 2118
Rul-N6 2.006 2.111 Rul-N6 2001 | 2114
Rul-N4 2112 2111 Ru1-N4 2107 | 2115 Ru1-N6 2112 | 2114
Rul-N3 2112 2.116 Ru1-N3 2120 | 2115 Rul-N4 2112 | 2.116
Rul-N5 2.007 2.033 Rul-N5 2.041 2.076 Rul-N3 2112 2115
Rul-N2 2.112 1.963 Rul-N2 2120 | 1.964 Rul1-N5 2007 | 2017
Bond angle/® Bond angle/® Rul-N2 2.007 1.947
N1-Rul-N6 92.2 92.3 N1-Rul-N6 92.1 92.4 Bond ang|e/°
N1-Rul-N4 | 92.4 92.3 N1-Rul-N4 | 927 92.6 NL-RUL-NG 923 025
N6-Rul-N4 | 156.7 155.3 N6-Rul-N4 | 1549 | 153.3 NLRUL.NA 923 924
N1-Rul-N3 | 156.8 157.8 N1-Rul-N3 | 1570 | 158.2
N6-RUL-N3 | 924 9223 N6-RULN3 | 92.7 926 NE-Rul-N4 | 1567 | 155.1
N4-Rul-N3 | 922 92.4 N4-Rul-N3 | 92.1 92.4 N1-Rul-N3 | 1567 | 157.9
N1-Rul-N5 | 101.6 101.0 N1-Rul-N5 | 1015 | 100.8 N6-Rul-N3 92.3 92.1
N6-Rul-N5 | 78.4 77.6 N6-Rul-N5 | 77.4 76.6 N4-Rul1-N3 92.3 92.5
N4-Rul-N5 78.3 77.6 N4-Rul-N5 77.4 76.6 N1-Rul-N5 1015 100.7
N3-Rul-N5 | 1015 101.1 N3-Rul-N5 | 1014 | 100.9 NG-RUL-NS 784 772
N1-Rul-N2 | 78.0 79.0 N1-Rul-N2 | 785 79.1
N6-Rul-N2 | 101.6 102.2 N6-Rul-N2 | 102.5 103.3 N4-Rul-N5 84 7.6
N4-Rul-N2 | 1016 102.4 N4-Rul-N2 | 1025 | 1033 N3-Rul-N5 | 1017 | 100.8
N3-Rul-N2 78.4 79.0 N3-Rul-N2 | 785 79.1 N1-Rul-N2 78.4 79.5
N5-Rul-N2 | 179.9 179.9 N5-RuI-N2 | 1799 | 179.9 N6-Rul-N2 | 1017 | 1027

N4-Rul-N2 1015 102.4

N3-Rul-N2 78.4 79.3
N5-Rul-N2 179.9 179.9
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Figure 2.4. Schematic drawings of the selective frontier molecular orbitals of free forms
1-3in MeCN.
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Figure 2.5. Schematic drawings of the selective frontier molecular orbitals of protonated
form of complexes 1a-3a in MeCN.
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Table 2.2 Selected MOs along with their Energies and Compositions in the Ground State
of the Complex in its Free (1), Protonated (1a) and Deprotonated (1b) Forms in MeCN.

MO Energy/eV % Compositions
b |1 la 1b 1 1a

Ru | imzph | tpy | PhMe | Ru | imzph | tpy | PhMe | Ru | imzph tpy PhMe

LUMO+5 | -15 | -1.59 | -1.64 | 15 0.0 903 | 81 0.0 0.0 99.9 | 0.0 0.0 0.0 99.9 0.0

LUMO+4 | -1.52 | -1.69 | -2.23 | 0.0 0.0 99.9 | 0.0 11 40.3 59.2 | 0.0 12 59.9 38.9 0.0

LUMO+3 | -2.31 | -2.42 | -248 | 2.8 0.6 965 | 0.1 2.7 03 96.3 | 0.4 2.6 0.1 96.7 0.5

LUMO+2 | -242 | -25 -259 |04 0.1 989 |05 04 04 99.3 | 03 0.4 0.6 98.9 0.1

LUMO+1 | -254 | -2.66 | -271 | 7.3 8.0 84.7 | 0.0 7.6 0.1 86.4 | 5.6 7.6 0.0 86.6 5.7

LUMO 26 | -2.7 -290 | 82 0.0 86.0 | 57 74 9.6 825 | 0.1 74 245 66.1 0.0

HOMO -439 | -539 | -615 |11 95.1 3.8 0.0 50.7 | 95.5 25 0.0 50.7 | 17.6 217 9.9

HOMO-1 | -5.77 | -6.08 | -6.16 | 0.0 99.9 0.0 0.0 45.1 | 0.0 253 | 143 45.1 | 30.4 18.8 5.8

HOMO-2 | -5.95 | -6.14 | -6.21 | 479 | 313 20.8 | 0.00 69.9 | 0.01 299 | 0.0 69.9 | 0.0 30.0 0.0

HOMO-3 | -5.99 | -6.15 | -6.36 | 61.8 | 0.0 255 | 126 322 | 124 249 1 0.0 322 | 54.9 12.8 0.0

HOMO-4 | -6.04 | -6.62 | -6.95 | 69.9 | 0.0 299 |00 13.7 | 96.3 14 0.0 136 | 0.0 14.6 71.7

HOMO-5 | -6.16 | -6.82 | -7.20 | 6.9 90.5 2.7 0.0 0.1 99.7 0.1 0.0 0.1 0.0 3.9 96.1

Table 2.3. Selected MOs along with their Energies and Compositions in the Ground State
of the Complex in its Free (2), Protonated (2a) and Deprotonated (2b) Forms in MeCN.

MO Energy/eV % Compositions
2b 2 2a 2b 2 2a

Ru imzph | tpy | Hbzim | Ru imzph | tpy | Hbzim Ru | imzph | tpy | Hbzim

LUMO+5 | -1.34 | -142 | -155 | 34 0.0 96.1 05 34 0.0 96.1 05 0.0 99.9 0.0 0.0

LUMO+4 | -146 | -1.67 | -2.21 1.6 109 | 87.6 0.0 0.6 402 | 59.1 0.0 12 595 | 39.1 0.2

LUMO+3 | -2.3 -2.44 | -2.52 12 0.7 95.9 15 2.4 05 84.9 12.1 24 0.1 12.4 85.1

LUMO+2 | -242 | -2.48 | -2.56 12 0.0 18 96.9 05 0.1 12.9 86.5 0.5 0.6 85.5 13.5

LUMO+1 | -251 | -259 | -2.65 7.3 8.0 82.9 1.6 7.8 0.0 17 90.5 75 0.0 13 91.1

LUMO -2.53 | -2.67 | -2.89 8.1 0.0 17 90.1 7.9 9.4 81.0 17 74 269 | 645 12

HOMO -439 | -538 | -5.93 11 95.1 3.6 0.1 2.0 95.6 2.1 0.2 59.0 0.0 10.9 30.0

HOMO-1 | -5.76 | -5.86 | -6.14 0.7 98.8 0.1 0.3 59.6 0.0 11.2 29.2 39.1 | 448 | 122 3.9

HOMO-2 | -5.77 | -6.14 | -6.27 | 59.8 12 0.3 21.7 63.3 120 | 184 6.3 69.7 0.0 8.0 222

HOMO-3 | -593 | -6.19 | -6.35 | 491 | 299 | 113 4.8 69.7 0.0 7.9 22.1 30.1 | 582 8.6 2.9

HOMO-4 | -6.08 | -6.61 | -6.81 | 70.1 01 7.9 21.9 2.2 96.5 11 0.2 35 0.0 13 95.2

HOMO-5 | -6.16 | -6.76 | -6.98 6.4 911 18 0.6 34 0.0 14 95.2 0.8 0.0 0.1 99.1

Calculated UV-vis absorption spectra were obtained by carrying out TD-DFT
calculations. Spectral parameters along with assignment of bands are presented in Table
2.4-2.6. MOs associated with lowest energy absorption in three different forms of the
complexes are demonstrated in Figure 2.7 (for 2 and 3). Calculated lowest energy band
that shows up at 506 nm for 1, at 501 nm for 2 and at 510 nm for 3 is due to combined
Ru(Il)—>terpyridine and phenyl-imidazole—terpyridine (tpy-HImzPhsMe,) charge
transfer transitions. Calculated data indicate that the lowest energy band gets blue-shifted
on protonation, while red-shifted on deprotonation of the imidazole moiety (Figure 2.7).
It is observed that protonation leads to stabilization of HOMOs, while deprotonation

gives rise to destabilization relative to their free forms. LUMOs, on the other hand,
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-0.112€°to +0.112¢° -0.210€° to +0.210€° -0.322¢% to +0.322¢°

Figure 2.6. Electrostatic surface potential (ESP) plots of the complexes in their free- (1-
3), protonated- (1a-3a) and deprotonated (1b-3b) forms in MeCN.

remain less perturbed by protonation/deprotonation. The extent of shift depends upon the
number of protonation/deprotonation sites and overall electronic nature of complexes.

To get guidance for appropriate assignment of bands, EDDM and NTO plots®
associated with lowest energy band of free (S; for 1 and 3; S3 for 2), protonated (Ss for 1a
and 3a; S; for 2a) and deprotonated (S, for 1b and 2b; S; for 3b) forms of the complexes
are portrayed in Figure 2.8-2.9. NTOs associated with lowest-energy absorption lines all
show considerable MLCT character. The geometries in their lowest triplet-state (T1)
were also optimized and the singlet-triplet excitation energies were obtained from TD-
DFT calculations by using the same functional, pseudopotential, and basis set. Dominant
transitions involved in the lowest lying triplet excited states of complexes are presented
in Figure 2.10 and and the singlet-triplet excitation energies at the lowest triplet state are

presented in Table 2.7. Upon inspection of the dominant configurations, the lowest lying
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triplet excited states is expected to be predominantly *MLCT state featuring singly
occupied molecular orbitals (SOMOs) located on the metal center/tpy-HImMe, or tpy-
ImMe," and the tpy ligand. UKS calculations were also carried out directly on the triplet
state of the complexes and the comparison of the experimental and calculated emission
data are provided in Table 2.8. Calculated results show that protonation leads to blue-

shift, whereas deprotonation induces red-shift of the original emission maxima.

Table 2.4. Selected UV-vis Energy Transitions at the TD-DFT/B3LYP Level of 1, 1a,
and 1b in MeCN.

Excited | Aea/n Oscillator | Aegp/Nm | Key transitions Character
state m strength(f)
1
S, 506 0.6 492 H—L (94%) MLCT,ILCT
Si7 356 0.7 356 H—L+4 (94%) MLCT,
ILCT, n-t*
Sos 314 0.2 330 H-6—L+1 (82%), H-2—L+5 (10%) ILCT, MLCT
Su 298 0.2 311 H—L+10 (88%) H-7—L (7%) n-n*, ILCT
Sg1 262 0.8 281 H-11-L+2 (21%), H-10—L+3 (38%), n-n*, ILCT
H-8—L+3 (10%), H—L+9 (8%)
la
Sg 487 0.7 491 H-3—L (11%), H-1—-L (33%), H- MLCT, ILCT
1—-L+1 (13%), H—>L (22%), H—L+1
(12%),H-2—LA+2 (5%)
Sy 352 0.3 350 H-4—L+1 (14%), H-3—L+4 (75%) MLCT,
ILCT, nt-m*
Sus 324 0.3 329 H-9—L+1 (10%), H-8—L+1 (60%), MLCT,
H-2—L+6 (21%) ILCT, n-m*
Ss1 312 0.5 310 H-11—L (63%), H-2—L+9 (16%),H- n-n*, ILCT
9—L+2 (6%)
Ses 298 0.8 280 H-9—1+2 (16%), H-8—L+3 (58%), n-n*, ILCT
H—L+10 (8%)
1b
S, 474 0.6 500 H—L+1 (98%) MLCT,ILCT
Si7 423 0.5 394 H-4—1+2 (49%), H-4—L+3 (10%), MLCT,
H—L+8 (37%) ILCT, n-n*
S3, 354 0.25 335 H—L+12 (96%) ILCT, MLCT
Ss 303 0.42 316 H-14—L (71%), H-4—L+5 (16%) T-m*
Si06 277 0.77 287 H-14—L+2 (45%), H-14—L+3 (15%), | n-n*, ILCT
H-12—L+3 (25%)
Sie2 242 0.17 235 H-17—L+3 (51%), H-12—L+6 (25%), | n-n*, ILCT
H-7—L+7 (11%)
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Table 2.5. Selected UV-vis Energy Transitions at the TD-DFT/B3LYP Level of 2, 23,

and 2b in MeCN.

Excited | Aca/nm | Oscillator | Ae/nm Key transitions Character
state strength(f)
2
S; 501 0.5 491 H—L (94%) MLCT,ILCT
Sis 353 0.7 347 H—L+4 (94%) MLCT,ILCT
, T-10*
Ssg 328 0.5 333 H-10—L (10%), H-1—-L+11 (37%), MLCT,
H—L+10 (36%) H-9—L+1 (8%) ILCT, ,n-m*
Si3 298 0.53 315 H—L+7 (86%) n-n*, ILCT
Sso 290 0.3 282 H-14>L+2 (25%), H-13—L+3 (43%), | n-n*, ILCT
H-16—L+2 (7%), H-6—L+5 (5%), H-
5—L+4 (5%)
S 263 0.4 240 H-12—>L+3 (64%),H-13—L+3 (5%), H- | n-n*, ILCT
12—L+2 (7%), H-10—L+3 (7%), H-
4—1L+4 (5%)
2a
S; 478 0.6 489 H-1-L (33%), H->L+2 (52%) H- MLCT,ILCT
2—L+1 (9%)
So3 376 0.5 346 H-4—L+1 (96%) ILCT ,n-*
Sag 343 0.2 333 H-10—L (36%), H-2—L+7 (10%), H- ILCT ,n-
1-L+7 (24%) H-5—L+3 (2%), H- * MLCT
3—L+7 (8%), H-2—L+19 (4%), H-L+6
(8%)
Sso 310 0.4 313 H-3—L+5 (26%), H-1-L+5 (72%) n-T*,
ILCT,MLCT
2b
S, 472 0.37 520 H—oL+1 (99%) MLCT,ILCT
Si8 416 0.40 395(br) H—L+6 (91%) MLCT,
ILCT, n-n*
Sa3 345 0.48 356 H-9—LUMO (96%) MLCT,
ILCT, n-n*
Ss7 315 0.13 316 H-9—1L+2 (30%), H-9—L+3 (48%)H- n-n*, ILCT
14—L(8%), H-2—L+5 (8%)
Si02 277 0.24 282 H-16>L (22%), H-15—>L+3 (42%) n-n*, ILCT
H-13—L+3 (8%), H-2—L+17 (8%)
S126 252 0.31 242 H-6—1+6 (31%), H-1>L+10 (48%) n-n*, ILCT
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Table 2.6. Selected UV-vis Energy Transitions at the TD-DFT/B3LYP Level of 3, 3a,

and 3b in MeCN.

Excited | Aca/nm | Oscillator A expi/NM Key transitions Character
state strength(f)
3
S 510 1.2 497 H-1—-L+1 (39%), H—L (53%) MLCT,ILCT
Sis 400 0.3 356 H-2—L+2 (88%) H-4—LUMO (5%),H- | MLCT,ILCT
3—L+1 (5%)
So 354 14 334 H-1-L+4 (47%), H—L+5 (46%) ILCT ,n-m*
Sss 293 0.5 312 H-10—L (10%), H-1—-L+11 (37%), n-n*, ILCT
H—L+10 (36%), H-9—L+1 (8%)
Si06 260 0.9 280 H-14—L+2 (25%), H-13—1L+3 (43%), ILCT ,n-m*
H-16—L+2 (7%), H-6—L+5 (5%),
H-5—L+4 (5%)
3a
Ss 490 11 495 H-4—L (12%), H-3—L+1 (14%), MLCT,ILCT
H-1-L+1 (35%), H—L (33%)
Si3 420 0.3 354 H-4—L (36%), H-3—L+1 (31%), MLCT,ILCT
H-1-L+1 (10%), H—L (12%),
H-2—L+2 (7%)
S0 375 0.8 333 H-1-L+4 (43%), H—>L+5 (43%) MLCT,
ILCT, nt-r*
Se2 310 1.0 312 H-14—L (48%), H-13—L+1 (43%) n-n*, ILCT
Sia7 271 0.2 280 H-14—L+5 (18%), H-13—L+4 (19%)H- n-n*, ILCT
11-L+9 (8%), H-10—L+10 (7%), H-
4—1+14 (6%), H-3—L+15 (6%)
3b
S 473 1.10 507 H-1-L+1 (38%), HOMO—LUMO MLCT,ILCT
(61%)
S5 424 0.76 390(br) H-6—L+2 (62%), H-1—L+9 (17%), MLCT, ILCT
H—L+8 (17%)
Sug 355 0.47 350 H-1-L+12 (47%), H—L+11 (47%) n-n* , ILCT
Si12 301 0.10 310 H-20—L+1 (41%), H-12—L+3 (14%), n-n*, ILCT
H-3—-L+6 (13%), H-2—L+5 (11%),
H-15—1(7%)
Si60 277 0.85 278 H-20—L+2 (28%), H-19—L+3 (46%) n-n*, ILCT
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Figure 2.7. Calculated energy level diagram showing major transitions that comprise the
lowest-energy absorption band for 2, 2a, 2b and 3, 3a, 3b in MeCN.
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Figure 2.8. Difference in electron density upon excitation from the ground Sy state to the
lowest energy singlet excited state in free (1-3), protonated (1a-3a) and deprotonated (1b-
3b) forms. Purple and cyan color shows regions of increasing and decreasing electron
density, respectively.
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Figure 2.9. NTOs illustrating the nature of optically active lowest energy singlet excited
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deprotonated (1b-3b) forms. The occupied (holes) and unoccupied (electrons) NTO pairs
that contribute more than 10% to each excited state are only represented. All transitions
comprise of mixed *"MLCT/*ILCT characters.
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Table 2.7. Singlet-Triplet Excitation Energies at the Lowest Triplet State (T;) along with
Key Transition of Complexes in Their Free- (1-3), Protonated- (1a-3a), and Deprotonated
(1b-3b) Forms in MeCN.

Compo Key transitions E(cm*)
unds
1 dru/Timzpn(238)— 7% 1(239) (47%) 16367
dru(235)— m*15,(239) (41%)
la dru(237)— m1,(239) (41%) 16639
dru/Timzpn(238)— T¥1p,(239) (23%)
Aru/Timzpn(235)— 11,(239) (23%)
1b dru/Timzpn(238)— m*1,,(240) (94%) 12019
2 ru/T Hopbozim (233)— T*y(235)  (94%) 16287
2a dru/T Hopbizim (233)— T*y(235)  (67%) 16611
ru/T Hopbzim (231)— T*1y(235)  (22%)
2b ru/T Hopbhzim (233)— *y(235)  (95%) 12469
3 dru/Timzpn(298)— m¥,,(300) (24%) 16207
dru/Timzpn(299)— T¥45,(301) (23%)
dru(296)— T*1,,(300) (22%)
3a dru/Timzpn(299)— m¥,,(301) (27%) 16779
Aro/Timzpn(298)— T¥4y(300) (27%)
dRu/Tfimzph(296)—’ Tf*tpy(300) (20%)
3b Jru/Timzpn(298)— ¥ 4y(300) (48%) 12195
Ore/Timzon(299)— T*15,(301) (45%)

imzph = imidazole-phenyl moieties, H,pbbzim = 2,6-bis(benzimidazole-2-yl)pyridine, tpy=terpyridine

Table 2.8. Emissions Data of the Complexes in Their Free- (1-3), Protonated- (1a-3a),
and Deprotonated (1b-3b) Forms According to TD-DFT and UKS Calculations and
Associated Experimental Values in MeCN

Comp Theoretical Experimental
ounds | TD- | UKS
DFT
1 611 613 660
la 601 605 660
1b 832 1011 662
2 614 640 680
2a 602 625 680
2b 802 996 746
3 617 638 655
3a 596 610 650
3b 820 987 657

2.3.3. Electronic Absorption Spectra. UV-vis absorption spectra of complexes
1-3 were recorded in a few selected solvents (MeCN, MeOH, DMSO and H,0) and that
in DMSO are displayed in Figure 2.11. Pertinent spectral data are summarized in Table
2.9. Assignment of the observed bands have been made by comparing with the spectra
observed for analogous Ru(ll)-terpyridine complexes as well as by considering the results
of TD-DFT calculations. The strong peak observed at 490-500 nm is attributed to
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Figure 2.11. UV-vis absorption (a) and normalized emission (Aex = 490 nm) spectra (b)
for complexes 1-3 at RT. Normalized emission spectra of 1-3 in EtOH-MeOH (4:1, v/v)
glass at 77 K (c) and excited state decay profiles following pulsed excitation at 450 nm in
DMSO at RT (d).

TRu"(dn)®] — [Ru"(dn)’tpy- HImzPhsMey(n)*] MLCT transition with contribution of
intraligand charge transfer (ILCT) transition from phenyl-imidazole to terpyridine. Two
very strong bands at ~280 and ~315 nm are due to n-t* ligand centered transitions, while
the peaks occurring between 330 and 350 nm arise as a result of intra-ligand charge
transfer transitions among the coordinated ligands. The *MLCT peak in 1-3 is found to be
red-shifted relative to [Ru(tpy)2]** (474 nm) and [Ru(Hzpbbzim),]** (475 nm) which may
be correlated with increased conjugation at the 4'-position of terpyridine unit of the
present ligand.®®*®>® |nterestingly, all the complexes exhibit considerably stronger
absorptivity (¢) in the visible region relative to that of [Ru(tpy),]** and therefore should

be good candidates for light-harvesting.
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Table 2.9. Photophysical Data for Complexes 1-3 in Different Solvents.

Comp Absorption Luminescence
ounds Amaxd M Amax i/ @ ki/sT K /s
(eMem™) / ns
nm
1 R 493(36100),355(sh)(32900),332(sh) | 660 7,=0.4(8%) | 0.50x10° o o
< (57900),311(72300),283(71600) 1,=5.2(92%)
2 & 490(25500),348(58200),332(56300) | 680 32 1.61x10° | 5.0x10* 3.1x10’
Z ,314(59200),284(50000)
3 2 496(49500),352(sh)(61800),332 655 5.4 0.60x10° | 1.1x10° | 1.85x10°
(76300),312(77000),282(78600)
1 503(38300),402(br)(14400),335(sh) | 660 52 1.01x10° | 1.9x10° 1.9x10°
2 (57000),316(72800)
2 § 507(27700),405(br)(24300),350(53 | 685 43.7 411x10°% | 9.4x10° 2.3x10’
Ie} 200),320(63100),290(48300)
3 g 508(54500),403(br)(30000),337(br) | 661 6.9 1.03x10° | 1.5x10° 1.4x108
&) (67500),318(79600)
1 493(19600),334(br)(33300),312(42 | 655 | 1,=0.2(22%) | 4.91x107 o _
500),283(39900),238(br)(32400) 1,=7.3(78%)
2 g 494(36500),410(br)(37200),356(98 680 40.0 4.25x10° | 1.0x10° 2.5%x10’
=] 800),318(95000),291(sh)(82400),
ol 230(114500)
3 T 510(37500),409(17600),360(br)(30 | 660 | 7,=0.2(20%) | 1.23x10° _ _
300),336(br)(44700),313(53200),23 ,=4.7(80%)
5(br)(47300)
1 495(24000),394(br)(7276),331(sh) 647 | ©,=1.2(25%) | 2.84x10° _ _
< (33900),311(48700),285(42410) 1,=2.3(75%)
2 ] 513(19100),352(37200),316(43500) | 682 | 1,=9.1(15%) | 1.97x10° o _
% ,285(36900)
©) 1,=35.4(85%)
3 S 500(39300),395(br)(21100),332(br) | 655 | 1,=2.6(25%) | 2.95x107 o _
(47700),311(61100),285(50700) 1,=4.4(75%)
1 _ 635 15.5us 0.205 1.32x10* | 5.13x10°
i‘—r!/
2 T o 668 9.8us 0.252 257x10* | 7.63x10*
S
3 T 645 15.5s 0.192 1.24x10* | 5.21 x10*
@]
Ll

b, and k., were estimated by using the relation, k, = ¢/ t and k= (1-¢)/z ; separation of k, and k., is
meaningful for mono-exponential decay kinetics.

2.3.4. Emission Spectral Behaviors. Emission spectra of the complexes were
acquired in the above-mentioned solvents at RT, as well as in EtOH-MeOH (4:1, v/v) at
77 K and related data are summarized in Table 2.9. On excitation at the MLCT band, all
the complexes display one broad emission band within the range of 647-685 nm at RT.
This band originates from radiative deactivation of the lowest energy triplet excited state.
By comparing the TDDFT calculated results and the literature data of similar Ru (II)-
terpyridine complexes, we can assign the lowest excited state to be Ru"(dn)—tpy (7)
triplet (MLCT) state. Of particular interest to note, while the complexes are luminescent
in fluid solutions at RT, [Ru(tpy/tpy-PhCHa),]** or [Ru(H,pbbzim),]** are non-

75



Chapter 2

luminescent. As shown in Figure 2.11(d), the emission lifetime of the complexes in
DMSO at RT increases in the order 1 (5.2 ns) < 3 (6.9 ns) < 2 (43.7 ns). On the other
hand, these values lie between 9.8 us (2) and 15.5 ps (1, 3) in EtOH-MeOH (4:1) glass at
77K (Figure 2.12). It may be noted that RT emission lifetime of the present complexes
are far longer than [Ru(tpy)2]** (0.25 ns). On lowering of temperature to 77K, the

77K

(a) - ©=15.5us 10004

% 100+

150 180 80 100
Time/us Time/us

1000 +

Counts(log)
Counts(log)

Figure 2.12. Excited state decay profiles together with the lifetime of 1 (a) and 2 (b),
EtOH-MeOH (4:1, v/v) glass at 77 K in MCS mode.

emission band moves to shorter wavelength region with enormous increase in emission
intensity, quantum yield and lifetime, the features common to *MLCT emitters (Table
2.9). Zero-zero excitation energy (Eqo) for MLCT state of 1-3 were evaluated from their
emission maximum at 77 K and the estimated values are 1.95 eV for 1, 1.85 eV for 2, and
1.92 eV for 3. 77K emission spectra also display vibronic progression in lower energy
region. Vibrational spacing was calculated by deconvolution of 77K spectra and the
estimated values are 842 cm™ for 1, 781 cm™ for 2, and 834 cm™ for 3 (Figure 2.13). The
observed vibronic spacing is about 30% less than expected for aromatic ring stretching
frequencies.>*#

Excited-state lifetime of Ru(ll)-polypyridine complexes are dominated by
nonradiative decay and in this limit the decay is usually related by the following
equation.®*

Kar = Knd + Koy (1)
where kn corresponds to decay from the *MLCT state to the ground state and K is
related to thermally stimulated process involving a surface-crossing from MLCT state to

closely situated 3MC state. Due to small energy gap between *MLCT and *MC states,
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Figure 2.13. Experimental (solid line) and deconvoluted (dotted line) emission spectra of
1 (a), 2 (b), and 3 (c) in EtOH-MeOH (4:1v/v) at 77 K. The insets show the values of

vibrational spacing.
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terpyridine complexes of Ru(Il) usually exhibit poor RT emission behaviours. However,
as a consequence of increased pi-electron conjugation at the 4'-position of the terpyridine
unit of the present ligand, it is expected that the energy of *MLCT state will be lowered,
which, in turn, will assist to decouple MLCT triplet from higher-energy MC states.'®2*44
We have investigated the effect of temperature on quantum yield and lifetime of
complexes 1-3 in MeCN at varying temperatures (between 283K and 333K). As may be
noted, with increase of temperature, the emission intensity (Figure 2.14), quantum yield

(Table 2.10), and lifetime (Figure 2.15) of the complexes decrease gradually, albeit to
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Figure 2.14. Change in emission spectral profile of 1 (a), 2 (b), and 3 (c) in MeCN as a
function of temperature in the range of 283K and 333K.
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Table 2.10. Quantum Yield (@) of the Complexes 1-3 with Variation of Temperature in
the Range of 283K-333K.

Temperature/K Quantum Yield(®)x10™
1 2 3
283 0.78 2.80 1.00
288 0.68 2.30 0.86
293 0.60 1.96 0.71
303 0.47 1.33 0.53
313 0.38 1.00 0.41
323 0.32 0.56 0.30
333 0.28 0.52 0.25
Temp/K t/ns 8
(@) 273 W« =93 1 =34.2 2.5x10°1 A (0) K1:6'4x10;
283 W < =6.3 1=26.0 K,=7.6x10
100§ 203 N =45 ©=20.0 2.0x10°- AB,=4210 + 90
S 313 =25 =118 <
= 333 M (=11 ©=4.0 >Ul 1.5x10%
1= r
3 S1.0x10%
O 101 : '
L= SISl 5,010 )
- \l—x\l
; ; - 0.0 , . ;
50 %90 150 200 3.0x10° 3.2x10° 3.4x10° 3.6x10°
ime/ns -1
1/T(KY)
; (b) Temp/K tns 4X108_ (d) K =1 2x10°
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Figure 2.15. The decay profile for 1 (a) upon variation of temperature in acetonitrile.
Nonlinear fitting of temperature dependent lifetime data together with the values of
different parameters are presented in (b).
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different extent. Lifetime vs. temperature data of the complexes were fitted by non-linear
regression analysis to equation (2).3°
[¢(T)] ™ = (ki + ko exp[-AEL/RT])/(1+exp[-AE,/RT]) (2)

where kj corresponds to temperature-independent rate constant which is aggregate of both
radiative (k;), and non-radiative (ko) rate constants from *MLCT state at 77K and the
values of k; lie in the range of 6.4x10%-1.2x10° s™, depending upon the complexes and
their protonation states. It is commonly proposed that the temperature dependent rate
constant, k, corresponds to the rate of surface crossing from *MLCT to *MC state and
AE, is the activation energy for the said surface crossing process. We would like to
mention here that the previous statement is a hypothesis based on several assumptions
and there is no actual experimental or theoretical support for such a correlation in a
variety of related compounds. We obtained the values of k, and 4E, by the non-linear
regression analysis using equation 2, keeping k; as constant throughout the fitting process
(Table 2.11 and Figure 2.15). While the values of AE, are 421090, 4435+34, and
4364+40 cm™ for 1, 2, and 3, respectively, the values of k, vary between 6.0x10™ and
4.4x10™s™. As the present complexes are well emissive at RT, the equation 2 holds good
for our systems in the limiting conditions of AE, >>0 and k,>> k;. The agreement
between these values and those reported for related Ru(lIl)-terpyridine complexes is quite
good.>*?® Considerable increase of AE, value is evident for all the three complexes
relative to that of [Ru(tpy)2]** (AE.=1500 cm™) and [Ru(tpy-PhCHs3),]** (AE,=1800 cm
1. The boost in AE; values occurs presumably due to augmented m-electron cloud

Table 2.11. Temperature Dependent Luminescence Spectral Parameters of
Free Form (1-3) and Their Protonated Forms (1a-3a) in Acetonitrile.

Complex st ko/s™t AE,/cm™
1 6.4x10% 7.6x10%° 4210+90
la 6.5x10" 4.4x10% 5221+70
2 1.0x10° 6.0x10% 4435+34
2a 1.0x10° 3.9x10" 6023+34
3 1.2x10° 6.2x10% 4364+40
3a 6.5x10" 1.4x10% 6111+40

%y = ke+knr (ke and ky, are obtained from emission quantum yield and lifetime data at 77K)
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1619.233440 The important

delocalization of tpy-HImzPhsMe, frame in the excited state.
outcome is the substantial increased lifetimes of the present complexes at RT. Thus,
suitable absorption and emission spectral characteristics particularly in the visible region
along with moderately long RT lifetimes are the key features of the present complexes for
their probable use as light-harvesting building blocks.

2.3.5. Acid-Induced Changes of the Emission Spectral Characteristics of
Complexes. The heteroleptic complexes 1 and 2 having one imidazole ring and the
homoleptic complex 3 with two such rings can be subjected to protonation by treating
with acid. The effect of incremental addition of acid on photophysical behavior of the
complexes in MeCN and agueous medium was investigated through absorption, steady
state and time-resolved emission spectral measurements.

The spectral changes that occurred in aqueous solution for 1 and 2 in water upon
incremental addition of 0.1 M HCIQO, are displayed in Figure 2.16 and Figure 2.17. One-
step change is noticed for both 1 and 2 (Figure 2.16), whereas two-step changes are
observed in the case of 3 (Figure 2.17). Substantial increase of emission intensity
occurred in all the three complexes, albeit to different extent. While for 1 and 2,
maximization of emission took place on addition of 20 equiv of acid, 40 equiv of acid
was required to reach the end point for 3. The extent of enhancement of emission is 2-, 8-
, and 12-fold for 1, 2, and 3, respectively. It appears that complexes 1 and 2 undergo one
protonation process, while two successive proton transfer processes occur in the case 3.
Although it was expected that absorption band energy would increase upon protonation,
no such shift actually occurred. Lifetimes of the complexes have been determined in
water as a function of the amount acid added (Figure 2.18). In agreement with their
steady state spectra, lifetime of all the three complexes increased to a significant extent.
Remarkably, the lifetime increases from 7.3 ns to 122.0 ns for 1, from 40.0 ns to 371.0 ns
for 2, and from 4.7 ns to 338.0 ns for 3. During the course of this study, we also checked
the influence of acid on luminescence characteristics of our previously reported
complexes based on similar terpyridyl-imidazole motif differing by peripheral methyl

groups (Chart 2.3).%% It needs to be mentioned here that the lifetime of those complexes
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Figure 2.16. Absorption and emission spectral changes of 1 (a and c, respectively) and 2
(b and d, respectively) in water upon gradual addition of 0.1(M) HCIO,.
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Figure 2.17. UV-vis absorption (a and b) and luminescence (c and d) spectral changes of
3 in water upon gradual addition of 0.1(M) HCIO,.
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Chart 2.3. Chemdraw structure of our previously reported ligand.>?

were reported in MeCN and the values obtained were 6.8 ns for tpy-PhCHj3, 35.0 ns for
Hopbbzim, and 8.5 ns for the homoleptic bis-complex of tpy-HImzPhs. For the sake of
comparison, we have determined lifetime of the previous complexes in water and
observed that the values are slightly less compared with those observed in MeCN (3.7 ns
for tpy-PhCHjs, 30.0 ns for Hypbbzim, and 5.5 ns for homoleptic bis-complex of tpy-
HIimzPh3) than MeCN. Again, with the addition of acid, the lifetime increased from 3.7
ns t016.4 ns for tpy-PhCHs, 30.0 ns to 80.0 ns for Hppbbzim, and 5.5 ns to 17.3 ns for the
homoleptic complex of tpy-HImzPhs) (Figure 2.19). It is evident that the extent of
enhancement of lifetime is remarkably higher for the present series of complexes than the
previous series. Clearly, the incorporation of peripheral methyl group in the present
ligand has induced an enormous effect on the emission characteristics of complexes 1-3
with regard to protonation of imidazole nitrogen atom(s). Of particular interest to note, in
the case of 3 the lifetime has increased 80-fold due to protonation. The effect of
protonation on photophysics of the complexes is not clear at this stage. We surmise a
possible reason could be due to electrostatic effect.

The spectral changes that occur in MeCN for complexes 1-3 upon gradual
addition of acid are displayed in Figure 2.20. The extent of change observed is far less
relative to that in water. In consonance with this, the increase of lifetime on protonation
in MeCN is also much less compared to water. The observed difference seems to be due
to large difference of dielectric constant between the two solvents. In highly polar
aqueous solution, extensive intermolecular hydrogen bonding of the protonated species
via surrounding water molecules probably leads to aggregation of the species and
augmentation of lifetime.

It would be of interest to compare the effect of protonation on emission

characteristics of present complexes with those of related systems.

84



Chapter 2

= Prompt
Free ® 30ns
Seqv = 42ns
10eqv ® 60ns
20eqv 80ns

Counts(log)

[(tpy-PhCH3)Ru(tpy-HImzPh3)](ClO4),

14 ee e ——
0 100 200 300 400 500

Time/ns

= Prompt
Free ® 30ns
S5eqv = 42ns
10eqv ® 60ns

20eqv 80ns
=)
i)
z
c
3
(@]
O]
. [(Hopbbzim)Ru(tpy-HImzPh3)](ClO4),
1- T T T == T
0 100 200 300 400 500
Time/ns
1000

|

= R Prompt

i Free mmm t=1.2ns, 1 =5.5ns
S 1004 40 equ ™ ¢ =35ns, 1 =17.3ns
i) .
z
c
>
8 .

104.° [Ru(tpy-HImzPh3),](ClO,),

Time/ns

Figure 2.19. Change of luminescence decay profiles of our previously reported [(tpy-
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[Ru(tpy-HImzPhs3),](Cl10,), (c) complexes without peripheral methyl group in the ligand
in water upon gradual addition of 0.1(M) HCIO,. Inset shows the lifetime values.
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Figure 2.20. UV-vis absorption (a-c) and luminescence (d-f) spectral changes of 1, 2 and
3 respectively in MeCN upon gradual addition of 0.1(M) HCIO,.
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Dietzek, Rau and co-workers thoroughly studied protonation-deprotonation behaviors of
ruthenium dye containing 5,5',6,6'-tetramethyl-2,2'-bibenzimidazole and 4'-di-tert-butyl-
2,2'-bipyridine moieties and observed an overall increase in lifetime up to 8 times (from
<1 ns to 8 ns) on protonation.” Vos and co-workers studied protonation-deprotonation
effect of two binuclear Ru(Il)-polypyridine complexes based on bridging 5,5'-bis(pyridin-
2"-yl)-3,3"-bis(1H-1,2,4-triazole) (bpbt) and 5,5-bis(pyrazin-2"-yl)-3,3'-bis(1H-1,2,4-
triazole) (bpzbt) ligands and of their monomeric precursors. Both the complexes
underwent two successive protonation processes in aqueous buffered solution. The
emission maximum of [(bpy).Ru(bpbt)Ru(bpy).]** gets blue-shifted from 690 to 660 nm
with concomitant increase of lifetime from 102 to 344 ns (~3 times) in the first step
which is in sharp contrast to the protonation behavior of corresponding monomeric
precursor. An additional blue-shift from 660 to 630 nm together with remarkable
decrease of lifetime from 344 to <5 ns was observed in the second step, which is in-line
with the behavior of monomeric precursor in terms of emission energy and emission
lifetime. For the pyrazine-triazole based dimer, [(bpy).Ru(bpzbt)Ru(bpy).]**, protonation
also occurs in two successive steps but here a small red shift in emission (~10 nm) was
observed which is in agreement with similar pyrazine based complexes. As compared to
pyridine-triazole based dimer ([(bpy).Ru(bpbt)Ru(bpy)-]>"), the change in emission
energy was much smaller, but the lifetime increased to greater extent (214— 764 ns in
the first step and 764 —1000 ns in the second step). Overall increase of lifetime is ~5
times compared with its free form.>®

In a separate work, Vos and co-workers reported heteroleptic terpyridine
complexes of Ru(ll) incorporating 2,6-bis-([1,2,4]triazol-3-yl)pyridine, 2,6-bis(5-phenyl-
[1,2,4]triazol-3-yl)pyridine, and 2,6-bis([1,2,3,4]tetrazol-5-yl)pyridine and studied their
emission characteristics as a function of both acid and base.? A series of bis(tridentate)
Ru(Il) complexes featuring anionic 1,2,3-triazolate-based tridentate ligands and 2,2".6',2"-
terpyridine was also reported by Berlinguette and coworkers.> They observed that
deprotonation of triazole/tetrazole moiety led to significant enhancement of emission
intensity and excited-state lifetime. By contrast, protonation of one or both of the azole
rings induced almost complete emission quenching together with increase in emission

energy. Upon deprotonation, enhanced o-donor strength of the azolate ligands raise the
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ligand field stabilization Ru(eg) energy and consequently led to increase SMLCT-*MC
energy gap. In our case, the situation is reverse, protonation of imidazole nitrogen(s)
gives rise to substantial enhancement of emission intensity and lifetime of the complexes.
From the survey of literature, it appears that the extent of increase in lifetime of the
present complexes on protonation is remarkably higher (up to 80 times) compared with
previously reported systems.

In order to figure out the decay dynamics of *MLCT state, both steady state
emission spectra and lifetime of acid saturated solutions of la-3a (in MeCN) were
acquired by varying temperature between 283K and 333 K. Representative experimental
results are displayed in Figure 2.21-2.22. Emission intensity and lifetime gradually
decreased in all cases, albeit to different extent, upon increase of temperature. Fitting of
the experimental lifetime vs. temperature data to equation 2 gives rise to the values of kj,
ko and AE,. The obtained AE, values are 5221+70 (for la), 6023+34 (for 2a), and
6111+40 cm™ for 3a (Table 2.11). While temperature-dependant lifetime measurement of
the free form of the complexes at room temperature show considerable enhancement of
AE; ®MLCT and *MC energy gap) relative to [Ru(tpy).]** (AE=1500 cm™), further

increase of AE; take place on protonation of the complexes.
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Figure 2.21. Emission spectral changes (Aex= 490 nm) of 1a (a) and 3a (b)) in MeCN as
a function of temperature in the range of 283K and 333K.
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Figure 2.22. Change in decay profiles for 1la (a), 2a (b), and 3a (c) as a function of
temperature in MeCN. Temperature-dependent lifetime data along with the values of
different parameters and the corresponding nonlinear fits are shown in (d), (e), and (f) for
1a, 2a, and 3a, respectively.
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2.3.6. Anion-Induced Changes in the Photophysical Properties of the
Complexes. The polarizable NH group(s) of the imidazole unit has been exploited, to
modulate the photophysical properties of the complexes during their interaction with
various anions in MeCN and H,O. Tetrabutylammonium salts of F, CI", Br, I, CN,
HSO,, AcO", NOs, and H,PO, were used for this study. For carrying out studies in
water, we used HEPES buffer solution at pH 7.2 to exclude the interference of OH" ion.
Representative UV-vis absorption and emission spectra in the presence of the above-
mentioned anions are presented in Figure 2.23. Considerable changes in their spectral
profiles as well as visual change of color in MeCN were observed with F', AcO and CN’
and to a smaller extent with H,PO,". By contrast, the color change in aqueous solution
was observed only with CN". MLCT and ILCT bands are mostly affected by anions and
red-shift of MLCT band with significant alteration of its intensity was observed in most
cases. Red-shift of MLCT band resulted due to second coordination sphere interaction

(hydrogen-bonding and/or anion-induced deprotonation) between the polarized NH
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Figure 2.23. Absorption and emission spectral profile of 2 in MeCN (a and c,
respectively) and water-HEPES (pH = 7.2) (b and d, respectively) as a function of various
anions. Insets of (a) and (b) show the visual color changes.
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motif(s) and anions. The extent of spectral change depends upon the type of the complex
and number of NH motifs in the second coordination sphere. Substantial quenching of
emission occurs for all the three complexes and the quenching effect is again dependent
upon the type of the complex, nature of anions, and solvent medium. It is of interest to
note that while all the three complexes are capable of sensing CN" selectively in agueous
solution, they lack selectivity for sensing F-, CN", and AcO™ in MeCN.

In order to obtain quantitative information regarding receptor-anion interaction,
absorption and emission spectral titrations experiments were carried out. For complexes 1
and 3, the spectral changes observed as a function of anion concentration in MeCN are
displayed in Figure 2.24-2.25. Complex 1 interacts with F, CN", and AcO" in a single
step, whereas for 2 and 3, two-step interactions are involved. Spectral change exhibited
by H,PQO, differs slightly from the rest. In all the cases, the UV-vis titration profiles are
associated with several clear-cut isosbestic points. The luminescence spectroscopic
titrations in all cases show gradual decrease of luminescence intensity, although the
extent of decrease varies with the complex and the anions used. In the case of 1 and 3, no
shift of emission band is noticed during quenching, while for 2 two-step quenching
processes are accompanied by remarkable red-shift of the emission bands (680—745 nm
for 1% step and 745—765 nm for 2" step).

5
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(a) b N
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Figure 2.24. Changes in UV-vis absorption and luminescence spectra of 1 in acetonitrile

upon incremental addition of F (a and b, respectively). Insets show the fit of the
experimental absorbance and luminescence data to a 1:1 binding profile.
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Figure 2.25. Change in UV-vis absorption (a and c¢) and luminescence (b and d) spectrum
of 3 in acetonitrile upon incremental addition of F". Insets display the fit of the
experimental data to a 1:1 binding profile.

Absorption and emission spectral titrations were also executed in water-HEPES
buffer solution with incremental addition of CN". The spectral profiles of the complexes
in the buffer solution resemble closely to that in MeCN with small variation of peak
position and intensity. Again, complex 2 displays a two-stage change (Figure 2.27),
whereas 1 and 3 show one-step change in their spectral profiles (Figure 2.26 and 2.28).
CN induces minor red-shift of MLCT band in 1 (493 nm—496 nm) and 3 (510 — 515
nm) with diminution of band intensity. Emission quenching with no shift of band
maximum is observed for both complexes 1 and 3, although the extent of quenching is
relatively less in water compared with MeCN. On the other hand, CN" induces two-stage
changes in 2 with gradual red-shift of MLCT band from 494 to 505 nm in first step (up to
4 equiv) and eventually to 510 nm in the second stage in presence of excess CN'.

Luminescence lifetime was also measured in MeCN and H,O as a function of
added anions (Figure 2.29). 1 and 3 exhibit bi-exponential decay, while 2 shows almost

mono-exponential decay in MeCN. Inclusion of specific anion (such as F or CN")
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Figure 2.26. Changes in UV-vis absorption and luminescence spectra of 1 in water-HEPES
buffer mixture upon incremental addition of CN™ (a and b, respectively). Insets show the fit
of the experimental absorbance and luminescence data to a 1:1 binding profile.
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Figure 2.27. Change in UV-vis absorption (a and c¢) and luminescence (b and d) spectrum
of 2 in water-HEPES buffer (pH = 7.2) upon incremental addition of CN". Insets show the

fit of the experimental data to a 1:1 binding profile.
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Figure 2.28. Change in UV-vis absorption (a) and luminescence (b) spectrum of 3 in
water-HEPES buffer mixture upon incremental addition of CN". Insets show the fit of the
experimental absorbance and luminescence data to a 1:1 binding profile.

brings about progressive reduction of lifetime. Similar to the steady-state method, extent
of lifetime reduction is much higher (32 ns — 3.5 ns) for 2 than that of 1 (5.2 ns — 1.7
ns) and 3 (5.4 ns— 3.8 ns). Again, in contrast to the behaviour in MeCN, lifetime
reduction of the complexes occurs only with CN™ in water. Moreover, the magnitude of
change is much higher for 2 (40.0 ns —11.6 ns) compared with 1 and 3. Thus, significant
alteration of emission and lifetime behaviours of the complexes upon interaction with
selected anions help us to visualize the anion recognition event.

The equilibrium constants involving association with anions have been
determined from the absorption and emission titration data and the values obtained are
given in Table 2.12. The values of K; in MeCN are grossly of the order of 10°, while the
K, values are one order of magnitude less. Both K; and K, values decrease by one order
of magnitude on going from MeCN to H,O. Detection limit of CN" in water for the three
complexes ranges between 0.01 and 0.064 uM (Table 2.13 and Figure 2.30-2.33).

94



Chapter 2

1000 4=
(1 Equiv t/ns t/ns 1000 Equiv t/ns t/ns
= (a) 1 2 1 2
[Free] mmm 40.0 [Free] mmmm 32
[2.0] === 14.7 387 [1.0] = 7.4 27.2
[5.0] mmm 140 35.5 [1.5] mmm g8 24.3
> [10.0] 78 331 S 100 [[%E;]] - (25.451 ﬁ.g
3 100 - [20.0] mmm 5.0 20.8 s [4.0] wemm 0’8 10.2
F7l e % _ [5.0] === 05 35
= E
8 8 . - T
104: . J A R
10+ - i — TR,
0 100 200 300 0 50 100 150 200
Time/ns Time/ns

Figure 2.29. Change of luminescence decay profiles of 2 in (a) water-HEPES buffer mixture
upon gradual addition of CN" (b) acetonitrile upon gradual addition of F .Inset shows the
lifetime values.
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Figure 2.30. (a) Absorption spectral changes during the titration of the receptor 1 (1.0 x
10> M) with F in acetonitrile, inset: Normalized absorbance between the minimum
absorbance and the maximum absorbance. (b) A plot of (A-Amin)/ (Amax-Amin) VS. L0g
([F]), the calculated detection limit of receptor is 1.1x10® M.
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Figure 2.31. (a) Emission spectral changes during the titration of the receptor 1 (1.0 x 10°
®> M) with F in acetonitrile, inset: Normalized intensity between the minimum intensity
and the maximum intensity. (b) A plot of (I-Inin)/(Imax-1min) VS Log ([F]), the calculated
detection limit of receptor is 3.8x10® M.
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Figure 2.32. (a) Absorption spectral changes during the titration of the receptor 2 (1.0 x
10 M) with F in acetonitrile, inset: Normalized absorbance between the minimum
absorbance and the maximum absorbance. (b) A plot of (A-Amin)/ (Amax-Amin) VS. L0g
([F]), the calculated detection limit of receptor is 1.2x10® M.
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Figure 2.33. (a) Emission spectral changes during the titration of the receptor 2 (1.0 x 10°
®> M) with F in acetonitrile, inset: Normalized intensity between the minimum intensity
and the maximum intensity. (b) A plot of (I-1min)/(Imax-Imin) VS. Log ([F]), the calculated
detection limit of receptor is 2.0x10® M.

As already mentioned, anion sensing behaviour of several Ru(ll) complexes based on
polypyridyl-imidazole ligands were reported by different research groups.*>*/°867.887
Selected results are summarized in Table 2.13 for the sake of comparison in the context
of present study. It may be noted that among various Ru(lIl)-based chemosensors, only a
few have the abilities to recognize CN" in water, most of them can detect CN" either in
non aqueous solvent or in aqueous-organic medium with low detection limit. Moreover,
their detection limit is not sufficiently low for practical applications. The detection limit
of the present complexes for CN’, which is of the order of 10® M, lies below the
allowable level (0.2 ppm) for drinking water approved by Environment Protection
Agency (EPA)® and makes them encouraging contenders for detecting CN” in water.
Greater selectivity of CN™ in water can be related to its lower free energy of hydration
(AGR°= -295 kJ/mol) as well as higher pK, value of HCN (9.0) compared to the greater
free energy of hydration for F* (AGy°= -465 kJ/mol) or AcO™ (AGy°= -365 kJ/mol) and
lower pK values of their corresponding acids HF (pKa = 3.17) and AcOH (pKa =4.76).%°
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Table 2.12. Equilibrium/Binding Constants®® (K) for 1-3 towards Various Anions
in Acetonitrile and Water at 298 K

From Absorption spectra (acetonitrile medium)

Anions 1 2
K]_ K2 K]_ Kz K]_ K2
F 2.9 x10° - 3.5 x 10° 2.7 x10° 3.1x10° 2.9 x10*
From Absorption spectra (agueous medium)
CN  [s68x10" | | 75x10" [ 32x10° | 7.4x10" ] -
From Emission spectra (acetonitrile medium)
Anions 1 2
K]_ K2 K]_ Kz K]_ K2
F 3.0x 10° - 3.8x 10° 3.2x10° 3.2x10° 3.0 x 10
From Emission spectra (agueous medium)
CN | 72x10" | - J77x10" | 29x10° | 7.6x10" | -

%-Butyl salts of the respective anions were used for the studies. "Estimated errors were < 15 %.

Table 2.13. Representative Anion Sensors based on Ru(ll)-Polyheterocyclic Complexes

Complex Solvent/Anion Emission Binding Detection Reference
Parameter/K Limit(uM)
[(tpyPhCH3)Ru(tpyHImzPh;Me,)](Cl04),(1) CH3CN/ F Turn Off 2.9 x10° 0.01-0.064 Present
[(Hzpbbzim)Ru(tpyHImzPh;Me,)](Cl04),(2) H,O-HEPES buffer to work
[Ru(tpy-HImzPhsMe,),]1(Cl04),(3) /ICN° 3.8 x 10°
[Ru(bpy)2(mpipH)](CIO4), HEPES buffer/CN Turn-off 3.45x 10 100 65
[Ruz(bpy)s(mbpibH,)](CIO4), F Turn-off 8.78 x 10° 5
Ru(bpy),(H:biim)(PFs), CHsCN /F Turn-off 1.94x 10° 63
[Ru(bpy)(DMBbimH,)](PFe). CDsCN/NOy Turn-On 2.09x 10° 64
CD3CN/H,PO,” 1.71x 10
Ru(bipy).(calixarene)](PFe) H,0-CH;CN/CN- Turn Off 2.50x 10* 0.07 86
[Ru(bpy).(DPQ-phen)](PFs)s CH,Cl,-CHsCN Turn Off 6.40 x 10° 87
ICN’ 4.28x 10°
e
4,4'5,5'-Tetramethyl-2,2'-Bibenzimidazole CH;CN/Br - Turn On 2.04x 10° 60,61
Bis(4,4'-di-tert-butyl-
2,2'bipyridine)Ruthenium(II)
4,4'-di(p anisyl)-2,2'-Bibenzimidazole 4.26 x 10°
Bis(4,4'-di-tert-butyl-
2,2'bipyridine)Ruthenium(II)
4,4'-Di(0,0’-dimethyl-panisyl)-
2,2'-Bibenzimidazole Bis(4,4'-di-tert-butyl- 4.26 x 10°
2,2'bipyridine)Ruthenium(II)
[(tpy)Ru(tpy-HPhImz-Ang)](CIO.). CHsCN/ F Turn Off 1.01 x 10° 0.006-0.007 45
[Ru(tpy-HPhImz-Anq),](CIO.). CH3CN-H,0/CN to 0.02
1.48 x 10°
[(tpy-NaPh)Ru(tpy-HImzPy)](ClO4), DMSO-CH,CN/F Turn Off 2.86 x 10° 0.001-0.01 46
[(Hzpbbzim)Ru(tpy-HImzPy)](CIOy). to
3.62 x 10°
[(Hzpbbzim)Ru(tpy-Ar)](CIO,), CH3CN/CHCI./F Turn Off 3.56 x 10° 0.004-0.005 47

mpipH = 2-(4-methylphenyl)-imidazo[4,5-f ]-1,10-phenanthroline) and mbpibH, = 1,3-bis( [1,10]-phenanthroline-[5,6-d]imidazol-2-
yl)-benzene’®, bpy = 2, 2"-bipyridine and H,biim =2,2"-biimidazole ®, DMBbimH, = 7, 7°-dimethyl-2, 2’-bibenzimidazole ®, DPQ-
phen= 2,3-di(1H-2-pyrrolyl)quinoxaline ™, tpy-HPhlmz-Angq = 2-(4-(2,6-di (pyridine-4-yl)phenyl)-1H-anthra[1,2-d]imidazole-6,11-
dione , tpy-HImzPy = 10-(4-[2,2":6',2"-terpyridine]terpyridin-4'-ylphenyl)-9H-9,11-diaza-cyclopenta pyrene) “, tpy-Ar = 4'-

substituted terpyridine ligands with Ar = phenyl, 2-naphthyl, 9-anthryl, and 1-pyrenyl */
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2.4. Conclusion

Herein we have reported three Ru(ll)-terpyridine complexes (1-3) derived from a
terpyridyl-imidazole ligand (tpy-HImzPhsMe,;) which are luminescent at room
temperature with lifetimes spanning the range of 2.3-43.7 ns, depending upon the
coligand and solvent used. In contrast to our previous study dealing with Ru(ll)
complexes derived from similar terpyridyl imidazole motif differing by peripheral methyl
groups, significant enhancement of RT emission intensity, quantum yield and remarkable
increase of emission lifetime of the present complexes have been observed to take place
upon protonation of the imidazole nitrogen(s) with perchloric acid. The most important
observation in this study is that protonation has induced augmentation of emission
lifetime by as much as 80 times with respect to their free forms. The enhanced
luminescence characteristic of the complexes on protonation seems to be due to the
increase of thermal barrier for relaxation. Complexes 1-3 are luminescent at RT because
of increased energy gap (in the range of 4210-4435 cm™) between emitting *MLCT and
non-emitting *MC states relative to that of non-luminescent [Ru(tpy).]** (1500 cm™)
Temperature dependent emission measurements suggest further increase of energy
separation between *MLCT and *MC states (in the range of 5221- 6111 cm™) in presence
of acid.

We have also looked into anion recognition aspects of the complexes in MeCN
and aqueous solution. Although the complexes are sensitive for detection of F', CN’, and
AcO" in acetonitrile, they lack selectivity. The highlight of the study is that the complexes
selectively recognize CN™ in water and the detection limit is as low as 10® M. In
conclusion, the objective of significantly modulating the absorption, emission, quantum
yield, and emission lifetime of complexes 1-3 by perturbing the second coordination

sphere imidazole group of the terpyridyl-imidazole ligand has been largely achieved.
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3.1. Introduction
Emission of light is a very powerful tool to carry out information at the molecular-scale.”
’ For the development of artificial molecular sensors and switches, the emission of light
should be alternately turned-on and turned-off between two or more states upon the
action of different stimuli, viz. temperature, ionic guests and pH.**® Stimuli-
responsiveness is of particular interest to expand the efficacy and functionality of various
materials ranging from sensors to molecular switches and machines. Appropriate
assembly of metal and ligand could give rise to potential stimuli-responsive
luminophores. Heavy metals in combination with suitable ligand framework often give
rise to strong and long-lived luminescence, useful for signal detection.>” Additionally,
one or more stimuli-responsive units (viz. protonable/deprotonable motifs) could be
judiciously introduced in the ligand moiety that could facilitate the use of pH stimulus to
be operative and can show their promise to function as potential sensors and switches.*’?®
Our main objective here is to show how the photophysical and redox behaviors of
the metal-ligand luminophores could be changed in a systematic manner upon
incorporation of appropriate ligand framework and how the properties of the resulting
complexes would be switched by changing the temperature and pH as the stimuli. Our
interest is focused on the coordination complexes of Ru** metal in combination with
polypyridine ligands because of their outstanding photo-redox behaviors and because of
their participation as active component in wide range of applications such as dye-
sensitized solar cells, light-emitting diodes, photochemical molecular devices,
luminescence sensors, and antitumor agents.?>** Among the various types of pyridine-
based ligands, the complexes based on bipyridine-type of ligands (such as [Ru(bpy)s]*,
bpy = 2, 2"-bipyridine) constitute an important class as they absorb strongly and emit
intensely with long lifetimes (around 1pus) in visible spectrum, are stable following
oxidation and reduction, and are photo-stable. But the inherent problem is the generation
of different isomers during the synthesis of Ru(bpy)s-type complexes. By contrast,
complexes based on terpyridine-type ligands yield achiral linear structures but the most
important drawback is their non-luminescent character at RT together with very short
excited-state lifetime ([Ru(tpy)2]**, © = 0.25 ns).>**® Thus, it would be good to improve

their RT emission characteristics and to lengthen their lifetime so that they can function
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as effective luminophores. Obviously, various studies were carried out by different

research groups for improving their RT emission characteristics. These include insertion

41-44 45-49

of electron accepting or releasing groups, polyaromatic hydrocarbons onto the
terpyridine moiety as well the use of strongly electron donating cyclometalated ligands.*®
> In majority of the adopted strategies, the important point is to increase the effective
energy gap between emitting triplet metal-to-ligand charge-transfer transition (*MLCT)
and non-emitting triplet metal-centered ((MC) excited states.>>>° Our group also designed
several Ru(ll) complexes upon covalent coupling of aromatic and/or heteroaromatic units
onto the terpyridine moiety which exhibit moderately strong emission with reasonably
long lifetime at RT.%0%

The main focus of this work is to investigate the stimuli-responsive behaviors on
the optical (particularly the luminescence) and redox properties of the terpyridine
complexes of Ru(ll) towards the design of molecular switches. To fulfil our objective, we
prepared a terpyridyl-imidazole ligand (tpy-HImzPhsF;) wherein the terpyridine unit is
covalently coupled with difluorobenzil unit via phenyl-imidazole spacer and used the
ligand to synthesize three Ru(ll) complexes (Chart 3.1). In the design strategy of the
ligand, we incorporated electron withdrawing fluoro units in order to get enhanced
luminescence property in the resulting complexes by tuning the *MLCT-*MC energy gap.
The energy gap between *MLCT and *MC states plays crucial role on the luminescence
behaviours of Ru(ll)-terpyridine complexes and temperature plays an important role to
tune *MLCT-*MC energy gap. In this regard, we investigated the effect of temperature on
the emission spectral behaviors of the complexes to look over their usefulness as
temperature-dependent molecular switches. In practice, remarkable alteration of
luminescence intensity, quantum yield and lifetime takes place upon variation of
temperature.

In addition, secondary coordination sphere of the complexes possesses acidic
imidazole NH protons which may be removed upon the increase of pH. To this end, we
also studied in detail the impact of pH on the photo-redox behaviors of the complexes. In
the present work, our target is also to tune the extent of change of the photo-redox
properties as a function of number of NH protons. To this end, we have systematically

increase the number of imidazole NH proton from one (for complex 1), to two (complex
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3) to three (for complex 2) as shown in Chart 3.1. In essence, the complexes have the
potentiality to act as molecular switches based on significant alteration of their
absorption, emission and redox behaviors as function of both pH and temperature.®”™ In
addition, the optical spectral responses of the complexes as function of pH and temperature
were utilized for the fabrication of two-input binary logic gates. Information processing at
the molecular scale is now a very active area of research and judicious utilization of
sequential logic operations exhibited by molecular and supramolecular species is a huge
task in the field of information technology.”® Finally, computational studies using DFT
and TD-DFT are executed to understand their structures and for appropriate interpretation

of the spectral bands.

F
e
N
> X I
ne
7 “\ tpy-HImzPhgF, E

Chart 3.1. Free- (left panel) and deprotonated forms (right panel) of the complexes.

3.2 Experimental Section

3.2.1 Materials. Chemicals and solvents were purchased from local suppliers. 4-
formyl-2,2":6' 2"-terpyridine(tpy-PhCHO)®*  and  2,6-bis(benzimidazole-2-yl)pyridine
(H,pbbzim) were prepared following reported procedures.®? [(tpy-PhCH3)RuCls] and
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[(Hopbbzim)RuCl3] were synthesized by treating RuCls-3H,O with tpy-PhCH3; and
Hopbbzim, respectively in 1:1 molar ratio in refluxing EtOH.

3.2.2. Synthesis of the Ligand. 2-(4-(4-(4,5-bis(4-fluorophenyl)-1H-imidazol-
2-yl)phenyl)-6-(pyridin-2-yl) pyridin-2-yl)pyridine (tpy-HImzPhsF;). Difluorolbenzil
(1.7g9, 2.97 mmol), tpy-PhCHO (1.00 g, 2.97 mmol), and NH4OACc (2.3 g, 30 mmol) were
dissolved in CH3COOH (20 mL) and refluxed for 2h. After cool down to RT, the
resulting solution was poured into crushed ice (300 mL) and upon stirring an off-white
compound that deposited was filtered. The residue was dispersed in water (ca. 100 mL)
and neutralized with Na,COj3 solution. The resulting solid was filtered and thoroughly
washed with water. Purification of the compounds were performed through silica gel
column chromatography using CHCI; as the eluting solvent and finally through
recrystallization from CHCls-MeOH (1:1) mixture (370 mg, 0.70 mmol, yield 66%). ‘H
NMR {400 MHz, DMSO-ds, &(ppm)}:13.60 (s, 1H, NH imidazole), 8.80 (s, 4H,
2H3+2H6), 8.71 (d, 2H, J= 7.2, 2H3), 8.32 (d, 2H, J = 7.2 Hz, H8), 8.12 (m, 4H,
2H7+2H4), 7.57 (s, 6H, 2H5+4H10), 7.27 (s, 4H, H9), ESI-MS:m/z 564.17 ([L+H]").
Anal.Calcd for CsHo3F2Ns: C, 77.15; H, 4.31; N, 13.02. Found: C, 76.98; H, 4.13; N,
12.49.

3.2.3. Synthesis of the Metal Complexes. [(tpy-PhCH3)Ru(tpy-HImzPhsF,)]
(ClO4)2-H20 (1). Ru(tpy-PhCHj3)Cl3 (80 mg, 0.15 mmol) and tpy-HImzPhsF, (84 mg,
0.15 mmol) were added to 10 mL ethylene glycol and refluxed for 2h under Ar
protection. The resulting solution was cooled to RT and upon spilling into an aqueous
solution of NaClO, an orange-red compound deposited. The compound was collected and
purified by silica-gel column chromatography eluting with CH3CN. Recrystallization
from CH3CN-MeOH (1:1, v/v) mixture afforded a red microcrystalline compound. (110
mg, Yield: 61%). Anal.Calcd.for CsgH42NsCl,OgF,RuU: C, 57.81; H, 3.51; N, 9.30. Found:
C, 56.76; H, 3.45; N, 9.25. '"H NMR (400 MHz, DMSO-ds, 8/ppm): 12.40 (s, 1H, NH
imidazole), 9.56 (s, 2H, Hg), 9.46 (s, 2H, Hz-), 9.12-9.09 (m, 4H, 2Hg +2Hs), 8.71(d, 2H,
J=8.4 Hz, Hg), 8.51 (d, 2H, J=8.49 Hz, H), 8.37 (d, 2H, J=8.4 Hz, Hg), 8.10-8.04 (m,
8H, 2H4+2H,+2H3+2H3), 7.65-7.53 (m, 6H,2 Hz+4Hg), 7.40 (t, 4H, J= 8.8 Hz, Hy),
7.31-7.25 (m, 4H, 2Hs+2Hs), 2.39 (s, 3H, CH3 (tpy-PhCH3)}. ESI-MS (positive, CH3CN)
m/z = 494.17 (100 %) [(tpy-PhCHs) Ru (tpy-HImzPhsF2)]*.
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[(Hopbbzim)Ru(tpy-HImzPhsF;)](ClO4),-H,0 (2). Complex 2 was prepared by
following the same procedure as 1. In this case [(Hzpbbzim)RuCl3] (78 mg, 0.15 mmol)
was used in place of Ru(tpy-PhCHs3)Cl; and recrystallization was carried out in CH3CN-
H,0 (2:1, v/v) mixture under weakly acidic condition. (125 mg, Yield: 70%). Calcd.for
CssH3sNgCl,0oF;Ru: C, 55.38; H, 3.21; N, 11.74. Found: C, 55.18; H, 3.04; N, 11.55. 'H
NMR data (400 MHz, DMSO-ds, 6/ppm): 15.08 (s, 2H, NH imidazole), 12.13 (s, 1H, NH
imidazole), 9.67 (s, 2H, Hz), 9.06 (d, 2H, J=8.0 Hz, Hg), 8.82 (d, 2H, J =8.0 Hz, Hg),
8.67(t, 1H, J=8.0 Hz, Hy), 8.54 (d, 2H, J=8.4 Hz, H;), 8.00 (t, 2H, J=7.8 Hz, H,), 7.69-
7.64 (M, 2H, Hi4), 7.53 (d, 6H, J=5.2 Hz, 2Hs+2H10), 7.40 (t, 4H, J=8.6 Hz, 2Hy), 7.31-
7.25(m, 4H, 2Hs+2H15), 7.06 (t, 2H, J=7.8 Hz, H1,), 6.10 (d, 2H, J=8.4 Hz, Hy,), 6.10 (d,
2H, J=8.4 Hz, Hi;). ESI-MS (positive, CH3CN) m/z = 488.07 (100%) [(H,pbbzim)
Ru(tpy-HImzPhsF,)]*.

[Ru(tpy-HImzPh3F;),](ClO,)2-2H,0 (3). Synthetic protocol for 3 is basically
similar to that of 1. In this case Ru (DMSO)4Cl; (72 mg, 0.15 mmol) and tpy-HImzPhsF,
(169 mg, 0.30 mmol) were taken in 1:2 molar ratio in ethylene glycol and refluxed for 3h.
The compound was purified successively by silica gel column chromatography as well as
recrystallization from MeCN-MeOH (1:1, v/v) in weakly acidic condition (78 mg, Yield:
55 %). Anal.Calcd.for C;,Hs4N;1oCl,010F4RuU: C, 63.30; H, 3.98; N, 10.25. Found: C,
63.04; H, 3.57; N, 9.85. 'H NMR data (400 MHz, DMSO-ds, 8/ppm): 12.20 (s, 2H, NH
imidazole), 9.60 (s, 4H, Hs), 9.17 (d, 4H, J=8.0 Hz, Hg), 8.72 (d, 4H, J=8.0 Hz, Hg), 8.51
(d, 4H, J=8.0 Hz, H;), 8.13 (t, 4H, J=7.6 Hz, H,), 7.66-7.63 (m, 4H, H3), 7.60 (d, 8H,
J=5.2, Hyp), 7.41 (t, 8H, J=5.2, Hy), 7.33 (t, 4H, J=6.4, Hs). ESI-MS (positive, CH3CN)
m/z = 614.11 (100%) [Ru(tpy-HImzPhsF2)2]*".

Caution! Perchlorate salts of the metal complexes are explosive and should be handled

in small amount with extreme care.

3.2.4. Physical Measurements. The details of different equipments used and
experimental process to measure absorption and luminescence spectral behaviors, and
computational studies using DFT and TD-DFT methods have been discussed in chapter
2.
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Spectrophotometric titrations were carried out with a series of acetonitrile-water
(3:2 viv) solutions containing the same amount of complex (10 M) and pH adjusted in
the range of 2.0-12. Robinson-Britton buffer was used in the study. The pH
measurements were made with a Beckman Research Model pH meter.

Electrochemical measurements were carried out in deaerated acetonitrile with a
BAS epsilon electrochemistry system and a three-electrode set up consisting of a
platinum or glassy carbon working electrode, a platinum counter electrode, and Ag/AgCl
reference electrode. In all the experiments, tetraethylammonium perchlorate (TEAP) was
used as background electrolyte. The potentials reported in this study were referenced
against the Ag/AgCIl electrode, which under the given experimental conditions gave a

value of 0.36 V for the Fc/Fc+ couple.

3.3. Results and Discussion

3.3.1. Synthesis and Characterization. Tpy-HImzPhsF, was synthesized by
refluxing difluorobenzil and tpy-PhCHO in 1:1 proportion in acetic acid with ammonium
acetate. The heteroleptic compounds (1 and 2) were obtained by refluxing tpy-HImzPh3F,
with [(tpy-PhCH3)RuCl3] and [(H2pbbzim)RuCls, respectively (1:1 ratio), while complex
3 was obtained upon refluxing Ru(DMSO0),Cl; and tpy-HImzPhsF, (2:1 ratio) in ethylene
glycol and anion exchange was done with NaClO,. The perchlorate salts of the
complexes are explosive and must be carefully treated with small quantity. Purifications
were performed via chromatography and recrystallization techniques under acidic
condition and were characterized through ESI mass and NMR spectroscopy

The ESI mass of the complexes in MeCN are provided in Figure 3.1-3.3.The
correlation between experimental and calculated isotopic pattern is found to be good. The
most abundant peak spanning within the m/z range of 488.07-614.11 is due to bi-positive
complex cation. *H NMR spectra of tpy-HImzPhsF, and the complexes together with the

tentative assignment of the peaks are provided in Figure 3.4.
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Figure 3.1. ESI (positive) mass spectrum for the complex cation of 1 [(tpy-PhCH3)Ru
(tpy-HImzPh3F2]2+ (m/z = 494.17) in MeCN showing both observed and simulated
isotopic distribution patterns.
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Figure 3.2. ESI (positive) mass spectrum for the complex cation of 2 [(Hypbbzim)Ru

(tpy-HImzPhsF,)]** (m/z = 488.07) in MeCN showing both observed and simulated
isotopic distribution patterns.
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Figure 3.3. ESI (positive) mass spectrum for the complex cation of 3 [(Ru(tpy-
HImzPhsF»),]** (m/z = 614.11) in MeCN showing both observed and simulated isotopic

distribution pattern
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Figure 3.4. *H NMR spectra of 1-3 together with tpy-HImzPhsF, in DMSO-ds.
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3.3.2. Absorption and Emission Spectra. The absorption and emission spectra
of the complexes are acquired in few solvents and pertinent spectral data are tabulated in
Table 3.1, while their spectra in MeCN are shown in Figure 3.5a-3.5¢ Assignment of the
bands are done by correlating the spectra of similar Ru(ll)-terpyridine complexes and
taking into consideration the outcome of TD-DFT computations. Geometry optimization
is performed with Gaussian 09 programme and TD-DFT calculations are carried out in
MeCN to obtain their calculated absorption spectra. The details of the optimized
structures and their metrical parameters are provided in Figures 3.6-3.10 and Tables 3.2-
3.7.

Table 3.1. Absorption and Emission Spectral Data for 1-3 in Different Solvents

Compo Absorption Luminescence
unds Amaxd NM N t/ns o ki/s® Kor, /5™
(e,Mtem™?) nm
1 493(36400),354(sh)(27700),332(sh) | 658 1,=2.7 (33%), 9.2x10°
< (57500),310 (75800),283(68500) 1,=5.6 (67%)
2 X 490(33100),395(sh)(16000),348(73 | 676 7,=10 (15%), 14.1x10°
% 400),332(70400),318(75300),283(5 7,=35 (85%)
Q 7300)
3 S 496(37900),354(sh)(45500),333(60 | 658 7,=3.0 (10%), 1.2x10°
700),311(60900), 277(53100) 7,=6.8 (90%)
1 499(27800),338(sh)(40900),316 658 7,:=1.5 (26%), 3.2x10°
| (54700),290(50200) 7,=5.8 (74%)
2 8% 536(13700),396(sh)(21400),362(35 | 687 42.8 9.0x10° 2.1x10° 2.3x10’
g & | 200),319(33700),287(28800)
3 506(49000),391(sh)(33100),334(sh) | 661 6.5 1.8x10° 2.7x10° 1.5x10°
(63400),316(72800),290(66800)
1 492(33137),332(sh)(51119), 656 1,=1.4(8%), 25.1x107
< 310(72747),283(70903) 7,=6.0(92%)
2 § 498(26500),353(90677), 682 | 1,=10.5(10%), 35.9x107
6’ 324(82315),281(sh)(79500) ,=49 (90%)
3 £ 504(25100),395(br)(14600),334(sh) | 660 7,=0.4(15%), 21.8x107
(38300),315(45800),284(86300) 1,=13.4 (85%)
1 492(23400),328(sh)(36500),309 650 1:=1.4(15%), 4.6x10°
- (49500),284(45000) 7,=6.5 (85%)
2 é 512(14600),356(32800),316(34600) | 660 13.8 7.1x10° 5.1x10° 7.2x107
1Y ,283(29000)
3 5 497(37500),380(sh)(26300),330(sh) | 656 1,=2.4(25%), 5.7x10°
< (49000),311(59900),283(52200) 1,=4.5 (75%)
1 647 12.5ps 0.35 2.8x10* 5.2x10"
=
N
2 T ~ 670 8.7us 0.28 3.2x10* | 8.2x10*
2 <
s &
3 T 653 13.3us 0.42 3.1x10* | 4.3x10*
o
Ll
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The overlay of the experimental and calculated spectra is also presented in Figure 3.5a-
3.5¢. The origin of the intense band within 490-500 nm is due to charge transfer from
Ru(Il)—terpyridine (MLCT) and phenyl-imidazole—terpyridine (ILCT) transitions. The
mixed MLCT and ILCT characters of the band (S; for 1 and 3, and S;3 for 2) in the
complexes was also confirmed by electron density difference map (EDDM) and natural
transition orbital analysis (NTO) plots (Figure 3.9 and 3.10). The peaks in the range of
330-350 nm are mainly due to phenyl-imidazole—terpyridine (ILCT) electron transitions,
whereas the very intense peaks at ~280 and ~315 nm arise because of t—n* electronic

transition within the ligand.
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Figure 3.5. Overlay of the experimental (blue solid line) and calculated (pink dotted line)
absorption spectra along with stick form of the complexes 1 (a), 2 (b), and 3 (c) in
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MeCN. The right panel shows the HOMO and LUMO that takes part in the lowest energy
band

Free Form Deprotonated Form

Figure 3.6. Ground state optimized geometries of complexes in their free (1-3) and
deprotonated (1a-3a) forms in MeCN.
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HOMO HOMO-1 HOMO-2 HOMO-3
LUMO LUMO+1 LUMO+2 LUMO+3
LUMO LUMO+1 LUMO+2 LUMO+3

Figure 3.7. Schematic drawings of the selective frontier molecular orbitals of free (1) and
deprotonated (1a) forms in MeCN.
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Figure 3. 8. Schematic drawings of the selective frontier molecular orbitals of free (3)
and deprotonated (3a) forms in MeCN.

3 3a
Figure 3.9. Difference in electron density upon excitation from the ground Sy state to the
lowest energy singlet excited state in free (1-3) and deprotonated (1a-3a) forms. Purple
and cyan color shows regions of increasing and decreasing electron density, respectively.
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Figure 3.10. NTOs illustrating the nature of optically active lowest energy singlet excited
states in the absorption bands of the complexes in their free (1-3) and deprotonated (1la-
3a) forms. The occupied (holes) and unoccupied (electrons) NTO pairs that contribute
more than 10% to each excited state are only represented.

Table 3.2. Selected MOs along with their Energies and Compositions in the Ground State
of the Complex in its Free (1) and Deprotonated (1a) forms in MeCN.

MO Energylev % Compositions
1 1a 1 la
Ru Fimzph tpy PhMe Ru Fimzph tpy PhMe
LUMO+5 -1.59 | -1.50 0.0 0.0 99.9 0.0 15 0.0 90.3 8.2
LUMO+4 -1.71 | -1.53 05 41.9 575 0.0 0.0 0.0 99.9 0.0
LUMO+3 -242 | -2.32 31 0.3 96.3 0.4 28 0.5 96.5 0.1
LUMO+2 -250 | -2.42 0.0 04 99.3 0.2 0.4 0.1 98.9 0.5
LUMO+1 -2.66 -2.54 79 0.1 86.4 5.6 7.4 7.5 85.0 0.0
LUMO -2.70 -2.60 79 9.8 82.3 0.0 8.1 0.0 86.1 5.7
HOMO -5.49 | -4.47 2.2 94.3 2.8 0.0 11 95.3 3.6 0.0
HOMO-1 -6.09 | -5.86 60.4 0.0 25.2 14.3 0.0 99.9 0.0 0.0
HOMO-2 -6.14 | -5.98 70.0 0.0 29.9 0.0 53.3 24.0 223 0.0
HOMO-3 -6.17 -5.99 63.1 11.9 24.9 0.0 61.7 0.1 255 12.7
HOMO-4 -6.76 | -6.05 21 96.1 1.8 0.0 70.0 0.0 30.0 0.0
HOMO-5 -6.92 -6.22 12.4 0.0 145 73.2 4.7 93.4 19 0.0
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Table 3.3. Selected MOs along with their Energies and Compositions in the Ground State
of the Complex in its Free (2) and Deprotonated (2a) forms in MeCN.

MO Energy/ev % Compositions
2 2a 2 2a

Ru Fimzph tpy | Hbzim Ru Fimzph tpy Hbzim
LUMO+5 | -142 | -1.00 | 34 0.0 96.1 0.5 4.4 0.0 94.7 0.8
LUMO+4 | -1.68 | -1.17 | 05 424 56.9 0.0 1.3 14.9 83.8 0.0
LUMO+3 | -2.44 | -1.30 | 25 0.5 83.5 135 1.0 0.0 0.3 98.7
LUMO+2 | -248 | -143 | 05 0.0 14.3 85.1 5.7 0.0 0.1 93.3
LUMO+1 | -2.60 | -2.00 | 7.8 0.0 1.6 90.6 2.0 0.7 97.1 0.2
LUMO -2.68 | -2.13 | 8.0 9.7 80.8 1.6 10.9 7.5 79.7 1.9
HOMO -549 | -436 | 2.8 94.3 25 0.3 2.8 93.9 29 0.3
HOMO-1 | -5.86 | -4.79 | 59.6 0.0 11.2 29.2 47.7 0.0 8.6 431
HOMO-2 | -6.15 | -5.25 | 63.6 11.7 18.3 6.4 55.9 0.0 6.9 371
HOMO-3 | -6.19 | -5.29 | 69.9 0.0 8.0 221 62.5 9.8 20.6 7.0
HOMO-4 | -6.76 | -545 | 2.1 93.9 15 25 0.5 0.0 0.0 99.4
HOMO-5 | -6.76 | -5.72 | 3.3 23 1.4 92.9 1.0 0.0 0.0 99.0

Table 3.4. Selected MOs along with their Energies and Compositions in the Ground State
of the Complex in its Free (3) and Deprotonated (3a) forms in MeCN.

MO Energy/ev % Compositions
3 3a 3 3a

Ru | FimzPh tpy Ru Fimzph tpy
LUMO+5 -1.72 | -1.44 0.5 421 57.4 15 50.8 47.6
LUMO+4 -1.72 | -1.47 0.5 421 57.3 0.0 63.2 36.7
LUMO+3 -243 | -2.25 31 0.7 96.2 32 46.0 50.7
LUMO+2 -251 | -2.33 0.0 0.7 99.3 0.0 49.3 50.7
LUMO+1 -2.71 | -2.49 7.9 10.2 81.9 7.6 36.7 55.5
LUMO -2.72 | -2.50 7.8 10.3 81.9 7.5 36.6 55.8
HOMO -5.50 | -4.45 2.8 94.1 3.0 1.2 5.8 92.9
HOMO-1 -5.50 | -4.45 2.8 94.2 29 1.2 5.8 929
HOMO-2 -6.15 | -5.85 | 70.0 0.0 29.9 0.0 0.0 99.9
HOMO-3 -6.18 | -5.85 | 62.9 12.4 24.7 0.0 0.0 99.9
HOMO-4 -6.18 | -591 | 625 125 24.9 55.8 9.8 34.3
HOMO-5 -6.76 | -5.91 2.3 95.8 1.9 56.4 9.8 338
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Table 3.5. Selected UV-vis Energy Transitions at the TD-DFT/B3LYP Level of
1 and la in MeCN

Excited | Aca/nm Oscillator X expt/NM Key transitions Character
state strength(f)
1
S; 505 0.5 494 H—-L (77%) MLCT,ILCT
Sis 363 0.7 356(sh) H—L+4 (94%) MLCT, ILCT, n-
n*
Sy 331 0.4 332 H-55L+1 (54%), ILCT, MLCT
H-4—L(16%),
Sa 309 0.2 307 H-8—L+1 (92%) n-*
Sss 278 08 282 H-10-L+2 (23%), n-n*, ILCT
H-9—-L+3 (49%)
la
S, 570 05 540(sh) | HoL+1 (99%) MLCT, ILCT
Sao 329 0.2 330(sh) H-8—L(47%), ILCT , MLCT, =-
H-4—L+4 (17%), H- | p*
2—L+4 (23%)
Sea 305 0.4 313 H-12—L+1 (60%), H- | m-n*, ILCT
4—L+6 (20%)
Si02 277 0.8 282 H-14—L+2 (41%), H- | m-n*, ILCT
14—L+3 (23%), H-
125L+3 (16%)

Table 3.6. Selected UV-vis Energy Transitions at the TD-DFT/B3LYP Level of
2 and 2a in MeCN

Excited | Aca/nm | Oscillator A exp/NM Key transitions Character
state strength(f)
2
Ss 501 0.5 490 H—L (89%) MLCT,ILCT
Sis 361 0.7 378 H—L+4 (94%) MLCT, ILCT, n-n*
S 344 0.5 347 H-5—L+1 (93%) MLCT, ILCT, n-n*
Su3 309 0.3 314 H—L+7 (91%) n-1*, ILCT
Seo 278 0.2 282 H-11—-L+3 (35%), n-1*, ILCT
H—L+8 (31%)
2a
S 585 0.4 552(br) H—L (95%) MLCT,ILCT
Si3 435 0.5 415(sh) H—L+4 (95%) ILCT, n-m*
S36 356 0.4 357 H-4—L+2 (59%), ILCT, n-n*, MLCT
H-2—>L+5 (26%)
Ss1 319 0.2 318 H-5—1L+3 (65%) n-*, ILCT, MLCT
Ses 274 0.2 282 H-13—-L+1 (37%), n-n*, ILCT
H-8—L+4 (27%)
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Upon excitation at the MLCT band, a broad luminescence band is observed at 658
(for 1 and 3) and at 676 nm for 2 in MeCN (Figure 3.11). It is to be noted in the Table 3.1
that the lowest energy absorption (MLCT) and emission maximum of the complexes
undergo a small bathochromic shift upon increase of polarity and hydrogen bonding
ability of the solvents. On passing from RT to 77K, a small blue-shift of the band takes
place accompanied with increase in luminescence intensity and quantum vyield (Figure
3.11). The origin of band is mainly due to radiative deactivation of *MLCT
{Ru"(dn)—tpy-HImzPhsF»(r)} excited state. The emission energies of the complexes
are also calculated by taking the difference in energy between lowest triplet excited state
(T1) and ground singlet state (Sp) through UKS calculations and correlate well with the
experimental data (Table 3.7). The notable outcome is to observe RT emission of the
complexes relative to non-luminescent parents ([Ru(tpy)2]°* or [Ru(H,pbbzim),]*}.
Luminescence lifetime of the complexes vary between 5.6 (1) and 35 ns (2) in MeCN at
RT and between 8.7 (2) and 13.3 (3) us at 77 K (Figure 3.11c-3.11d). Thus, the
enhancement of lifetime is almost two order of magnitudes higher relative to [Ru(tpy)2]**
(0.25 ns). The Eq values of the complexes are also calculated from their 77K spectra
(Figure 3.12a-3.12c). The complexes display double-exponential decay in most of the
solvents at RT. The initial short-lived component is probably due to deactivation of the
SMLCT state, while the long-lived second component takes into account the radiative
deactivation of the equilibrated state of *MLCT and *ILCT (difluorobenzil conjugated
phenyl-imidazole spacer). The luminescence spectra at 77 K display vibrational structure
with their spacing ~800 cm™ suggesting the involvement of triplet ligand-centered
emission (Figure 3.12a-3.12c).

The excited-state decay of the polypyridine compounds of Ru(ll) is usually
expressed by equation 1.2
Knr = Knr> + Kor (1)
The radiationless deactivation consists of two terms. kn denotes the decay directly from
SMLCT to the ground state, while k, corresponds to the thermally activated process from
SMLCT to the *MC state and depends on their energy gap (AE). Ky is usually plays a
dominant role for the terpyridine complexes because of lower AE value. In the present

case, it is assumed that the energy of the MC state remains almost invariant, whereas the

126



Chapter 3

energy of MLCT state is lowered because of pi-electron conjugation in the tpy-
HIimzPhsF, motif. The increased energy gap in turn reduces the efficiency of the MLCT-
to-MC surface-crossing pathway.
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Figure 3.11. Normalized emission (Aex = 490 nm) spectra of 1-3 in MeCN at RT (a) and
in EtOH-MeOH (4:1, v/v) glass at 77 K (b). The decay profiles and corresponding
lifetimes are presented in (c) at RT and (d) at 77K.

Table 3.7. Phosphorescent Emissions of the Complexes in Their Free-(1-3),
Deprotonated (1a-3a) Forms in MeCN According UKS Calculations and Associated
Experimental Values

Compn® | Theoretical | Experimental

UKS/nm /nm
1 613 658
la 795 657
2 636 676
2a 837 752
3 633 658
3a 838 660
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Figure 3.12. Experimental (solid line) and deconvoluted (dotted line) emission spectra of
1 (a), 2 (b), and 3 (c) in EtOH-MeOH (4:1v/v) at 77 K. The insets show the values of

vibrational spacing.
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3.3.3. Temperature-Induced Switching of Emission Spectral Behaviors. We
use the temperature as an external stimulus to modulate the emission spectral aspects of
the complexes. We acquired emission spectra and lifetime of the complexes 1-3 within
the temperature domain of 263K and 333K and the experimental results are delineated in

Figure 3.13a-3.13c, Table 3.8 and Figure 3.14. When temperature is lowered, the

emission intensity and lifetime is enhanced demonstrating the “on-state”, while the
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Figure 3.13. Change in the steady state emission (Aex = 490 nm) and decay profiles for
complexes of 1 (a and d, respectively), 2 (b and e, respectively), and 3 (c and f,
respectively) upon variation of temperature in MeCN in the range of 263K and 333K.
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increase of temperature leads to quenching of emission intensity and lifetime designating
the “off- state”. This "on-off" and "off-on" emission switching is fully reversible and can
be repeated many times upon alternate heating and cooling.

We also explored the reason for emission switching as a function of temperature
and try to understand the relaxation dynamics of the excited states. To this end, we fitted
29,31

lifetime versus temperature data using equation (2).
(t(T))™* = (ky + ko exp[-AEo/RT])/(1+ exp[-AEx/RT] (2)

where k;—temperature-independent rate constant {sum of both radiative (k;), and non-
radiative (ki) rate constants from MLCT at 77K}, k—temperature dependent rate
constant (taking account of population of *MC from MLCT state) and 4E, — activation
energy for this surface crossing process. Non-linear regression analysis of T vs. T data
yields k, and 4E; values (Figure 3.13a-3.13c, Table 3.8 and Figure 3.14). The calculated
AE, value is 4381+40, 4017+44, and 4049+40 cm™ for 1, 2, and 3, respectively. The
magnitude of k; lies in the domain of 1.0x10°-8.0x10° s, while that of k, varies between
1x10™ and 2.9x10' s?. The estimated AE, values of the present complexes are
substantially higher than [Ru(tpy)2]** (AE;=1500 cm™).

Table 3.8. Temperature Dependent Emission Spectral Data of 1-3

Complex ky/s?t ko/sT AE,/cm™
1 8.0x10° 2.9x10% 4381+40
2 1.0x10° 1.0x10% 4017+44
3 7.5x10° 1.2x10% 4049+40

The substantial increase in AE; value is probably because of enhanced electron
delocalization in the excited state induced by pi-conjugated backbone of tpy-HImzPhsF,
motif in the complexes. The decrease of temperature induces larger energy separation
between *MLCT and ®MC state and enhances emission intensity and lifetime, while the
increase of temperature enhances the thermal equilibrium between *MLCT and *MC state
and gives rise to reduction of emission intensity and lifetime. Thus, alternative heating
and cooling leads to "off-on" and "on-off" emission switching by modulating the

effective energy gap between >MLCT and *MC state.
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complexes 1-3 in MeCN.
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3.34 pH-Induced Switching of Absorption and Emission Spectral
Characteristics. The imidazole NH proton(s) in tpy-HImzPhsF, and Hypbbzim motifs in
the complexes turn into acidic upon coordination to Ru®*. Inasmuch as the imidazole NH
motifs turn into acidic, we investigated the effect of pH on the absorption, emission and
lifetime of the complexes. The spectral titrations are performed in MeCN-H,0 (3:2 v/v)
because the complexes are not fully soluble in pure H,O. The Robinson-Britton buffer is
employed to adjust the pH within the range of 2-12. As significant amount of organic
solvent (MeCN) is used in the present study, we used the term “apparent pH” instead of
pH only. We would also like to mention that the pH meter responded reproducibly to H*
concentration of each solution. Similarly, the pK, values calculated from absorption vs.
pH titration data will be termed as treated as "apparent pK,". Henceforth, the term “pH”
and “pK,” will be referred to as “apparent pH” and "apparent pK,", respectively.

The complex 1 exhibits one-step change in its spectral profile within the pH range
of 5.0-11.0 (Figure 3.15a-3.15b). Upon increase of pH, finite increase of band intensity is
observed for the MLCT band at 496 nm, the valley at 405 nm and n-n* band at 315 nm,
whereas decrease of intensity of the shoulder takes place at ~360 nm. Three isosbestic
points at 380, 332 and 252 nm are observed during the process. Substantial quenching of
emission without alteration of the band maximum at 655 nm takes place in the emission

spectrum with the increase of pH.
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Figure 3.15. pH dependence absorption (a) and emission (Aex = 490 nm) (b) spectrum of

1 in MeCN-H,0 (3:2 v/v) buffer. The insets show the variation of absorbance (a) and
emission intensity (b) with pH.
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In contrast to 1, two-step change is observed for 2 within the studied pH range
(Figure 3.16a-3.16d). Upon increase of pH up to 7.0, the band at ~490 nm underwent
small bathochromic-shift (up to 497 nm) along with diminution of the band intensity in
the first step. The said band gets further shifted to 516 nm in the second step together
with diminution of band intensity. A new band at higher wavelength also evolves and
continues to increase in intensity till the solution pH reaches to 10. Isosbestic points are
observed in each step. Interestingly, the color change from orange to deep violet is also
noticed upon changing the pH from 3.0 to 10.0 which is also in-line with the
bathochromic shift of the MLCT band. Upon increasing the pH, the emission maximum
at ~675 nm is quenched substantially in the first step while keeping the emission
maximum almost unaltered. During second step, complete emission quenching

accompanied by dramatic shift of the emission maximum from ~675 nm to ~750 nm is
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Figure 3.16. pH dependence absorption (a-b) and emission (Aex = 490 nm) (c-d) spectrum
of 2 in MeCN-H,0 (3:2 v/v) buffer. The insets show the variation of absorbance (a-b)
and emission intensity (c-d) with pH.
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also observed. *H NMR spectral data indicate the NH protons associated with H,pbbzim
is more acidic than that of tpy-HImzPhsF, fragment and the two-step change in the
absorption and emission spectral profile in 2 is due to successive deprotonation of

Hopbbzim fragment as shown in Scheme 3.1.

Scheme 3.1. Proposed acid-base equilibria in 1-3.

Figure 3.17a and 3.17b displays a single step change in the absorption and
emission spectrum of complex 3, respectively as a function of pH. Gradual decrease in
the MLCT band intensity at 497 nm is observed and at its expense a new band at ~550

(b) pH=8-12  2000| My

Abs

300 450 600 750 600 700 800
2/nm

Figure 3.17. pH dependence absorption (a) and emission (Aex = 490 nm) (b) spectrum of
3 in MeCN-H,0 (3:2 v/v) buffer. The insets show the variation of absorbance (a) and
emission intensity (b) with pH.
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continues to intensify upon gradual increase in pH. The red-shift of MLCT band
maximum upon increase of pH is also reflected in its visual color change from orange-
yellow to blue. Substantial quenching of emission without alteration of the band
maximum is observed upon increasing pH. The observed acid-base equilibria in the
complexes is presented by Scheme 3.1.

The lifetimes of 1-3 are also acquired upon varying the pH of the solution and
related decays and their lifetimes are presented in Figure 3.18-3.20. In conformity with
their steady state emission, the lifetime also falls off with the increase of pH. In practice,
change of pH induces remarkable alteration of the optical (color change) as well as
emission spectral properties of all the three complexes. The complex 1 and 3 function as
one-step whereas the complex 2 behaves as two-step “on-off” emission switch in the
studied pH domain.

The bathochromic shift of the MLCT bands, albeit in different extent, is observed
for all the three complexes upon increase of pH. The observed shift can be attributed to

the pH-induced deprotonation of the NH motifs which enhances the electron density at
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Figure 3.18. Change of luminescence decay profile of 1 with the variation of pH in 3:2
MeCN-H,O0 buffer. Inset shows excited state lifetimes as a function of pH.
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Figure 3.19. Change of luminescence decay profile (a-b) of 2 with the variation of pH in
3:2 MeCN-H,O buffer. Inset shows excited state lifetimes as a function of pH.
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Figure 3.20. Change of luminescence decay profile of 3 with the variation of pH in 3:2
MeCN-H,O0 buffer. Inset shows excited state lifetimes as a function of pH.

the Ru(Il) center and facilitates Ru(dm)—terpyridine () charge transfer process. In order

to visualize the observed spectral shift upon the increase of pH, we also performed the

TD-DFT as well as UKS calculations on the deprotonated states of the complexes. The

details of the calculations are given in Tables 3.2-3.7 and Figures 3.6-3.10. The

electrostatic surface potential (ESP) plots display the orientation of charge density among

the complex architecture in both forms of the complexes (Figure 3.21). The green color

designates the electron rich portion, whereas the blue color stands for electron
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Figure 3.21. The ESP plots of the complexes 1-3 and their deprotonated forms 1a-3a in
MeCN.

deficient region. The negative charge generated upon deprotonation is primarily localized
over the phenyl-imidazole portion in the case of 1a and 3a whereas for 2a, the charge is
delocalized over the entire complex backbone. The frontier molecular orbitals that are
involved in the lowest energy band in both forms of the complexes are presented in
Figure 3.22. The HOMOs of the complexes get destabilized upon removal of the NH
protons, whereas the LUMOs are less perturbed upon deprotonation. As a result, the
lowest energy band gets red-shifted upon deprotonation of the imidazole moiety. Thus,
the observed bathochromic shift of the lowest energy band in the complexes is
reproduced by calculated results. EDDM and NTO plots for the lowest energy band of
the deprotonated version (S; for 3a and S, for 1a and 2a) of the complexes were also
sketched which concluded the contribution of both the MLCT and ILCT characters in the
aid band (Figures 3.9-3.10). The red-shift of emission energy, particularly for the
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Figure 3.22. The calculated energy level diagram depicting major transitions that comprise
the lowest-energy absorption band for the complexes in their free (1-3) and deprotonated
(1a-3a) forms in MeCN.

complex 2, upon deprotonation of the imidazole motifs is also reproduced by UKS
calculations.

The apparent pK, values of the complexes for each deprotonation step were
estimated by using pH titration data via equation 3
PH = pKa + log (A-Ag)/(Ar-Ao) 3)
where Ay, A, and At corresponds to the absorbance at the initial, intermediate and final pH
values, respectively at a particular wavelength. The pK, values are provided in Table 3.9
The enhanced acidic character of the NH protons of Hopbbzim moiety relative to tpy-
HIimzPhsF, unit is also reflected in their pK, values. The considerable increase in second
pK;value in 2 is due to increase in the negative charge in the complex backbone.
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Table 3.9. Apparent pK, values of 1-3 in 3:2 MeCN-H,0 Buffer

CompdS pKal pKaZ
1 8.1+0.05 -
2 4.9+0.10 | 8.1+0.10
3 9.8+0.06 -

3.3.5.Electrochemical Behaviours and Proton-Coupled Electron-Transfer
Reactions. The electrochemical behaviours of the complexes 1-3 were studied via cyclic
and square wave voltammetry in acetonitrile-water (3:2) buffer medium. The
voltammograms of the complexes are presented in Figure 3.23 and relevant redox data
are provided in Table 3.10. A reversible oxidation wave corresponding to Ru**/Ru*
process is observed for all the three complexes in the positive potential window. Several
reversible and/or quasi-reversible waves are also observed in the negative potential range
corresponding to the reductions of the tpy and Hopbbzim units.

The oxidation potential of the complexes 1-3 were also measured within the pH
range 2—12. It could be seen for 1 that up to pH 2, and greater than pH 10, the E;/, value
remains unchanged. In between 2.5 < pH < 10, gradual drop of E;; is observed with rise
of pH. The slope of Ey; vs. pH plot is ~ 65 mV/pH, suggesting a 1e-1H" transfer process.
At pH > 10, the value of E;, remains constant upon variation of pH indicating electron

transfer process only. The electro-protic reactions could be represented by Scheme 3.2.

2+

3+
7\ 0 7 N\
N e F E 1 N = F
N N B O 12(1) PGS e
EN® N o ~ . N RON_ ) 'N‘
N N F ,7N!\‘7\ F

" 'H+vKal +H* WL 'H+1K33

2
RE®. F E%12(2) NG F
N N =N — O
/7’\! N~ O E e /7’\! :N7\ O F

Scheme 3.2. Electro-protic equilibria involved in complex 1.
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Figure 3.23. CV and SWV of 2 and 2a (a), 3 and 3a (b) in MeCN-H,0 (3:2, v/v) buffer.
The black color represents the free form while the red color corresponds to the
deprotonated forms of the complexes. The Ej; vs. pH plot for 2 and 3 are shown in figure
(c) and (d), respectively.

Table 3.10. Electrochemical Data® in MeCN-H,0 (3:2, v/v)

Free (1-3) Deprotonated (1a-3a)
Oxidation/V | Reduction /V Oxidation /V | Reduction /V
1 1.28 -1.24,-1.46 la 1.18 -1.13,-1.91
2 1.08 -1.29,-1.54 2b 0.70 -1.44,-1.60
3 1.35 -1.18,-1.39 3c 0.97 -1.16,-1.45

2All the potentials are referenced against Ag/AgCl electrode with E,;, = 0.36 V for Fc/Fc* couple.
PReversible electron transfer process with a Pt working electrode. °Ey, values obtained from SWV using
glassy carbon electrode
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E1 vs. pH profile for complex 2 is shown in Figure 3.23. The Ej, value remains
unaltered up to pH 2 and greater than pH 9.0 indicating only the electron transfer process.
In the pH range of 2.2-8.8, the E;/, value gradually decreases with the increase of pH with
a slope of ~60 mV/pH suggesting two consecutive 1e™-1H" transfer process as presented
in Scheme 3.3. The third deprotonation step does not take place within the studied pH

window.

EC2(1)

e

E%2(1)

Scheme 3.3. Electro-protic equilibria involved in complex 2.

Figure 3.23d presents the change of E;/, with the variation of pH for complex 3. It
may be observed that up to pH 2, and greater than pH 11, the Ej, values remain
invariant. In between 2.5 < pH < 11, gradual decrease of E;;, with the increase of pH
takes place in two consecutive steps with a plateau around pH 7.0 to 8.0. In both the
regions, the slope of Ey; vs. pH plot is ~60 mV/pH suggesting two successive 1e-1H"

transfer processes (Scheme 3.4).
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Scheme 3.4. Electro-protic equilibria involved in complex 3.

Upon non-linear regression analysis of the experimental Ej, versus pH data
through equation 4, all the pK; values could be estimated. The estimated pK, values are
provided in Table 3.11.

[H*]? + Ky [H'] + Ka1Kap

Eyp = E%y+ 0.0591 log

[H*T? + Kaa[H'] + KagKaa (4)
E%, corresponds to the standard redox potential at pH 0 for Ru**/Ru®" couple. K and
Ka2 correspond to the acid dissociation constants for the Ru?* species, whereas K,z and
Kas correspond to the Ru®* species in the complexes. The acid dissociation constants for

imidazole protons in the complexes are found to be greater when ruthenium is in Ru®*

Table 3.11. Apparent pK, Values of 1-3 in both of their
Ru*" and Ru®* State in MeCN/H,0 (3:2) Buffer

comp pKay pKa, pKa; | pKa,
1 8.1 - 5.1 -
(8.1)"
2 4.6. 8.5 2.3 5.3
49" | (8.0)"
3 7.3 10.7 5.0 8.2
(7.6)" | (10.3)"

*values obtained by spectrophotometric measuremenents
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state compared with the Ru®* state. It is to be noted that the pKa1 and pKa, values obtained
by proton-coupled oxidative electrochemistry and spectrophotometry matches well with
each other.

In all the three cases, we observed the expected decrease of Ej/, with escalation of
pH and the decrease of E;, could be correlated with the bathochromic shift of the
respective MLCT bands. The transformation of 1 into 1a induces decrease of Ey, by 100
mV, while for the MLCT band energy the extent of decrease is 161 cm™. The
corresponding change is 380 mV and 953 cm* for 2, while 380 mV and 1684 cm ™ for 3.

In PCET reactions, a single step hydrogen atom (H- «— H" + e") transfer takes
place from a particular species to the other in a concerted way.® The concurrent change
in the oxidation state of Ru and the protonation state of the ligands can be represented
schematically where the diagonal of the square represents hydrogen atom transfer
(Scheme 3.5).7

+

RuMD | H

.

Ru™ LH

Ru(Mb L

N

Ru™L

Scheme 3.5.

The horizontal arrows in scheme 3.5 indicate the pK, values, while the vertical
arrows represent the redox potential, E°;;(n). The free energy change for the bond

dissociation (BDFE) at 298 K can be estimated by using equation 5.
AG® = [1.37pK+ 23.1E°y5(n) + 54.9] kcalmol ™ (5)

The AG® value for H* + e — H: is 54.9 kcal mol™ in MeCN. Although the
proton-coupled oxidative electrochemistry is carried out in 3:2 MeCN-H,0, the value in
MeCN is utilized to estimate the AG® values of the complexes as the relative amount of
MeCN is larger.

As the total enthalpy change in the said thermochemical cycle of the square
scheme is zero, it is quite apparent that the AG® values evaluated for the diagonal arrows

in the forward and backward directions should be equal. The AG® values involved in the
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square scheme of all three complexes 1-3 were calculated (Scheme 3.6) for the forward as
well as the reverse processes and the values are summarized in Table 3.12. Again the
calculated values are "apparent BDFES" as the electrochemical investigations were
performed in 3:2, MeCN-H,O medium. The G° value for N-H bond dissociation for 1 is
90.95 kcalmol™. Two AG® values (82.45 and 82.71 kcal mol™) for 2 correspond to the
dissociation of N-H bonds in Hppbbzim unit, while for 3, the values (91.92 and 92.00
kcalmol™) are due to the dissociation of N-H from the tpy-HImzPhsF, motifs. The second
N-H BDFE is little higher for both 2 and 3 as expected.

pKa1=8.1
[(tpy-PhCH3)Ru" (tpy-HImzPhsF,)1*

“ E%(1)=1.18
pKa=5.1

‘——‘ [(tpy-PhCH3)Ru'""(tpy-HImzPhsF,)]**

[(tpy-PhCH3)Ru" (tpy-HImzPhsF,)1?*
90.95 kcalmol*

e || E%p(1)=1.28
[(tpy-PhCH3)Ru' (tpy-HImzPhF,)]3*

pKa1=4.8 pK4o=8.5
[(Hzpbbzim)Ru' (tpy-HIMzPhsF)I** —=="2= [(H pbbzim)Ru' (tpy-HIMZPhsF))]" ———3 [(H,pbbzim)Ru" (tpy-HImzPhsFy)]

“ E%/2(3)=0.70

82.45 kcalmol™? 0 B 1
. E°1/2(1)21.08 E%»(2)=0.92 82.71 kcalmol

PKas=2.3
[(Hzpbbzim)Ru'"(tpy-HImzPhgF,)]** [(H,pbbzim)Ru'"!(tpy-HImzPhsF,)]2* : [(Hapbbzim)Ru""!(tpy-HImzPhsF,)]

pK,=10.7

—— [Ru'!(tpy-HImzPhgF,),]

—_
e “ E%,»(3)=0.97
PKa3=5.0 pK,=8.2

[Ru"'(tpy-HImzPhgF,),]%* ———> [Ru"!(tpy-HImzPh3F,),]*" === [Ru'""!(tpy-HImzPh;F),]

PKa1=7.3

[Ru'(tpy-HIMzPh3Fo),]* === [Ru'!(tpy-HImzPhsF,),]*

91.92 kcalmol™ 92.00 kcalmol™®

0 o=
e || E12(1)=1.35 e || E'12(2)=1.17

Scheme 3.6. The square schemes for the complexes 1-3 in MeCN-H,0 (3:2 v/v)
buffer.

Table 3.12. Apparent Bond Dissociation Energy for the -NH Protons

compounds AG? (13 -NH)/ AG® (2" -NH)/
Kcalmol™® Kcalmol™
1 90.95 -
2 82.45 82.71
3 91.92 92.00
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The CVs as well as the oxidation and reduction potentials of fully deprotonated
forms of the complexes obtained at ~pH 10 are also presented Figure 3.23 and Table
3.10.

3.3.6. Fabrication of Logic Gates. In the preceding sections, we were able to
modulate substantially the absorption, emission and redox potential of the complexes upon
altering the pH of the solution. Emission quenching was made possible upon increase of
either pH of solution or temperature. Restoration of the initial emission is also made
possible by the decrease of pH or the temperature. Thus, the complexes exhibit successive
"on-off" and "off-on™ emission switching in presence of light and acid/base (pH) stimuli.
We will now use their optical spectral responses as function of pH and temperature for the
fabrication of two-input binary logic gates.

3.3.6.1. INHIBIT Gate. The term INHIBIT means the gate which creates a
certain or fixed output whatever be the inputs or even the inputs are changed. An
INHIBIT gate is actually an AND gate with an additional case. To construct the action of
this gate, we have taken OH™ and H™ as input 1 and input 2, respectively and the
absorption intensity at 540 nm of complex 3 as the output (Figure 3.24a-3.24e). The truth
table shows that only the addition of OH" give rise to the ON state (1) (Figure 3.24b).
Three other possible combinations of inputs originate the signal which lies below the
threshold energy level, generating the OFF state (0) of this operation. In addition, the
“off-on-off” cycle can be repeated several times upon successive addition of OH™ and H*
ions (Figure 3.24¢).

3.3.6.2. IMPLICATION Gate. An IMPLICATION consists of the functions of
AND, OR, and NOT gates. If one input can implicit the other one then we can say that
the function of an IMPLICATION gate is constructed. By picking up temperature (333K)
and pH 2.0 as input 1 and input 2, respectively and the emission intensity at 655 nm as
the output signal, we can mimic the function of this logic system (Figure 3.25a-3.25d).
The truth table in Figure 3.25b shows that without the action of these two inputs,
complex 1 exhibits intense emission at 655 nm representing the ON state (1) of the

system. However, input 1 (333K) gives rise to a significant decrease in emission
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Figure 3.24. (a) The absorption spectral changes of complex 3 due to the addition of OH"
(input 1) and H* (input 2). (b) Corresponding truth table. (c) 3D representation of
absorption intensities which change upon the action of different combinations of inputs.
(d) Schematic presentation of an INHIBIT gate depending on the output absorption
intensity at 540 nm. (e) Schematic presentation of the reversible cycles upon stepwise
addition of acid and base.

intensity, indicating the OFF state (0). In addition, other three possible combinations of

stimuli generate output values above the threshold level forming the ON state (1) of this

system (Figure 3.25b). Thus, by observing the emission spectral intensity variation at 655

nm due to the action of these two inputs, an IMPLICATION can be constructed (Figure

3.250).
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Figure 3.25. (a) The emission (Aex=490 nm) intensity changes of complex 1 as a function
of temperature (333K) (input 1) and pH 2.0 (input 2). (b) Corresponding truth table. (c)
3D representation of emission intensity as a function of different combinations of inputs.
(d) Schematic presentation of an IMPLICATION gate.

3.3.6.3. NOR Gate. NOR gate is a combination of two digital logic functions. By
connecting an OR gate and an inverter or NOT gate together in a series, the function of
NOR gate can be constructed. This gate is a complimentary form of inclusive OR gate
and belongs to one of the universal logic gate. We have chosen OH™ ion and temperature
at 333K as input 1 and input 2, respectively and the emission intensity at 684 nm for
complex 2 as the monitoring output wavelength (Figure 3.26a-3.26d). The emission
spectrum as well as the table in Figure 3.26a shows that without applying any inputs,
complex 2 exhibits intense emission at 684 nm and gives rise to the ON state (1) of this
operation. On the other hand, interaction with all the three other possible combinations of

inputs gives rise to a value under the threshold energy barrier, designating the OFF state

(0).
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Figure 3.26. (a) The emission (A&=490 nm) intensity changes of complex 2 upon varying
[OH] (input 1) and temperature at 333K (input 2). (b) Corresponding truth table. (c) 3D
representation of emission intensities which change upon the action of different
combinations of inputs. (d) Schematic presentation of a NOR gate.

3.4. Conclusions

With regard to our desire to design stimuli-responsive molecular switches, we report
herein three Ru(ll) complexes based on a terpyridyl-imidazole ligand (tpy-HImzPhsF,)
which exhibit luminescence at RT having lifetimes within 4.5-49.0 ns, depending on the
auxiliary ligand and solvent used. The *MLCT-*MC energy gap plays a crucial role on
the luminescence behavior of these complexes and temperature plays an important role to
tune the said energy gap. In this regard, we thoroughly studied the effect of temperature
on the emission intensity and lifetime of the complexes in order to check the utility of
these complexes to act as temperature-dependent molecular switches. In practice, "on-
off* and "off-on™ emission switching is feasible for all the complexes upon alternate
heating and cooling the solution of the complexes through modulation of their *MLCT-
*MC energy gap.

The complexes also offer acidic imidazole protons in their outer coordination
sphere which could be deprotonated upon increase of pH. In reality, the complexes
undergo sequential deprotonation upon increase of pH with phenomenal alteration of

their absorption, emission and redox properties. The bathochromic shift of *MLCT

148



Chapter 3

absorption and *MLCT emission band together with substantial quenching of emission is
observed in all cases upon increase of pH. The spectral changes are fully reversible and
restoration of their initial state can be feasible upon decreasing pH. The ground state pK,
values are also estimated from systematic alteration of absorption spectra of the
complexes as a function of pH. In essence, the complexes have the potentiality to act as
molecular switches based on remarkable alteration in their absorption, emission and
redox behaviors as function of pH and temperature. In addition, their optical spectral
responses as function of acid/base and temperature were utilized for the fabrication of two-
input binary logic gates (IMPLICATION, NOR and INHIBIT).
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4.1. Introduction

The machine learning (ML) and diverse artificial intelligence (Al) implements have been
extensively utilized in recent time in various areas in chemistry and biology.*™® One of
the most emerging aspects of the current research is to fabricate smart materials and to
investigate their varied physicochemical parameters (such as sensing) for diagnostic
purposes. Comparatively little progress has been accomplished in other supplementary
areas of Al, such as FL, ANNs, ANFIS and evolutionary computation.’®®° Creation of
dependable and exhaustive catalogue might enlarge the ML to a wide range of applications.
Hence, tremendous efforts have now been paid to prosper the productive domain of Al
having vague and imprecise inputs.

Our enthusiasm is targeted on the Ru(ll) complexes based on polyheterocyclic
ligands due to their remarkable photophysical and electrochemical properties and due to
their involvement as active component in diverse areas of applications such as dye
sensitized solar cells, sensors and switches.?*?" In the present study, we prepared a
terpyridine-based ligand {(tpy-HImzPh3(NMe,),} upon incorporating dimethylamino
benzil group into the 4'-position of the tpy unit through phenyl-imidazole spacer. The
said ligand is employed to synthesize both homo- and heteroleptic Ru(ll) complexes as
shown in Chart 4.1. The major advantage of using terpyridine-type ligand over their
extensively studied bipyridine analogues is due to achiral nature of the resulting
octahedral complex. But most of the terpyridine complexes of Ru(ll) donot emit at room
temperature (RT) and their excited state lifetime is quite short ([Ru(tpy)-]**, © = 0.25
ns).?®*3 Herein, we introduced strongly electron-donating dimethylamino groups in the
synthesis protocol of the ligand to augment the RT emission characteristics of the
complexes by adjusting their *MLCT-3MC energy barrier. As temperature plays a crucial
role on the emission characteristics of the complexes through adjustment of their *MLCT-
SMC energy barrier, we performed temperature-dependent emission spectral
measurements to explore the efficacy of the complexes as temperature-triggered
molecular switches. Interestingly, substantial variation of emission intensity as well as
lifetime is observed by altering the temperature.

The design protocol also provides several imidazole NH protons in the outer

sphere of the complexes that can commune with anions through hydrogen bonding
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Chart 4.1. Chemical structures of the complexes.

association or through anion-triggered deprotonation. Hence, we thoroughly examined
the influence of anions on their absorption and emission spectral properties. For fine
tuning, we varied the number of NH protons; one (for 1), two (for 2), and (for 3) (Chart
1). Essentially, the present complexes can mimic the function of molecular sensors and
switches relying on substantial variation of their absorption and emission spectral outputs
under the influence of temperature, anion, and acid.**>*

Previously, we reported a series of similar Ru(ll) complexes derived from related
terpyridyl-imidazole ligands differing by the terminal NMe, motifs and studied their
photophysical characteristics as well as anion- and temperature responsive behaviours.**
4352 Acid-induced remarkable enhancement of RT emission lifetime (up to 80-fold) of
our previously reported methyl-substituted terpyridyl-imidazole based Ru(ll) complexes
actually motivates us to investigate the present system. The enormous increase in lifetime
was ascribed due to protonation of imidazole nitrogen(s) in the second coordination

sphere of complexes which was facilitated by the electron donating Me-substituent. In
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order to achieve further enhancement of lifetime, we incorporated dimethylamino (-
NMe,) substituent in the ligand frame whose electron donating ability is much higher
than Me group. Unfortunately, almost no acid-induced lifetime enhancement takes place
for the present complexes and the photophysical as well as anion- and temperature
responsive behaviours are only slightly differ from the previously reported systems. But
the major focus of the present work is the implementation of ML and soft computing
tools such as ANNs, FL and ANFIS to analyze and forecast the experimental anion- and
temperature responsive behaviours of the complexes.

The spectral outputs of the complexes in response to different stimuli are also
employed for construction of multiple BL as well as FL functions. In BL, the output signal
varies between two extremes, "0" or "1".°*® But the practical systems often consist of
innumerable number of intermediate states. To address the in-between states, the FL is an
appropriate choice. Herein, we applied FL to provide an infinite-valued logic algorithm
upon utilizing spectral output of the complexes in presence of the stimuli.

Performing very detailed sensing studies upon varying the analyte concentration
within a wide domain is very tedious, time-consuming and expensive. In order to
overcome the lacuna, we implemented soft computing tools such as ANNs, FL and
ANFIS to predict the experimental anion- and temperature sensing data of the
complexes.”® An ANN is a network stimulated by the central nervous system of the animals
(usually brain) and could be applied to guess functions that are dependent on massive
number of unknown parameters. Among the two type of neural networks {recurrent (RNN)
and feed-forward (FFN)}, we applied here the ANN-function fitting (ANN-FF) network due
to the static nature of our systems and because of its efficiency in understanding and
forecasting of a complicated system.'’?°

It is evident that neural networks (NNs) posses efficient grasping ability from the
data but not so efficient in terms of understanding the meaning of each neuron and its
weight. In contrary to NNs, the FL-based model could better understand as it operates via
linguistic languages and IF-THEN law. FLs, on the other hand, are unable to learn by itself.
For learning and specifying via FLs, one needs to borrow the methodologies from other
domains, viz. statistics, system identification etc. As the NNs are smart enough to learn, it is

highly beneficial to merge FL and NN and the amalgamated methodology, called ANFIS is
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superior over the individual ones. The structure of ANFIS contains the same components as
the fuzzy inference system (FIS) with the exception of NN block. In the present study, the
outcomes of Fuzzy, ANN and ANFIS models were also compared with the experimental
results for proper modeling of the anion sensing behavior of the complexes.

4.2. Experimental Section

4.2.1. Materials. Chemicals and solvents were purchased from local suppliers. 4-
formyl-2,2":6' 2"-terpyridine  (tpy-PhCHO)** and 2,6-bis(benzimidazole-2-yl)pyridine
(Hopbbzim) were prepared following reported procedures.*® [(tpy-PhCH3)RuCls] and
[(Hopbbzim)RuCl;] were synthesized by treating RuCl3-3H,O with tpy-PhCH3 and
Hopbbzim, respectively in 1:1 molar ratio in refluxing EtOH.

4.2.2. Synthesis of the Ligand [(tpy-HImzPh3(NMe,),]. N,N dimethylamino
benzil (1.5 g, 2.45 mmol), tpy-PhCHO (0.825g 2.45mmol) and NH4OAc (2.3 g, 30
mmol) were dissolved in CH3COOH (10 mL) and refluxed for 3h. After cool down to
RT, the resulting solution was poured into crushed ice (300 mL) and upon stirring, a
yellowish compound that deposited was filtered. The resulting solid was filtered and
thoroughly washed with water. Purification of the compound was performed through
column chromatography using CHCI; as the eluting solvent and finally through
recrystallization from CHCl3-MeOH (1:1) mixture Yield, 1.1 g, (73%). *H NMR (400
MHz, DMSO-dg, 6/ppm): 12.25 (s, 1H, NH (imidazole)), 8.75 (s, 4H, 2H;+2Hs), 8.67 (d,
2H, J=10.8 Hz, H3), 8.26 (d, 2H, J=11.6 Hz, Hg), 8.00-8.06 (m, 2H, H7), 7.50-7.54 (m,
2H, Hy), 7.38 (d, 6H, J=11.6 Hz, Hs+Hy), 6.71 (d, 4H, J=12 Hz, Hyo), 2.48 (s,12H, Me).
ESI-MS: m/z 614.34 ([L+H]"). Anal. Calcd for C4HasN7: C, 78.28; H, 5.75; N, 15.97.
Found: C, 78.05; H, 5.82; N, 12.75.

4.2.3. Synthesis of Metal Complexes. [(tpy-PhCH3)Ru(tpy-HImzPh3(NMey),)]
(ClO4)2-H20 (1). Ru(tpy-PhCH3)Cls (80 mg, 0.15 mmol) and tpy-HImzPh3(NMe,), (92
mg, 0.15 mmol) were added to 10 mL ethylene glycol and refluxed for 2h under Ar
protection. The resulting solution was cooled to RT and upon spilling into an aqueous
solution of NaClO,4 a red compound deposited. The compound was collected and purified
by silica-gel column chromatography eluting with CH3CN. Recrystallization from

CH3CN-MeOH (1:1, v/v) mixture results in the formation of a red microcrystalline
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compound. Yield: 97 mg (52%). *H NMR (400 MHz, DMSO-dg, 8/ppm): 12.48 (s, 1H,
NH (imidazole)), 9.51 (s, 2H, 2H3), 9.44 (s, 2H, Hs"), 9.09 (d, 4H, J=10.8 Hz, Hes+Hs),
8.53 (d, 2H, J=6.8 Hz, Hg), 8.35 (d, 2H, J=10.8 Hz, H;), 8.27 (d, 2H, J=11.6 Hz, Hg),
8.01-8.08 (m, 4H, Hs+Hs), 7.51-7.58 (m, 10H, Hs+Hs+H+Hg), 7.24-2.30 (m, 4H,
Hs+Hs), 6.90 (d, 4H, J=10.8 Hz, Hyp), 2.48 (s, 12H, NMey)), 2.35 (s, 3H, Me). ESI-MS
(positive, CHsCN) m/z = 519.21 (100 %) [(tpy-PhCHs)Ru(tpy-HImzPhs(NMe,),)]*".
Anal. Calcd. for CgHs4N10Cl0gRuU: C, 59.33; H, 4.34; N, 11.16. Found: C, 59.11; H,
4.21; N,11.02.

[Ru(tpy-HImzPh3(NMey),):](ClO,),-2H,0(2) Synthetic protocol for 2 is
basically similar to that of 1. In this case Ru(DMSO),Cl; (72 mg, 0.15 mmol) and tpy-
HimzPhsMe; (184 mg, 0.30 mmol) were taken in 1:2 molar ratio in ethylene glycol and
refluxed for 3h. The compound was purified successively by silica gel column
chromatography as well as recrystallization from MeCN-MeOH (1:1, v/v) in weakly
acidic condition Yield: 94 mg (40%). *H NMR (400 MHz, DMSO-dg, &/ppm): 12.71 (s,
1H, NH(imidazole)), 9.75 (s, 4H, Hs), 9.10 (d, 4H, J=8.0 Hz Hg), 8.70 (d, 4H, J=11.6
Hz, Hg), 8.63 (d, 4H, J=8.0 Hz, Hy), 8.07 (t, 4H, J=10.0 Hz, H,), 7.52 (d, 4H, J=8.0 Hz,
Hs), 7.47 (d, 4H, J=8.0 Hz, Hy), 7.23 (t, 4H, J=10.6 Hz, Hs), 6.86 (d, 8H, J=12.0 Hz,
Hio), 2.48 (s, 24H, NMe,). ESI-MS(positive,CH3;CN) m/z = 664.25 (100%) [Ru(tpy-
HImzPh;s (NMey),),]**. Anal. Calcd. for CgoH74N14Cl,010RU: C, 61.46; H, 4.77; N, 12.54.
Found: C, 61.11; H, 4.23; N,12.75.

[(Hopbbzim)Ru(tpy-HImzPh3(NMe,),)](ClO,)2-H,O  (3) Complex 3 was
prepared by following the same procedure as 1. In this case [(Hzpbbzim)RuCls] (78 mg,
0.15 mmol) was used in place of Ru(tpy-PhCHj3)Cl3 and recrystallization was carried out
in CH3CN-H,0 (2:1, v/v) mixture under weakly acidic condition. Yield: 90 mg (48%). *H
NMR (400 MHz, DMSO-ds, &/ppm): 15.0 (s, 1H, NH(Py2,6)), 12.85 (s, 1H,
NH(imidazole)), 9.62 (s, 2H, Hs), 8.86 (d, 2H, J=10.8 Hz, Hg), 8.71 (d, 2H, J=11.2 Hz,
Hsg), 8.65-8.62 (m, 2H, His), 8.50-8.47 (m, 1H, Hy), 8.38 (d, 2H, J=11.6 Hz, Hy), 7.89-
7.86 (m, 2H, Hy), 7.61 (d, 2H, J=10.8 Hz, Hy), 7.41 (d, 6H, J=11.8 Hz, H3+Hy), 7.25-
7.24 (m, 4H, Hs+Hi3), 7.0 (t, 2H, J=10.4 Hz, Hy,), 6.70 (d, 4H, J=11.2 Hz, Hy), 6.05 (d,
2H, J=10.8 Hz, H11), 2.48 (s, 12H, NMe,). ESI-MS (positive, CH3CN) m/z = 513.21 (100
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%) [(H.pbbzim)Ru(tpy-HImzPhs(NMe,),]**. Anal. Calcd. for CsgHsoN12Cl,OgRuU: C,
57.01; H, 4.05; N, 13.52. Found: C, 56.61; H, 3.83; N,13.85.

Caution! Perchlorate salts of the metal complexes are explosive and should be handled
in small amount with extreme care

4.2.4. Physical Measurements. The details of different equipments used and
experimental process to measure absorption and luminescence spectral behaviors,
electrochemical investigations methods have been discussed in chapter 2.

4.2.5. Artificial Neural Networks (ANNs). An artificial neural network is a
network stimulated by the central nervous system of the animals, primarily the brain. ANNs
are often employed to guess functions which could rely on huge number of unknown inputs.
Among the two principal categories of neural networks, viz. recurrent (RNN) and feed-
forward (FFN), we employed FNN in the present study due to static nature of our system.
FNN is the simplest and convenient category of network where the information passes into a
particular direction, proceeds, from the input nodes, via the hidden notes, and finally to the
output nodes. Additionally, due to its high efficiency in forecasting static system, we
implemented advanced feed-forward back propagation network, namely, ANN-function
fitting (ANN-FF) network for deeper understanding and forecasting of the system.

Artificial neural network model consisting of 2 inputs, 5 hidden layers and 1
output. In ANN-FF, the relation between the input and output is assumed to be a function,
which is approximated using the experimental data. The network diagram of the ANN-FF
for the system can be found in Figure 4.26. It can fit multidimensional mapping problems
arbitrarily well when consistent data and enough neurons are designed in the hidden layer.
For function fitting problem, a neural network is needed to map between a data set of
numeric inputs and a set of numeric targets. Hence, each pattern is assigned a number (e.g.,
1,2,3,4,cetc).

In this study, a neural network for function fitting was coded in MATLAB 2018.
The input data present the network, while the target data define the desired network
output. Table 4.6 represents the emission intensity outputs upon the action of 40 different
combinations of two inputs (input 1=H" and input 2=F). Thus, the 40x2 matrix
represents the static input data of 40 samples involving 2 inputs, while 40x1 matrix

represents the static output data (at 678 nm) of one element. Now, the 40 samples are
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divided into 3 sets of data. 70% of the data are conferred for the training and the network
is corrected according to its error. Now the learning algorithm and the number of neurons
in the hidden layer were optimized. 15% data are employed to compute the network
generalization and to halt training. When generalization stops improving, the data
validation takes place. The remaining 15% data give an independent estimate of the
network performance during and after the training, called testing data (Figure 4.25).

4.2.6. Adaptive Neuro-Fuzzy Inference System (ANFIS). The network
framework of the ANFIS is illustrated in Figure 4.28. It consists of five connected layers
(excluding input layer) which is common for the two input dimensions, P and Q, both of
which possess three fuzzy sets, viz. CLC2C3 for P, while D1D2D3 for Q input. We have
chosen A number of inputs and B number of fuzzy set to represent each input which in
turn implies AxB number of nodes in Layer 1. In Layer 2, all the nodes are
interconnected with the membership function output of each input node, yielding a total
of BMA node in Layer 2. Layer 3 and 4 possess the same number of nodes as that of
Layer 2. Layer 5, on the other hand, possess only one node representing the output of the
network. Upon considering each input as a node, the total number of nodes in the
architecture will be A + AxB + 3xB”A + 1. In ANFIS, only the membership function
parameters in Layer 1 and inputs weight in Layer 4 are to be predicted by training. Upon
implication of the triangular membership function (trimf) which is represented by three
parameters, we need to assess 3xBxA premise parameters in Layer 1 and AxB"A
consequent weight parameters in Layer 4.

The structure of the ANFIS is automatically tuned by least-squares estimation and
the back-propagation algorithm. A fuzzy set A of a universe of discourse X is represented
by a collection of ordered pairs of generic elements and its membership function ua(x): X
tends to [0 1], which associates a number uA(x) to each element x of X. The fuzzy logic
controller works on the basis of a set of control rules (called the fuzzy rules) among the
linguistic variables. These fuzzy rules are represented in the form of conditional statements.

The basic structure of the pattern predictor model developed using ANFIS to predict
the pattern of the flow regime consists of four important parts, namely, the fuzzification,
knowledge base, artificial neural network, and defuzzification blocks, as shown in Scheme
1. The inputs to the ANFIS are the H" and F". These are fed to the fuzzification unit, which
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converts the binary data into linguistic variables. These in turn are given as inputs to the
knowledge base block. The ANFIS tool in MATLAB 2018 developed 49 rules while
training the neural network. The knowledge base block is connected to the artificial neural
network block. A hybrid optimization algorithm is used to train the neural network and to
select the proper set of rules for the knowledge base. To predict the emission intensity
values at 678 nm, training is an important step in the selection of the proper rule base. Once
the proper rule base is selected, the ANFIS model is ready to carry out prediction. The
trained ANFIS was validated using 15% of the data. The output of the artificial neural
network unit is given as input to the defuzzification unit, where the linguistic variables are

converted back into numerical data in crisp form.

4.3. Results and Discussion

4.3.1. Synthesis and Characterization. Tpy-HImzPhz(NMe,), is synthesized
upon refluxing a 1:1 ratio of N,N-dimethyaminobenzil and tpy-PhCHO together with
excess NH4OAc in CH3COOH. The heteroleptic complexes (1 and 3) are synthesized by
refluxing 1:1 molar proportion of tpy-HImzPhs(NMe;), with [(tpy-PhCH3)RuCl;] and
[(Hopbbzim)RuCls, respectively, whereas 2 is prepared by refluxing tpy-HImzPh;
(NMey), and Ru(DMSO0)4Cl; in 1:2 molar proportion in ethylene glycol. All complexes
are precipitated as perchlorate salts with NaClO,4 and purified via chromatography and
recrystallization techniques under mild acidic condition to keep the imidazole NH motifs
intact. Characterizations of the compounds are performed through ESI-mass and NMR
spectroscopy. Figure 4.1-4.3 display the ESI mass spectra of tpy-HImzPhz(NMey), and
the complexes (1-3) in MeCN. The agreement among the simulated and experimental
isotopic distribution is quite good. The abundant peak appears in the domain of 513.21-
664.25 m/z and corresponds to di-positive cation of the complexes. *H NMR spectra of
tpy-HImzPh3(NMey), and the complexes are displayed in Figure 4.4. All the peaks are
tentatively assigned by using their *H-"H COSY NMR spectra and by comparing the
spectra of the structurally similar derivatives. All the complexes display a sharp peak at
2.48 ppm corresponding to their NMe, protons (12 for both 1 and 3 and 24 for 2). 1
shows a singlet at 2.35 ppm integrating 3 protons due to -CHjs unit in tpy-PhCH3 moiety.
The doublet at 6.05 ppm for 3 corresponds to Hy; in Hppbbzim motif. 1 and 2 displays
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Figure 4.1. ESI (positive) mass spectrum for the complex cation of 1 [(tpy-PhCHs3)
Ru(tpy-HImzPhs(NMe),]** (m/z = 519.21) in MeCN showing both observed and
simulated isotopic distribution patterns.
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Figure 4.2. ESI (positive) mass spectrum for the complex cation of 2 [Ru(tpy-HImzPh;
(NMey)2)2]** (m/z = 664.25) in MeCN showing both observed and simulated isotopic
distribution patterns.

one broad singlet at ~12.5 ppm due to imidazole NH proton, while 3 exhibits two NH
resonances of unequal intensity at 12.85 and 15.00 ppm due to two types of NH protons.
The peak at 12.85 ppm is due to NH of tpy-HImzPh3(NMe,),, whereas the signal at 15.00
ppm with double intensity corresponds to NH of Hypbbzim. Hs, Hg, H; and Hg protons
underwent a down-field shift, whereas the phenyl protons and H, of tpy-unit remain
almost unaltered upon coordination to Ru?*. Hz of tpy unit underwent a remarkable up-

field shift as it is underneath the ring current of a pyridine ring of another tpy ligand.
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Figure 4.3. ESI (positive) mass spectrum for the complex cation of 3 [(Hpbbzim)Ru
(tpy-HImzPh3(NMey),]** (m/z=513.21) in MeCN showing both observed and simulated
isotopic distribution patterns.
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Figure 4.4. *H NMR spectra of the complexes in DMSO-ds.
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4.3.2. Absorption and Emission Spectra. The spectral data of the complexes,
collected in MeCN, DMSO and H,0, are summarized in Table 4.1. The representative
spectra are displayed in Figure 4.5. By comparing the spectra of the structurally related
complexes, the intense absorption peak within 488-512 nm can be assigned as Ru
(I —>terpyridine charge transfer transition (MLCT), while the peaks within the domain of
330-350 nm as imidazole—tpy intra-ligand charge transfer (ILCT) transitions.*** The
very strong peaks at ~280 and ~315 nm is due to =—n* electronic transition within the

ligand framework.

Normalised P.L Int(a.u.)

0.0 . . . T = 0.0 . . —-—
300 400 500 600 700 600 675 750 825 900
A/nm A/nm

Figure 4.5. Normalized absorption (a) emission (b) (Aex = 490 nm) spectra of 1-3 in
DMSO at RT. The decay profiles and corresponding lifetimes are presented in the inset
of (b).

Excitation at the *MLCT absorption band leads to evolution of an emission band
within the range of 658-696 nm. The MLCT absorption and emission band is red-shifted,
albeit in small extent, on passing from MeCN to DMSO, probably because of the
difference in the degree of NH proton dissociation in polar media. On moving from RT to
77K, a small hypsochromic shift of the emission band occurs together with substantial
boost of intensity and quantum yield which is typical of *"MLCT emitters. The noteworthy
feature is the RT emissive characters of the complexes compared with their non-
luminescent parents ([Ru(tpy)2]** or [Ru(Hzpbbzim)2]**}. Time-correlated single photon
counting measurements show that the RT lifetime of the complexes alter in the domain of
5.5 and 28.0 ns in MeCN, while between 12.0 and 18.6 us at 77 K (Figure.4.6). Hence,

the improvement of lifetime is essentially 2 orders of magnitudes greater compared with
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Table 4.1. Photophysical Parameters of the Complexes in Various Solvents

Co Absorption Luminescence

mp }\fmax/ nm }\'max t/ns ()

oun (e, Mem™) /

ds nm

1| 492(37100),327(sh)(62600),308(84600), | 662 | 1,=1.6(15%) | 1.2x10°
X 285(71800) 1,=6.0(85%)

2 | & 494(39000),330(sh) (73000),310(91800), | 658 | 1,=1.2(6% ) | 0.9x10°
3 287(83200) 7,=5.5(94% )

3 12 488(45300),345(82400), 328 (91300), 678 =28 2.5x107

310(103900),284(81200),240(76400)

1| 503(38500),330(sh)(66900),315(82900), | 670 | 1,=3.3(16%) | 1.1x107
5 290(69800) 1,=10.7(84%)

2 | & 508(33400),332(sh) (60400),314(72800), | 665 | 1,=1.6(20%) | 1.2x107
A 288(67100) 1,=10.0(80%)

3 g 508(35900),346(sh)(73700),314(99400), | 696 =102 3.2x10°

285(85200)

1 495(42300),327(sh)(75700),310(97500), | 660 | t,=0.5(25%) | 0.7x107
g 285(87200) 7,=9.0(75%)

2 | 9 498(42500),328(sh)(81300),310(102800) | 658 | 1,=0.5(11%) | 0.5x107
et ,286(98300) 1,=10.0(89%)

3 | & 512(40700),347(79300),316(109500), 683 | 1,=10(12%) | 2.1x10°
= 285(94200) 1,=50(88%)

1 — 633 | 1=18.6 s 0.22

2 |5 E 638 | 1=18.0 ps 0.25
Q3=

3 | W23 664 | t=12.0ps 0.32

[Ru(tpy)2]** (0.25 ns). The complexes demonstrate bi-exponential decay in MeCN at RT.
The first short-lived exponent is presumably because of deactivation of the *MLCT state,
whereas the second exponent is probably arising from equilibrated state of MLCT and
ILCT. The zero-zero spectroscopic energy (Eqo) is estimated from their 77K emission
maxima. The 77K emission spectra demonstrate vibrational progression with separation
of ~800 cm ™! recommending the association of *LC emission characteristics .

The excited-state deactivation of the Ru (I1)-polypyridine complexes is frequently
be represented by equation 1.2+
Kar = Knr + Knr 1)

The radiation-less deactivation comprises of two terms. k. stands for the decay from the
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Figure 4.6. Excited state decay profiles together with the lifetime of 1 (a), 2 (b), and 3
(c) in EtOH-MeOH (4:1, v/v) glass at 77 K in MCS mode.
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SMLCT to the ground state, whereas K, corresponds to surface crossing from *MLCT to
the 3MC state and banks on their energy difference (AE). K, often plays a key role for
Ru-tpy complexes due to their smaller AE values. We surmise that the position of *MC
state remains practically constant, while the *MLCT state gets substantially stabilized
because of the {tpy-HImzPh3(NMe,).} motif in the complexes which actually increases
the MLCT-to-MC surface-crossing pathway.

4.3.3. Temperature-Trigged Emission Switching. We have already pointed out
that the emission characteristics of the Ru(ll)-terpyridine complexes are heavily
dependent on *MLCT-MC energy gap which in turn is a delicate function of temperature
(T). Hence, we use temperature stimulus to alter their emission characteristics. We
acquired the emission spectra as well as lifetime within range of 268-330K and the
outcomes are summarized in Figure 4.7-4.8 and Table 4.2. Lowering of temperature
induces increase in emission intensity and lifetime (1) indicating the “on-state”, while
increase of T causes lowering of both intensity and t demonstrating the “off- state”.
Additionally, the "on-off" and "off-on™ emission switching is completely reversible and
can be recycled multiple times. For understanding the cause of emission switching upon
variation of temperature as well as the to figure out the deactivation dynamics, we
analyze the temperature dependent lifetime data of the complexes through the use of
equation (2).24%

(u(T))* = (kg + ko exp[-AEo/RT])/(1+ exp[-AE2/RT] (2)

ky stands for temperature-independent rate constant which is the aggregate of k; and k,, at
77K, while k, stands for temperature dependent rate constant which consider the
population of 3MC level from *MLCT state and 4E, corresponds to the activation energy
for this surface crossing path. Fitting of 1/t vs. 1/T data gives rise to the values of k, and
AE, (Figure 4.7-4.8 and Table 4.2).The estimated value of AE; is 3574+25, 3731+25, and
3876+72cm™ for 1, 2, and 3, respectively. k; varies between 5.5x10* and 8.3x10* s,
whereas k; alters in the domain of 2.0x10™-2.6x10" s™*. Hence, the calculated AE, of the
complexes are significantly greater relative to the parent, [Ru(tpy).]** (AE2=1500 cm™).
The lowering of temperature leads to enhance the population on the emitting *MLCT
state resulting in increase of the emission intensity and t, whereas increase of temperature

promotes thermal population on the 3MC state and leads to quenching of emission
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intensity and t. Hence, successive heating and cooling induces "off-on" and "on-off"

emission switching upon regulating the population in *MLCT and *MC state.
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Figure 4.7. Variation of luminescence spectrum (a-c) and excited state decay profile (d-f)
of 1, 2 and 3 respectively, in MeCN as a function of temperature (T).
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Figure 4.8. Nonlinear fits of 1/z vs 1/T plot. Inset shows different temperature dependent
parameters of the complexes of 1(a), 2(b) and 3(c).
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Table 4.2. Non linear fitting parameters of temperature dependent experiment
of the complexes (1-3) in MeCN

Complex ki/s? Ko/s AE,/cm?
1 5.9x10* 2.2x10% 3574+25

2 5.5x10" 2.6x10"° 3731425
3 8.3x10" 2.0x10% 3876472

4.3.4. Modulation of the Photophysical Behaviours in Presence of Anions.
The complexes possess a number of acidic imidazole NH protons in their outer
coordination sphere which are able to interact with anions. Hence, we investigated the
influence of anions (tetrabutylammonium salts of F-, CI, Br, I, CN", AcO™ and H,PQOy,)
on the photophysical properties of the complexes (Figure 4.9-4.10). Appreciable change
with respect to their color and spectral portrait are noticed for F°, CN", AcO™ and H,PO4
in MeCN compared with the rest of the anions. On the contrary, only CN" promotes small
magnitude of change in H,O. In the absorption spectra, bathochromic shift of the MLCT
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3X 105 4 CI',Br |
0.64
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F,0AC,CN'H,PO,
. F,OAc,CN’'
ree .
0.3 CIBr,I . e
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Figure 4.9. Alteration of absorption and emission spectra of 1 in MeCN (a and b,
respectively) and water (c and d, respectively) in presence of different anions. Insets of
(a) and (b) show the visual color changes.
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Figure 4.10. Alteration of absorption and emission spectra of 3 in MeCN (a and b,
respectively) and water (c and d, respectively) in presence of different anions. Insets of
(@) and (b) show the visual color changes.

bands is mostly observed. Emission quenching accompanied with red-shift of the
maximum are seen. The magnitude of the change is critically dependent on the basicity of
the anions as well as number of NH protons in the complexes. Interestingly, the
complexes act as multi-channel sensors for CN™ in H,O, whereas unselective for F, CN’
and AcO’" in MeCN. Selectivity towards CN" is probably because of its smaller hydration
energy (AGp°= -295 kJ/mol for CN") and higher basicity relative to F* (AGp°= -465
kJ/mol) and AcO™ (AGy°= -365 kJ/mol). Greater AG,° of remaining basic anions restrict
them to get hydrated instead of interacting with polarized NH motifs in the complexes.®
Spectral titrations are executed for all three complexes in MeCN with different
anions to get quantitative information about receptor-anion interplay (Figure 4.11-4.12).
Clear-cut change in both the absorption and emission titration are observed upon gradual
addition of the anions. One-step change for complex 1, whereas two-step changes in both
2 and 3 is clearly visible in presence of F, CN™ and AcO". Spectral behaviour of the
complexes induced by H,PO, alters from the rest. Absorption titration profiles are also

accompanied with well-defined isosbestic points in each step. Systematic emission
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Figure 4.11. Absorption and emission spectral change of 2 in MeCN within 0-2 equiv (a
and c, respectively) and within 2-4 equiv of F* (b and d, respectively). Insets show the
fitting profile of the absorbance and emission spectral data along with its 1:1 binding

constant.
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Figure 4.12. Absorption and emission spectral change of 3 in MeCN within 0-2 equiv
(aand c, respectively) and within 2-4 equiv of F* (b and d, respectively). Insets show the
fitting profile of the absorbance and emission spectral data along with its 1:1 binding

constant.
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quenching takes place for all cases, albeit the magnitude and mode of quenching critically
relies on the nature of the complex and the basicity of the anions. No spectral-shift of the
emission maximum takes place for 1 and 2, whereas phenomenon quenching together
with considerable red-shift of the band (678—682 nm for 1% step and 682—755 nm for
2" step) occurs in 3. The spectral portrait of the complexes with CN™ in H,O resemble
closely with MeCN with little change in peak position and intensity (Figure 4.13-4.14).
CN' causes depletion of emission intensity without changes in the peak maximum in both
1 and 2. For 3, two-step change takes place with CN". The shift of MLCT band maximum
from 492 nm to 495 nm occurs in first step (up to 6 equiv) and finally shifted to 533 nm
in the subsequent step with excess CN". In line with absorption spectra, the reduction of
emission intensity in 3 also happens in two consecutive steps with small bathochromic-
shift of the band maximum. The extent of change is little less in H,O compared with
MeCN for all three complexes. Emission lifetime of the complexes are acquired in MeCN
and H,O in presence of selected anions. 1 and 2 shows double-exponential decay,
whereas 3 displays single-exponential decay in MeCN. F or CN" leads to gradual
decrease in lifetime for both components with reduction of overall lifetime of the
complexes. The degree of lifetime shortening is greater for 3 (28 ns — 4.2 ns) relative to

both 1 (6.0 ns — 1.5 ns) and 2 (5.5 ns —1.8 ns). In aqueous medium, only CN" brings
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Figure 4.13. Change in UV-vis absorption (a) and luminescence (b) spectrum of 1 in
water-HEPES buffer (pH = 7.4) upon incremental addition of CN". Insets show the fit of
the experimental data to a 1:1 binding profile.
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Figure. 4.14. Absorption and emission spectral change of 3 in water-HEPES buffer
within 0-6 equiv (a and c, respectively) and within 6-10 equiv of CN (b and d,
respectively). Insets show the fitting profile of the absorbance and emission spectral data
along with its 1:1 binding constant.

about small decrease in lifetime and extent is again higher with 3 compared with 1 and 2.
A representative figure is provided in Figure 4.15. Hence, substantial variation of
emission intensity as well as lifetime on the action of specific anions leads to recognize
the anion sensing behaviours of the present complexes. The extent of interplay among the
complexes and anions was estimated through the calculation of their equilibrium/binding
constant by using the spectral titration data and the estimated values are in the order of
10° in MeCN and 10* in H,O (Table 4.3). The limit of detection for CN" in H,O varies
within the range of 2.3x 10® M and 9.5x 10® M (Table 4.4 and Figure 4.16-4.19). It is
amazing that the values are below than that of the permissible level (0.2 ppm) for
drinking water as recommended by Environment Protection Agency (EPA).® Good
selectivity and sensitivity together with their chromogenic and fluorogenic conduct

makes the complexes as useful for recognizing CN"in water.
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Figure 4.15. Change of excited state decay profile of 3 with the variation of F "in MeCN
medium. Inset shows the value of lifetime in presence of different equivalent of F~ added.

Table 4.3.Value of Binding Constants *° (K) for 1-3 in MeCN and H,O at RT

From Absorption spectra (acetonitrile medium)
Anion 1 2 3
S
Ky K2 Ky K2 Ky K2
F | 1.7x10° - 2.6x10° | 3.1x10* | 1.4x10° | 1.2x10°
From Absorption spectra (aqueous medium)
CN | 35x10* | | 2.8x10° | - | 34x10" | 45x10°
From Emission spectra (acetonitrile medium)
Anion 1 2 3
S
Ky K2 Ky K2 Ky K2
F | 1.6x10° - 1.5x10° | 1.8x10" | 1.6x10° | 2.3x10°
From Emission spectra (agueous medium)
CN | 30x10* [ - | 3.8x10* | | 3.7x10* | 3.7x10°

%t-Butyl salts of the respective anions were used for the studies.
"Estimated errors were < 15 %.
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Table 4.4. Detection Limit of 1-3 in MeCN and H,0

Compounds Detection Limit (M) Detection Limit (M)
in acetonitrile medium in aqueous medium
F CN’
Absorption | Emission | Absorption | Emission
1 23x10° | 40x10° | 75x10° | 7.3x10°
2 6.3x10° | 8.0x10° | 7.9x10° | 8.0x10°
3 40x10° | 95x10° | 75x10° | 7.8x10°
(a) AE oo . ° ° 09 blne:nggr)E( sssss for Book1_B: (b)
< . O
21 L} < . T
<. <L 064 © & -
< oo © g voms oo s et
8 8.0 -7.2 L-g.g(“f].;s 48 -4.0 g/
< 4] 1
<|( 0.3
<
0 : . : 0.0 . . . .
300 450 600 750 .75 70 65 -60 -55
A/nm Log([F-1)

Figure 4.16. (a) Absorption spectral changes during the titration of the receptor 1 (1.0 x
10° M) with F in MeCN, inset: Normalized absorbance between the minimum
absorbance and the maximum absorbance. (b) A plot of (A-Amin)/ (Amax-Amin) VS. Log
([F]), the calculated detection limit of receptor is 2.3x10® M.
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_E ) (
0.8 "5 06 ° —
= ° £ 0.81
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Figure 4.17. (a) Emission spectral changes during the titration of the receptor 1 (1.0 x 10°
> M) with F~ in MeCN, inset: Normalized intensity between the minimum intensity and
the maximum intensity. (b) A plot of (I-1min)/(Imax-1min) VS Log ([F7]), the calculated
detection limit of receptor is 4.0x10® M.
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Figure 4.18. (a) Absorption spectral changes during the titration of the receptor 2 (1.0 x
10° M) with F in MeCN, inset: Normalized absorbance between the minimum
absorbance and the maximum absorbance. (b) A plot of (A-Amin)/ (Amax-Amin) VS. Log
([F]), the calculated detection limit of receptor is 6.3x10® M.
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Figure. 4.19. (a) Emission spectral changes during the titration of the receptor 2 (1.0 x
10" M) with F” in MeCN, inset: Normalized intensity between the minimum intensity and
the maximum intensity. (b) A plot of (I-1min)/(Imax-1min) VS Log ([F]), the calculated
detection limit of receptor is 8.0x10® M.

4.3.5. Binary Logic Functions. In the previous sections, we convincingly
demonstrated remarkable modification of the spectral behaviour of the complexes upon the
influence of anions. In particular, the emission quenching was feasible in presence of
anions or by increasing temperature and restoration of the initial state is attainable in
presence of acid or by decreasing temperature. Hence, the complexes display alternate "on-
off* and "off-on" emission switching upon proper manipulation of the stimuli. In this
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section, we will utilize their spectral responses for mimicking the functions of various
Boolean and Fuzzy logic gates.

4.35.1. IMPLICATION Gate. It represents a conditional logical operation
which is read as “If A, then B,” and is designated as ADB or A—B. To execute the
function of the IMPLICATION gate, we have chosen H* and F as inputs and the
emission response at 678 nm as the output. On addition of F', the emission intensity gets
quenched below the threshold level indicating the “OFF” state (0) (Figure 4.20). By

contrast, other three plausible combinations of inputs generate the “ON” state (1).

100
Monitoring 3
wavelength —— 3+ H'(5eqv) (a) (b)
80 at 678 nm 3+F(deqv) Combinations | Inputl | Input2 | Output Output
3+F (4equ)+ H'(4eqv) of inputs (HY) (F) | Emission | Emission
3 at 678 Intensit;
> m (%o)
g/ 60 1 0 0 1 92
= ON 2 1 0 1 82
—1 401 3 0 1 [ 1
[a}) | . _ | _ 4 1(204) 1(1*) 1 46
201 OFF

0 ; T T . ;
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A/nm

F Output
H* Wavelength
_ at 678 nm

P.L. Int (a.u)
S [} o]
o o o

N
o
L

o
I

4

1 2 3
Combinations of Inputs

Figure 4.20. (a) Emission spectrum of 3 in the presence of H and F. (b) Truth table of
the IMPLICATION gate. (c) Schematic diagram of this logic system. (d) Histogram of
emission intensity in presence of different combinations of inputs.

4.3.5.2. Keypad Lock. Molecular level information could be secured through the
use of keypad lock. Herein, we use F~ and H" as the inputs and the absorbance at 543 nm
for 2 as the output. H" is assigned as “C”, whereas F~ is designated as “A”. “N” and “E”
implies the “ON-" and “OFF state”, respectively (Figure 4.21). The absorbance lies
underneath the threshold in absence of both H and F~ representing the “OFF” state. The
sequential addition of “C” followed by “A” represents the “ON-state” and creates the

password “CAN”. Altering the sequence (“A” followed by “C”), on the other hand,
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generates the “OFF” state and creates the incorrect password, “ACE”. Thus, only the

authorized user can access the secured information (Figure 4.21c).

(a) (b)
4 :F‘(Aeqv) SLNo | Inputl | Input2 | Absorption | Absorption
0.6 : + :(feequ\l))+ H'(Beqv) (H") {(F) Output Intensity
+ H'(5equ) + F(4eqv) at543nm | at543 nm
1 0 ‘ 0 0 (low) 0.08
2 0 1 1(high) 0.37
8 0.41 3 | 1 [ 0 0(low) 0.13
< \ 4 10200y 1015 O(low) 0.11
\ | s e | iiugh 0.39
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0.0 T T T T d
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©  oN" state 202 .
_
S eTATN] e QO (wy
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2 3 4
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Figure 4.21. (a) Absorption spectrum of 2 in the presence of H" and F". (b) Truth table of
the molecular level keypad lock. (c) Schematic diagram of this logic system. (d)
Histogram of absorption intensity in presence of different combinations of inputs.

5

4.3.6. Fuzzy Logic Operations. FL is an expansion of classical set theory and is
based on the hypothesis of fuzzy set theory proposed by Zadeh. BL can express only two
crisp values at the two extreme (either zero or one) and unable to define the innumerable
number of intermediate states. By contrast, FL offers the advantage of expressing the
intermediate states. Thus, FL is a potential alternative to handle the inconclusive details
of complicated chemical reactions. Figure 4.22 represents the alteration of emission
intensity of 3 upon the action of F (input 1) and H* (input 2). Considering the
unspecified character and great extent of change, the variables could be expressed in the
form of lingual variables of the triangular membership functions (trimf) such as low,
medium, and high. The influence of varying proportion of F~ and H* on the emission

intensity of 3 can be presented in the form of fuzzy sets (Figure 4.23). A collection of
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Figure 4.22. (a) Emission spectrum of 3 in the presence of F~ and H”. (b) Histogram of
emission intensity in presence of 40 different combinations of inputs.

different IF-THEN rules encompassing the inference rules is presented in Table 4.5. IF-
specifies to the predecessors, the THEN-part corresponds to the consequence. The
decrease in emission intensity at 678 nm takes place in presence of F’, while the reverse
situation takes place if H' is added. Consequently, FL logic is applied to 3 as presented in
Table 4.5. The possible combination of F~ and H* yields 15 rules (Table 4.5 and Figure
4.24). Additionally, the alteration of emission response upon cooperative actions of F
and H is sketched in a 3D plot (Figure 4.23).

4.3.7. Artificial Neural Network (ANN). As pointed out earlier, ANN is a
suitable network where the information moves towards a definite direction, go ahead from
the input nodes through the hidden notes, and eventually to the output nodes. Moreover, we
applied ANN-function fitting (ANN-FF) array for proper understanding and better
prediction of our static system. Levenberg-Marquardt algorithm is employed to train the
data. Herein, the ANN-FF is coded in MATLAB 2018 " and the details of experimental

procedure are already presented in Experimental Section. Input data is used to represent
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Figure 4.23. Schematic representation of FL system maintaining fuzzy inference rules
upon observing emission response as a function of F~ and H'. Fuzzy variables are
fragmented in three triangular membership functions. (a) F™: (1) low (trimf pjow, [0.0127
0.616 1.33]); (2) medium (trimf pmegium, [1.167 1.817 2.567]) (3) high (trimf phign, [2.39
3.236 3.98]). (b) H™: (1) low (trimf pyw, [0.02683 0.9368 1.877]); (2) medium (trimf
Umedium, [1.65 2.5 3.34]) (3) high (trimf pnign, [3.129 4.13 5.06]). Emission response at 678
nm (Output): (1) low (trimf pow, [0.669 19.1 35.3]); (2) medium (trimf pmedium, [32.3 50
69.45]); (3) high (trimf pnigh, [59.99 76.69 99.39]). 3D display of the dependence of
emission response of 3 due to addition of F and H".

network and target data specifies proper network output. Table 4.6 shows the output
emission response upon variation of 40 different combination of two different inputs
(input 1=F and input 2=H™). It is nicely indicated that the model validates best at epoch 6

with a performance of 86.019 (Figure 4.25). The increase of green colored line after
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Table 4.5. Rules for the Fuzzy Logic System by Taking H* (Input 1) and F~ (Input 2) as
the Inputs and Emission Intensity at 678 nm as the Outputs For 3. The Rules Comprise of
the Following Statements.

I {input1 is L) and (inputZ is L) then {(output1 is H) (1)
I (input1 is L) and (input2 is M) then {(output1 is H) (1)
I (input1 is L) and (input2 is H) then (output1 is H) (1)
I (input1 is M) and (input? is L) then (output1 is H) (1)
I (input1 is M) and (input? is M) then (output1 is M) (1)
I {input1 is M) and (input? is H) then (output1 is H) (1)
I (input1 1s H) and (input? is L) then (output1 1s L) (1)
I {input1 is H) and (input2 is M) then (output1 is M) (1)
_IF {input1 is H) and (input2 is H) then (output1 is M) (1)
10 If (input1 is L) then (output1 is H) (1)

11 If (input1 is M) then (output1 is M) (1)

12 If {input1 is H) then (output1 is L) (1)

13 If (inputZ is L) then (output1 is H) (1)

14_If (inputZ is M) then (output1 is H) (1)

15 If {(input2 is H) then (output1 is H) (1)

DONOMbWN=2

Table 4.6. Different Values of Emission Intensity as a Function of ny*/n; and ng/ny for 3

No of obs. Equiv. of H* Equiv. of F~ Emission Intensity at
678nm
1 0.0 0.0 92.00
2 4.0 0.0 1.34
3 0.0 5.0 92.05
4 0.5 2.5 75.32
5 25 15 40.00
6 2.0 2.5 42.00
7 4.0 15 26.30
8 2.0 2.0 41.00
9 15 1.0 64.00
10 35 5.0 39.33
11 2.5 3.5 47.00
12 0.5 4.0 86.78
13 35 4.5 37.89
14 1.0 3.0 74.34
15 15 5.0 84.23
16 2.5 45 48.45
17 2.0 4.0 52.34
18 1.0 5.0 82.15
19 15 5.0 83.24
20 4.0 1.0 24.76
21 3.0 4.0 37.05
22 0.5 35 84.67
23 1.0 15 72.78
24 15 45 46.78
25 2.5 4.0 38.90
26 3.0 4.5 39.65
27 35 5.0 38.95
28 2.0 5.0 56.46
29 15 15 66.76
30 2.0 3.0 48.76
31 35 25 28.76
32 3.0 1.0 17.30
33 2.0 35 50.32
34 1.0 4.5 90.10
35 0.5 3.0 78.56
36 15 35 41.23
37 25 3.0 32.45
38 4.0 25 26.78
39 2.0 25 44.56
40 1.0 35 76.89
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Figure 4.24. Mamdani rule view for 3.
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Figure 4.25. (a) The performance of the designed ANN model. (b) Error histogram of
designed ANN model. (c) Comparison between linear regression and ANN model results
plotted versus the observed values for training, validation and testing.
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epoch 6 indicates the rise of the mean squared error (mse) and training is halted. Figure
4.25b shows the error histogram indicating the errors between the target and the
forecasted values after training. Y-axis indicates the number of samples in the database
that remains in a definite bin. The bins are equally spaced intervals which are utilized to
sort data on the graph. The zero-error point is found to be located under the bin centre at
0.04954, whereas the total error of the array spans from -32.28 (leftmost bin) to 11.59
(rightmost bin) (Figure 4.25b). The regression values (R) estimate the correspondence
between the outputs and targets. The value of R approaching to 1 indicates that the model
is executed appropriately (Figure 4.25¢c). ANN model scheme consisting of two inputs,
five hidden layers and one output also provided in Figure 4.26. The training state of the

ANN network up to epoch 12 is portrayed in Figure 4.27.

Hidden Output
Input Out_put
2 il I
5 1

Figure 4.26. ANN model consisting of 2 inputs, 5 hidden layers and 1 output.
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Figure 4.27. Training state of the ANN model of 3 (monitoring wavelength at 678 nm)
up to epoch 12.
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4.3.8. Adaptive Neuro-Fuzzy Inference System (ANFIS). Amalgamation of
fuzzy and NN yield ANFIS network which eliminates the lacuna of individual ones and
gives rise to better results.®®®® A schematic sketch of the ANFIS network is displayed in

Figure 4.28. Five layers (eliminating input layer) are joined together in this network. The

Consequent Parameters

Premise Parameters

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

Figure 4.28. Schematic sketch of ANFIS network comprising of two inputs, five layers
and one output.

sketch is typical for 2 input dimensions, P and Q, both of which consists of 3 fuzzy sets
(C1C2C3 for P, whereas D1D2D3 for Q). The illustration of each layer is detailed in the
Experiment Section. It is to be mentioned that the degree of freedom of ANFIS is quite
less relative to analogous ANN network as ANFIS usually provides only a limited
amount of trainable data. Only the membership function parameters in Layer 1 and inputs
weight in Layer 4 could be anticipated by training in ANFIS network. The basic layout
for predicting the emission intensity upon the influence of inputs (F" and H") by ANFIS
consists of 4 parts (fuzzification, knowledge base, ANN, and defuzzification layer)
(Scheme 4.1).

To construct the system, 70% data are utilized for training with hybrid
optimization technique and the remaining 30% for testing purpose. It is evident that
training error is diminished in step by step manner up to 200 epochs suggesting that the
system is learning in each step (Figure 4.29b). Because of the existence of 2 inputs and 7
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Scheme 4.1

membership functions each, the network will produce 7%= 49 rules (Figure 4.30 and
Table 4.7). The plausible combination of F* and H* generates the output emission

response at 678 nm, comprising of 49 rules on the basis of Sugeno’s method (Figure
4.31).
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Figure 4.29 (a) Data set to train ANFIS network. (b) Root mean square error (RMSE)

minimization up to 200 epochs. (c¢) Data for testing the accuracy of network output. (d)
Combination of testing data and FIS output.
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Figure 4.30. Sugeno rule view for 3 (monitoring wavelength at 678nm).
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Figure 4.31. Schematic diagram of ANFIS on the basis of Sugeno's method (monitoring
at 678 nm) maintaining 49 rules.
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Table 4.7. Rules for the ANFIS (based on Sugeno’s method) by Taking H" as Input 1
and F as Input 2, Whereas Emission Intensity at 678nm as the Output. The Rules
Comprise of the Following Statements.

_If (input1 is in1mf1) and (input2 is in2mf1) then (output is out1mi1) (1)
If{input1 is in1mf1) and (input2 is in2mf2) then (output is out1mf2) (1)
input1 is in1mf1) and (input2 is in2mf3) then (output is out1mf3) (1)
input1 is in1mf1) and (input2 is in2mf4) then (output is out1mf4) (1)
input1 is in1mf1) and (input2 is in2mf3) then (output is out1mfs) (1)
input1 is in1mf1) and (input2 is in2mf6) then (output is out1mfG) (1)
input1 is in1mf1) and (input2 is in2mf7) then (output is out1mf7) (1)

input1 is in1mf2) and (input2 is in2mf1) then (output is out1mf8) (1)

9. If (input1 is in1mf2) and (input2 is in2mf2) then (output is out1mf9) (1)

10_If (input1 is in1mf2) and (input2 is in2mf3) then (output is out1mf10) (1)

If {
If {
I {
If {
If {
If {

s —

(
11_1f (input1 is in1mf2) and (input2 is in2mf4) then (output is out1mf11) (1)
12_If (input1 is in1mf2) and (input2 is in2mf5) then (output is out1mf12) (1)
13.1f (input? is in1mf2) and (input2 is in2mf6) then (output is out1mf13) (1)
14_If (input? is in1mf2) and (input2 is in2mf7) then (output is out1mf14) (1)
15.If (input1 is in1mf3) and (input2 is in2mf1) then (output is out1mf15) (1)
16.If (input1 is in1mf3) and (input2 is in2mf2) then (output is out1TmMf16) (1)
17, f {input? is in1mf3) and (input2 is in2mf3) then (output is out1mf17) (1)
18. If {input1 is in1mf3) and (input2 is in2mf4) then (output is out1mf18) (1)
19.If {input? is in1mf3) and (input2 is in2mf5) then (output is out1mf19) (1)
20 If (input1 is in1mf3) and (input2 is In2mfG) then (output is out1mf20) (1)
21_If {input? is in1mf3) and (input2 is in2mf7) then (output is out1mf21) (1)
22 If (input1 is in1mf4) and (input2 is in2mf1) then (output is out1mf22) (1)
23 If (input1 is in1mf4) and (input2 is in2mf2) then (output is out1mf23) (1)
24 If (input1 is in1mf4) and (input2 is in2mf3) then (output is out1mi24) (1)
25 If (input1 is in1mf4) and (input2 is in2mf4) then (output is out1mf25) (1)
26_1If (input? is in1mf4) and (input2 is in2mf35) then (output is out1mf26) (1)
27 If (input1 is in1mf4) and (input2 is in2mfG) then (output is out1mf27) (1)
28 If (input1 is in1mf4) and (input2 is in2mf7) then (output is out1mf28) (1)
29_If (input1 is in1mfS) and (input2 is in2mf1) then (output is out1mf29) (1)
30 i (input1 is in1mf5) and (input2 is in2mf2) then (output is out1mf30}) (1)
31.f (input1 1s in1mf3) and (input2 is in2mf3) then (output is outTmf31) (1)
32_If (input1 is in1mf3) and (input2 is in2mf4) then (output is out1mf32) (1)
33. f (input1 is in1mfd) and (input2 is in2mfa) then (output is out1mf33) (1)
34 If (input1 is in1mf3) and (input2 is in2mf6) then (output is out1mf34) (1)
35 I (input1 is in1mf5) and (input2 is in2mf7) then (output is out1mf35) (1)
36 If (input1 1s in1mf6) and (input2 is in2mf1) then (output is out1TmMf36) (1)
37_If (input? is in1mf6) and (input2 is in2mf2) then (output is out1mf37) (1)
38. If (input1 is in1mf6) and (input2 is in2mf3) then (output is out1mf38) (1)
39 If (input1 is in1mf6) and (input2 is in2mf4) then (output is out1mf39) (1)
40 If (input1 is in1mf6) and (input2 is in2mf5) then (output is out1mf40) (1)
41_If (input1 is in1mf6) and (input2 is in2mf6) then (output is cuttmf41) (1)
42 _If (input? is in1mf6) and (input2 is in2mf7) then (output is out1mf42) (1)
43 If (input1 is in1mf7) and (input2 is in2mf1) then (output is cut1mf43) (1)
44 _If (input? is in1mf7) and (input2 is in2mf2) then (output is out1mfd4) (1)
45_If (input?1 is in1mf7) and (input2 is in2mf3) then (output is cut1mf45) (1)
A6 If (input? is in1mf7) and (input2 is in2mf4d) then (output is out1mfd6) (1)
A7 _If (input1 is in1mf7) and (input2 is in2mf5) then (output is cuttmf47) (1)
A8_If (input? is in1mf7) and (input2 is in2mf6) then (output is out1mf48) (1)
If { { ( {

input1 is in1mf7) and (input2 is in2mf7) then (output is out1mf49) (1)

The ANFIS predicted results showing relationship between two inputs and the output are

graphically presented in 3D plots (Figure 4.32). The generated ANFIS network
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Figure 4.32. (a) Generated ANFIS structures for output. (b) Alteration of emission
response upon combined effect of F~ and H" is displayed in a 3D plot.

architectures are also portrayed in Figure 4.32a on the basis of 49 rules. Upon
incorporating the different values of inputs in the rule viewer of FL and the command
segment of ANN model in MATLAB R2018a, we summarized the outputs values in
Table 4.8. The output of ANN model is more in-line with that of the experimental data
that that of the FL output. The efficacy of the ANFIS network is measured statically by
the values of root mean squared error (RMSE). The testing RMSE value of 0.342149
clearly indicates that the system is functioning appropriately. The output of ANFIS is
found to be closer to the experimental results than that of FL and NN. Hence, ANFIS is
superior optimization system. A comparison of the experimental data to those of Fuzzy,
ANN and ANFIS outputs is shown in Table 4.8 and Figure 4.33.
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Table 4.8. Experimental, fuzzy, ANN and ANFIS generated outputs in presence of 5
different combinations of inputs.

F H* Experimental | Fuzzy ANN | ANFIS
Output Output | Output | Output
3.5 5 39.33 51 41.78 39.1
1.5 72.78 79.7 74.50 72.8
2 2.5 44.56 50.6 47.36 43.3
1 4.5 90.1 79.6 79.08 90.1
0.5 3 78.56 79.7 76.77 78.7
Outputs

704

60 -

P.L. Int (a.u)

50 1

2 3. .4
No of Combinations

Figure 4.33. Deviation of the experimental data to those of Fuzzy, ANN and ANFIS
outputs is presented in histograms.

4.4. Conclusions.

With regard to our sustained interest to investigate the possibility of exploring the
computational work at the molecular level and implication of machine learning and other
artificial intelligence tools in chemical systems, we designed in this work three Ru(ll)-
terpyridine complexes and thoroughly studied their stimuli-responsive photophysical
behaviors. Taking advantage of imidazole protons in their outer coordination sphere,
anion-promoted alteration of the photophysical characteristics of the complexes were
thoroughly investigated via absorption, emission and time-correlated single photon

counting measurements. In essence, the complexes act as anion- and temperature-
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responsive molecular switches. Additionally, the spectral signatures of the complexes
upon the influence of anions, acid and temperature were employed to mimic multiple
Boolean as well as Fuzzy logic functions. Performing very detailed sensing studies upon
varying the analyte concentration within a wide domain is very tedious, time-consuming
and expensive. In order to overcome the lacuna, we implemented ANNs and ANFIS
networks to predict the experimental anion sensing behaviours of the complexes. In this
study, we also compared the experimental output parameters of the complexes in
presence of F~ and H* with those obtained from Fuzzy, ANN and ANFIS methods for
appropriate modeling of their deprotonation-protonation behaviors. The statistical
performance indicators (such as MSE and RMSE) clearly indicate that the predicted
values of the anion sensing data by ANFIS network are best and comparable to the
experimental data. Thus, the adopted soft computing and artificial intelligence based
tools could be regarded as powerful methods for appropriate modelling for anion sensing

behaviours of the present Ru (I11)-terpyridine based metalloreceptors.
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Chapter 5

5.1. Introduction

Machine learning (ML) is now-a-days a very powerful tool in materials research. The
technological progress of ML is now manifested in nearly all branches of science and
technology.*™ Through proper handling of powerful computation and high-throughput
experimentation, ML has expedited the scientific research and technological
development.’*®" Even though the adoption of data-guided growth of materials is
inspiring to recognize the accurate potential of ML models, they should also have the
potentiality over solely predictive ability. The prediction and inner execution of models
must offer appropriate explanation to the human specialists. Enormous efforts are now
committed to create a classification of interpretability and explainability modes of ML
tools. Classical ML corresponds to the process of creating algorithms that are capable to
learn from accessible data and take advantage of that learning to anticipate the output of
new inputs. Deep learning (DL) method, on the other hand, relies on artificial neural
networks (ANN) wherein manifold layers of processing are utilized to take out
increasingly advanced level features from the data.

In this work, we employed one of our previously reported Ru(ll) complex,
[(bpy)2Ru (Hspzbzim)](ClO,), (1) as shown in Chart 5.1.% The reason of choosing of
Ru(ll) is due to their outstanding photophysical and redox properties along with their
active participation in diverse light-induced applications such as dye sensitized solar cells
as well as in optical sensors and switches.®*>? The design protocol provides two
imidazole and one pyrazole NH motifs in its outer sphere and taking advantage of which
the anion sensing behaviors of the complex is comprehensively looked into in organic
and aqueous media via absorption and emission spectroscopy as well as by square wave
voltammetry (SWV). A wide range of anions is employed to fine tune the photo-redox
behavior of the complex. Now to accomplish detailed sensing investigations by altering
the anion concentration over a broad range is extremely tiresome, time-consuming and
pricey. To get-rid of the inconvenience as well as to analyze and fully understand the
anion sensing behavior of the complex, we applied herein neural network based deep
learning methodologies (such as ANN and ANFIS).

In deep learning, ANN plays very crucial role and often yield satisfactory results.

A subsection of ML, called deep learning (DL) allows computation for multilayer NNs.
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Chart 5.1. Chemdraw structure of the complex.

(C10y);

In disparity to Al's major objective of empowering machines to mimic human conduct,
ML employs statistical methods to allow computers to grow over time. The key disparity
amongst ML and DL is that in DL the pattern extraction and classification are
accomplished automatically. But, with ML, the feature extraction is still required and the
computer to do the jobs of cataloguing and prediction. An ANN is an intricate
mathematical and computational model which relies on the widespread biological neural
network in human brain. It might upsurge its performance upon learning from its
mistakes, which is how an artificial neural network learns. It encompasses a network of
functions and weights that function as artificial neurons. These are frequently used in Al
applications that required them to examine tough and complicated problems. Different
curve-fitting algorithms could be applied to run the ANNSs. In this work, we will
implement Levenberg-Marquardt (LM), Scaled Conjugate Gradient (SCG) and Bayesian
Regularization (BR) algorithm for analysing our multi-channel anion sensing data.
Furthermore, because of its elevated competence in predicting stationary organization, we
applied advanced feed-forward back propagation network, viz., ANN-function fitting
(ANN-FF) in each algorithm for superior grasping and prediction.”®>* The detailed
descriptions of the said algorithms are provided in the Experimental section.

Even though ANN is fairly proficient to grab the data but usually not so capable in
terms of understanding the sense of each neuron and its weight. On the other hand, Fuzzy

logic (FL)-derived models are sometimes better with regard to understanding as this
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operates via lingual language and IF-THEN rule.>* However, the shortcomings of FL are
its lack of ability to learn by itself. In order to learn via FL, one needs to borrow the
methodologies from supplementary domains (statistics or system recognition). Since the
NNs are competent in learning, it might be better to combine FL and NN and the combined
methodology, termed as ANFIS, is sometimes superior above the individual ones.®*®* The
layout of ANFIS have the identical mechanism to that FL barring the NN block. Herein, the
results of ANN and ANFIS models are also be compared among themselves together with
the experimental outcomes for appropriate modeling of the anion sensing behavior of the

complex.

5.2. Experimental Section

5.2.1. Materials. The chemicals and solvents were procured from Merck. [Ru(bpy).
Cly]-2H,0,%? was prepared by the literature methods. Pyrazole-3,5-bis(benzimidazole)
(Hspzbzim) and the monometallic Ru(ll) complex of composition, [(bpy).Ru(Hspzbzim)]
(Cl04), (1) are synthesized following our previously reported procedure.*

5.2.2. Synthesis of the Ligand [Hspzbzim]. A mixture of o-phenylenediamine
(4.5g, 41.5 mmol) and pyrazole-3,5-dicarboxylic acid monohydrate (3.4 g, 20 mmol) and
polyphosphoric acid (40 mL) was heated at 200°C for 4 h. The deep blue viscous solution
that formed was poured into crushed ice. A blue precipitate thus obtained was filtered,
washed with water, followed by dilute aqueous ammonia and again water. During this
process the residue changed to light pink. This was dissolved in the minimum volume of
hot (90°C) N,N'-dimethylformamide (DMF), treated with a small amount of activated
charcoal, and filtered. To the filtrate water was slowly added when the product separated
out as an off-white solid, which was recrystallized from DMF-H,0; yield 2.7 g (40%),
mp >250 °C (Found: C, 67.7; H, 3.95; N, 27.75. C1;H1,Ng requires: C, 68.0; H, 4.0; N,
28.0%).v/lcm™ (KBr): 3050, 2800, 1655, 1615, 1570, 1510, 1465, 1430, 1390, 1350,
1270, 1230, 1210, 1100, 1015, 960, 760, 750 cm™

5.2.3. Synthesis of Metal Complex. [(bipy).Ru(Hspzbzim)][CIO4]..2H,0O (1).
A mixture of [Ru-(bpy).Cl,].2H,0 (0.26 g, 0.5 mmol) and Hspzbzim (0.3 g, 1 mmol) in
50 mL of ethanol-water (1:1 v/v) was heated under reflux with constant stirring for 24 h.

After removal of the unreacted ligand, the orange-red filtrate was rotary-evaporated to ca.
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20 mL and to it was then added an aqueous solution (5 mL) of NaClO, (1 g). The product
that separated was filtered and recrystallized from methanol-water (3:1, v/v) containing a
few drops of HCIO, (10 M); vield 0.21 g (45%) (Found: C,46.6; H, 3.05; N, 14.65.
Cs7H32N10Cl2010RU requires: C, 46.85; H, 3.15; N, 14.75%). viem™(KBr) 3400 (br),
3050, 1625, 1590,1460, 1440, 1415, 1280, 1100 (br), 770, 740, 730 and 620. *HNMR
[(CD3).SO]: d 4.30 (1H, br), 5.55 (1H, t), 6.94 (1H, t),7.24 (1H, t), 7.45 (4 h, m), 7.50
(1H, d), 7.57 (1H, 1), 7.66 (2H, t),7.68 (2H, d), 7.73 (1H, d), 7.78 (1H, d), 7.82 (1H, s),
7.96 (1H, t), 8.03 (1H, t), 8.07 (2H, 1), 8.20 (1H, t), 8.71 (1H, d), 8.75 (1H,d), 8.80 (2H,
d), 14.23 (1H, br)

Caution! Perchlorate salts of the metal complexes are explosive and should be

handled in small amount with extreme care

5.2.4. Physical Measurements. The details of different equipments used and
experimental procedures to measure absorption and luminescence spectral characteristics
as well as and electrochemical behaviors are already presented in chapter 2 and chapter 3.

5.2.5. X-ray Crystal Structure Determination. Crystals suitable for structure
determination were obtained by diffusing toluene to a solution of 1 in MeCN-DCM (1:4,
v/v). X—ray diffraction data for the crystal of 1 mounted on a glass fiber and coated with
perfluoropolyether oil was collected on a Bruker-AXS SMART APEX Il diffractometer
at 296 K equipped with CCD detector using graphite—monochromated MoKa radiation (A
=0.71073 A). Crystallographic data and details of structure determination are summarized
in Table 5.1. The data were processed with SAINT and absorption corrections were made
with SADABS.®® The structures were solved by direct methods using SHELXT®
program and refined by full matrix least-squares method based on F? by using SHELXL
program through Olex-2.%°> The non hydrogen atoms were refined anisotropically, while
the hydrogen atoms were placed with fixed thermal parameters at idealized positions. In
the structure of 1, two free water molecule remain in the crystal packing which were
highly disordered and the structure was finally solved by removing the disordered water
molecule by running the program SQUEEZE.®®®” The electron density map also showed

the presence of some unassignable peaks, which were removed by running the program
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SQUEEZE. The crystallographic figures have been generated using Diamond 3.1le
software.?® CCDC reference number: 2195047 for 1.

5.2.6. Artificial Neural Networks (ANNs). Execution details of ANNs have
already been presented in the experimental section of chapter 4. Different training
algorithms have been used for prediction of photophysical and electrochemical responses
of 1 in presence of acid and base. In this project, feedforward back propagation neural
network is utilized for comparison of three different training algorithms, i.e., Levenberg—
Marquardt Algorithm (LM), Scaled Conjugate Gradient (SCG) and Bayesian
Regularization (BR), as regards of their capability to predict the photophysical and
electrochemical data. The advantages and disadvantages of these three curve fitting
training algorithms are described below.

5.2.6.1. Levenberg-Marquardt Algorithm. This algorithm typically requires
more memory but less time. Training automatically stops when generalization stops
improving, as indicated by an increase in the mean square error of the validation samples.
This method has been applied by researchers to challenging nonlinear least-squares
problems in several different domains.

5.2.6.2. Scaled Conjugate Gradient. This algorithm requires less memory.
Training automatically stops when generalization stops improving, as indicated by an
increase in the mean square error of the validation samples.

5.2.6.3. Bayesian Regularization. This algorithm typically requires more time,
but can result in good generalization for difficult, small or noisy datasets. Training stops
according to adaptive weight minimization (regularization).

In this study, a neural network for function fitting was coded in MATLAB 2018.
The input data present the network, while the target data define the desired network
output. Current intensity outputs upon the action of 40 different combinations of two
inputs (input 1= Fand input 2= H*). Thus, the 40x2 matrix represents the static input data
of 40 samples involving 2 inputs, while 40x5 matrix represents the static output data of
five elements. Now, the 40 samples are divided into 3 sets of data. For Levenberg-
Marquardt and Scaled Conjugate Gradient algorithm assisted training process, 70% of the
data are conferred for the training and the network is corrected according to its error.

Now the learning algorithm and the number of neurons in the hidden layer were optimized.
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15% data are employed to compute the network generalization and to halt training. When
generalization stops improving, the data validation takes place. The remaining 15% data
give an independent estimate of the network performance during and after the training,
called testing data. But for Bayesian Regularization algorithm assisted training process,
the previously taken 15% data for validation is not needed. In this case 70% data was
taken for training purpose and rest 30% data was allotted for testing.

5.2.7. Adaptive Neuro-Fuzzy Inference System (ANFIS). The execution details of
ANFIS model have already been presented in chapter 4.

5.3. Results and Discussion

5.3.1. Synthesis and Characterization. Hspzbzim ligand was prepared upon
refluxing a mixture of o-phenylenediamine and pyrazole-3,5-dicarboxylic acid
monohydrate in 2:1 molar ratio in H3PO, medium. The metal complex was obtained by
refluxing 1:1 molar ration of [Ru(bpy).Cl,].2H,O and Hspzbzim in ethanol-water
(2:1,v/v). The metal complex is precipitated as perchlorate salts with NaClO,4 and purified
via chromatography and recrystallization techniques under mild acidic condition to keep
the imidazole NH motifs intact. Characterizations of the compounds are performed
through IR and NMR spectroscopy. We are also able to grow suitable single crystals of

the complex. The structure of the complex cation (12*) is shown in Figure 5.1. The

Figure 5.1. Perspective view of 1% showing 50% probability ellipsoid plots.
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crystallographic parameters as well as selected bond lengths and angles are presented in
Table 5.1-5.2. 1** crystallizes in the triclinic form having space group of P2i/c. Three
types of Ru-N distances are observed: the longest one [Ru1-N5, 2.094(3) A] is associated
with the benzimidazole nitrogen, the intermediate one [Rul-N7, 2.063 (3) A] is
connected to the central pyrazole nitrogen, while the bpy offers the shortest Ru-N
distances with their values within the range of 2.044 (4)-2.054 (5) A.

Table 5.1 Crystallographic Data for [(bpy).Ru(Hspzbzim)](CIO,), (1)

CCDC reference number 2195047

Compound [(bpy),Ru(H3pzbzim)](ClO,),
Formula C37H32C|2N10010RU

FW 948.70

T (K) 273.15K

Cryst. Syst. Monoclinic

Space group P2;/c

a(A) 12.2068(7)

b (A) 17.1858(9)

c(A) 19.5468(11)

a (deg) 90

B (deg) 106.362(3)

¥ (deg) 90

V (A3) 3934.5(4)

Dc(g cm-3) 1.595

yA 4

i (mm-1) 0.606

F(000) 1928.0

20 range (deg) 3.214 t0 50.07
Data/restraints/parameters 6918/0/523

GOF on F° 1.032

Final R indexes [[>=2c ()] R, =0.0403, wR, =0.1104
Final R indexes [all data] R; =0.0508, wR, = 0.1199
Largest diff. peak/hole / e A | 0.59/-0.46

5.3.2. Anion-Responsive Behavior. The complex possesses one pyrazole NH and
two types of imidazole NH groups in its secondary coordination sphere which have the
ability to interact with anions of varying basicity. To this end, we systematically looked
into the anion sensing behavior of the complex in MeCN and H,O. Tetrabutylammonium
saltsof F, Cl,Br, 1, AcO, CN’, SCN" and H,PO, ions are used here.
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Table 5.2. Selected Experimental Bond Distances (A) and Angles (deg) for 1

Bond Distances (A)
Rul-N1 2.048(3)
RULl-N2 | 2.044(3)
RUI-N3 | 2.051(3)
RUL-N4 | 2.054(3)
RUl-N5 | 2.094(3)
RuL-N7 | 2.063(3)

Angles (deg)
N4-Rul-N5 | 89.76(11)
N4-Ru1-N7 | 96.26(11)
N3-Ru1-N5 | 94.99(11)
N3-Rul-N4 | 78.60(11)
N3-Rul-N7 | 171.04(11)
N2-Ru1-N5 | 171.60(11)
N2-Ru1-N4 | 95.87(11)
N2-Ru1-N3 | 92.24(11)
N2-Ru1-N1 | 79.01(11)
N2-Ru1-N7 | 95.61(11)
N1-Rul-N5 | 96.00(11)
N1-Rul-N4 | 172.20(11)
N1-Rul-N3 | 95.60(11)
N1-Ru1-N7 | 90.14(10)
N7-Rul-N5 | 77.54(11)

5.3.3. Absorption Spectral Monitoring. The absorption spectrum of the complex
in presence of studied anions together with its visual color change is shown in Figure 5.
2. The photograph exhibits vivid color change with F, CN" and AcO (for MeCN) and
only with CN" (in water). The complex displays several intense bands across the UV-vis
region. Two overlapping absorption bands at 490 nm (¢=11500 M™* cm™) and 440 nm
(br) (6=9300 M™ cm™) in MeCN are due to Ru(dn)—bpy and/or Hspzbzim (n*)} charge
transfer (MLCT) transitions, while the bands at 312 and 354 nm originated from
Hspzbzim-centered intra-ligand charge transfer (ILCT) transitions. Intense bands at 240
290 nm, on the other hand, are due to m—m* transition of the bipyridine motifs. The
MLCT bands remain almost unaltered in presence of most of the studied anions except F
, AcO’, and CN" which cause significant red-shift of the MLCT band maxima. The

observation is in-line with the visual color change of the complex. The observed
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Figure 5.2. Absorption and emission spectral behavior of 1 in MeCN (a and b,
respectively) and water (c and d, respectively) in presence of various anions.

bathochromic shift of the MLCT bands may be accredited to hydrogen-bonding
interaction between NH motif and the anions followed by deprotonation with excess of
the basic anions. The spectral behavior of complex towards anions differs dramatically in
water relative to MeCN. In contrast to MeCN, only CN" induces appreciable change in
the spectral profile among the anions. In essence, the present complex functions as
selective sensor for CN" in H,O, whereas unselective for F, CN" and AcO" in MeCN.
Absorption titration experiment is performed with various anions to get
quantitative insight of receptor-anion interplay (Figure 5.3-5.4). Two-step changes are
observed with F', CN" and AcO’, while a single step change takes place with H,PO, in
MeCN. Clear-cut isosbestic points are observed in each step of titration processes. Upon
incremental addition of any one of F, CN™ and AcO" ions, the MLCT bands maxima in
the successive absorption curves undergo gradual-red shift and passes through three well-
resolved isosbestic points (280, 342, and 494 nm) up to 2 equiv. Addition of anions
beyond 2 equiv also induces additional red-shift of the MLCT band maxima and during
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Figure 5.3. Change in absorption (a-b) and emission (c-d) spectral profile of 1 in MeCN
with gradual addition of F. Insets show the binding profile.
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Figure 5.4. Change of absorption (a) and emission (b) spectral profile of complex in MeCN

with gradual addition of H,PO, . Insets show the binding profile.
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the process the absorption curves pass through a new set of isosbesic points (320, 365,
and 518 nm) and saturation occurs with 3 equiv of the anions. The spectral behavior of
the complex with AcO™ and CN" is almost similar to that of F. The spectral behavior of
the complex with H,PO, differs from the rest as shown in Figure 5.4 and saturation takes
place upon 3 equiv of H,PO,4 The absorption titration data are utilized to estimate the
equilibrium constant (K) for receptor-anion interaction process and the observed values

are grossly of six orders of magnitudes (Table 5.3).

Table 5.3. Binding Constants ap (K) for 1 in MeCN and H,0O

(MeCN medium)
From absorption spectra From emission spectra

Anion K, K, K1 Ko
F 1.1x10° | 3.5x10° | 1.7x10° 3.2x10°
H,PO, | 1.0x10° - 1.2x10° -

(H20O medium)
From absorption spectra From emission spectra
CN  [28x10° | 4.7x10" | 1.8x10° | 4.8x10°

%-Butyl salts of the respective anions were used for the studies.
PEstimated errors were < 15 %.

5.3.4. Emission Spectral Monitoring. Upon excitation at the MLCT maxima, the
complex exhibits an emission band with its maximum at 670 nm in MeCN at room
temperature (RT). The quantum yield (®) of emission is estimated to be 0.014, while the
lifetime (t) is measured to be 66.0 ns by time-correlated single photon counting
technique. By comparing the spectra of related polypyridine complexes of Ru(ll), the
origin of emission in the present complex is probably due to the radiative deactivation of
its *MLCTry_upy State.

The sensing behavior of the complex is also investigated via emission
spectroscopy. The emission spectrum of the complex as a function of anions is displayed
in Figure 5.2. It is observed that the emission intensity remains almost invariant in
presence of CI', Br,, I, and SCN", moderately quenched with H,PO,’, while almost
completely quenched together with considerable red-shift in presence of F, AcO™ and

CN'. The observed trend in emission spectral behavior is in-line with those of the
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absorption spectral measurements. The emission titration experiments are also executed
in order to acquire quantitative insights about the complex-anion interplay. For acquiring
the emission spectra upon varying concentration of anions, we use the excitation light
source at 494 nm which is the isosbestic point in absorption titration measurements. The
spectral change as function of increasing concentration of the anions are presented in
Figure 5.3-5.4. Two-step changes are also evident here with F', AcO™ and CN". The first-
step change occurs up to the addition of 2 equiv of the said anions where quenching is
accompanied with red-shift of emission-maximum. Continued addition up to 3 equiv
induces further quenching without alteration of emission maximum in the second step.
H,PO, induces only one-step change in its spectral portrait (emission quenching with
small red-shift). The emission spectral data are also utilized to determine the equilibrium
constants of the complex-anion interplay. The insets to Figure 5.3-5.4 demonstrate the fit
of the experimental emission data to a 1:1 binding profile and the values of the
equilibrium/binding constants are found in the order of 10° which is in the same order as
we observed with absorption spectroscopic measurements. (Table 5.3).

The variation of lifetime of the complex with anions is also measured. Typically,
the lifetime changes upon addition of F" is shown in Figure 5.5. The mono-exponential
decay of the free complex is found to gradually converted into the bi-exponential one
together with overall decrease of lifetime. Thus, it is anticipated the existence of at least
two different luminescent species, comprising of the anion-bound form of the complex,
whose lifetime is shorter, and free complex, the sum of which grades the observed overall
decrease of lifetime as shown in Figure 5.5. Hence, the present complex could be
regarded as a suitable lifetime-based sensor for selected anions.

It has already been pointed out that in aqueous medium the complex is very much
selective towards CN" among the anions. We perform the titration experiments in HEPES
buffer medium at pH-7.3 in order to eliminate the interference of acid or base that may
results because of the hydrolysis of TBA salts of the anions. The emission spectral profile
as a function of CN" is presented in Figure 5.6. Quenching of emission occurs in two
consecutive steps similar to those observed in MeCN but the extent of shift as well as
guenching is little less relative to MeCN. The degree of interaction amongst the complex

and the anions in water is accessed via the calculation of equilibrium/binding constant by
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Figure 5.5 Change of excited state decay of 1 in MeCN with gradual addition of F". Inset
shows the value of life time.
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Figure 5.6. Change of absorption (a-b) and emission (c-d) spectral profile of complex 1
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exploitation of the emission titration data and the assessed values are in the order of 10*-
10° (Table 5.3). The limit of detection for CN" in H,O is estimated to be ~1.2x 10 M
(Figure 5.7-5.8, Table 5.4). It is astonishing that the value is far less than the allowable

(b) Parameter Value Error

A -4.32669 0.20673
B -0.53505 0.02265

R SD N P

<0.0001
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0.04299
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Figure 5.7. (a) Change of absorption spectra of the complex 1 (2.0 x 10 M) with CN°
water-HEPES buffer (pH = 7.3), inset: Normalized absorbance between the minimum
absorbance and the maximum absorbance. (b) A plot of (A-Anin)/ (Amax-Amin) VS. Log ([CN
1), the calculated detection limit of receptor is 1.25x10® M.
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Figure 5.8. (a) Emission spectral changes during the titration of the complex 1 (2.0 x 10
M) with CN" water-HEPES buffer (pH = 7.3), inset: Normalized intensity between the
minimum intensity and the maximum intensity. (b) A plot of (I-lnin)/(Imax-Imin) VS LOg
(ICN'), the calculated detection limit of receptor is 1.10x10° M.
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Table 5.4 Value of Limit of Detection of 1 in H,O

Detection Limit (M)
in Hzo
CN’
Absorption | Emission
1.25x 10° | 1.10 x 10°

limit (0.2 ppm) in drinking water as endorsed by Environment Protection Agency
(EPA).% Decent selectivity and sensitivity in combination with its chromogenic and
fluorogenic conduct makes the complex a suitable sensor for CN" in water. Selectivity of
the complex to CN' is perhaps due of its lesser hydration energy (AGp°= -295 kJ/mol for
CN) relative to F (AGy°= -465 kd/mol) and AcO™ (AGy°= -365 kd/mol).” Larger AGy° of
the other anions confine them to become hydrated instead of interacting with NH protons
in the complex.

5.3.5. Electrochemical Monitoring. CV and SWV voltammetry are utilized to
investigate the variation in the redox potential of the complex upon treating with the
anions. The complex exhibits a reversible Ru"/Ru"" couple with its Ey; = 0.93 V and two
consecutive one-electron reversible reductions at -1.55 and -1.83 V due to reduction of
two bpy motifs. The oxidative electrochemical behavior was monitored upon gradual
addition of anions and the associated changes in SWV are displayed in Figure 5.9. The

couple at 0.93 V gradually decreased in current intensity with concomitant evolution of a

0.93v

5pA

+ 0.79v

1

Figure 5.9. Change of SWVs of complex 1 in MeCN with gradual addition of F" and H" .
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new peak at 0.79 V and eventually the original peak at 0.93 V is replaced by the peak at
0.79 V up to the addition of 2 equiv of F". Similar behavior is also observed with AcO
and CN  ions. In essence, the Eyj, of the Ru**/Ru?* couple is found to be substantially
shifted towards lower potential in presence of strongly basic anions. The pyrazole and the
imidazole NH protons connected with Ru(bpy), motif are expected to be removed from
the complex backbone and lower their net positive charge which in turn lowers the E;/, of
Ru**/Ru* couple.

5.3.6. Mode of Receptor-Anion Interaction. We watched considerable variation
of the absorption-, emission spectral as well as electrochemical properties of the complex
upon treatment with F, AcO’, and CN'. The extent of variation with H,PO, is
comparatively little, whilst more or less insignificant by CI, Br’, I and SCN". Despite the
occurrence of one pyrazole- and two imidazole NH motifs, two-tier changes are evident
in the spectral portraits of the complex with F, AcO’, and CN’". We surmise consecutive
dissociation of two NH motifs {most probably pyrazole- and imidazole unit coordinated
to Ru(bpy). unit}. To make sure of the practicability, absorption and emission titration

experiments are accomplished with a strong base (TBAOH) (Figure 5.10). The spectral

(@ § 9.0x10°{ (©)

1.54

1st step
1.04A 6 0X105- Change

1} 1st step OH
Change

upto

2 equiv.

0.54 3.0x10°1

2 equiv.

—\ 3
” E.’ 0.0
4 £ (@ -
8- 1.5x10°
2nd step
Change
1.0x10°
Excess OH’
5.0x10"
T T T 7 0.0l T -
300 400 500 600 700 600 700 800
A/nm A/nm

Figure 5.10. Change in absorption (a-b) and emission (c-d) spectral profile of 1 in MeCN
with gradual addition of OH".

218



Chapter 5

profiles taken as whole closely resemble to those acquired with F~ and AcO'". This points
out that anion-prompted dissociation of the pyrazole and imidazole NH protons from the
complex.

The overall sensing behavior of the complex through multiple channels is
summed up in Figure 5.11. Interestingly, the initial state of the complex could be restored

upon the action of acid. Additionally, deprotonation-induced alteration of the photo-redox
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Figure 5.11. Alteration of emission- (a), absorption spectrum (b), luminescence decay
together with lifetime (c), square wave voltammogram (d) and current intensity (e) of 1
on addition of F" and H".
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behavior of the complex by anions followed by restoration of the initial state by acid is
reversible and could be repeated many cycles. Now to accomplish detailed sensing
investigations by altering the anion concentration over a broad range is extremely
tiresome, time-consuming and pricey. To get-rid of the inconvenience as well as to
analyze and fully understand the anion sensing behavior of the complex, we applied
herein neural network based deep learning methodologies (such as ANN and ANFIS).

5.3.7. Artificial Neural Network (ANN). In order to analyze and forecast the
multi-channel anion sensing behavior of the complex, we applied the ANN-function
fitting (ANN-FF) tools. As already mentioned in the introduction, ANN is one of the very
satisfactory models and operates via input nodes, hidden layer and output nodes. The
experimental data are trained here through the use of three algorithms {Levenberg-
Marquardt (LM), Scaled Conjugate Gradient (SCG) and Bayesian Regularization (BR)}
encrypted via MATLAB 2018, ™ the procedure of which is narrated in Experimental
Section. ANN comprises of 3 layers: input-, output-, and hidden layer. The nodes of input
layer are associated with the nodes of hidden layer and each node of hidden layer is
further linked to the nodes of the output layer. The inputs provided at the input layer will
further conveyed to the neurons of the hidden layer. Thus, the hidden layer will receive
the naive information from the input layer and then processes it. The gained value is then
transmitted to the output layer which thereafter provides the output. In this project, feed
forward back propagation neural network is used for comparison of three different
training algorithms (LM, SCG and BR) to predict the photo-redox sensing data of the
complex.

It is to be noted that LM algorithm typically necessitates higher memory but
lesser time. SCG algorithm, on the other hand, often necessitates less memory. The
training process stops automatically in both the algorithms once the generalization stops
improving, as designated by an upsurge in the mean square error of the validation
samples. BR algorithm typically needs more time but could yield good generalization for
difficult, small or noisy datasets. In this case, the training process halts according to
adaptive weight minimization (regularization). The significant results obtained upon
execution of different algorithms are compared on the basis of following four criterions,

viz. number of iterations, performance, error histogram, and regression.
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The number of iterations plays crucial role in deciding the efficacy of the
algorithm. It is evident that SCG requires least number of iterations (Figure 5.12b) while
the BR (Figure 5.12c) needs highest number of iterations to accomplish the optimum

solution of the experimental data set. After a larger number of training iterations, the
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Figure 5.12. The performance (a-c) and error histogram (d-f) of LM, SCG and BR
algorithms
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error starts dropping. But the error could again start increasing as the over fitting of the
training data starts in the validation phase. The iteration or epoch possessing minimum
validation error is considered as the best performance. Figure 5.12b clearly indicates that
in case of SCG algorithm, the iteration at which optimum mean square error reaches early
and thus the number of iterations required are less. By contrast, in LM algorithm, the
minimization of error takes place at the latter stage (Figure 5.12a). BR needs more data
for training and thus requires many iterations to achieve the least mean square error
iteration value (Figure 5.12c). Figure 5.12d-f denotes the histogram of the errors between
the target and predicted values after training. The Y-axis characterizes the number of
samples in the database that occurs in a definite bin. The bins are equally spread-out
breaks that are exploited to category the data on the graph. The data derived during the
training course of ANN models are summarized in Table 5.5. The performance of a

Table 5.5 Statistical Parameters of the Three Different ANN Models.

Statistical ANN algorithms
Parameters
of the LM SCG BR
models
Error
Histogram -8.388to -7.277 to -7.748 to
Range +8.063 +7.197 +9.062

Zero-error

Point 0.2707 0.3407 0.2144
Best
Pertormance 3.33 5.1046 2.6217
Mean
Squared 2.30429¢° 2.92541¢e° 2.35896e"

Error (mse)

Regression
(R) 9.95219e° 9.95444e 9.95064e"

model is also measured by its regression value (R) which measures the correlation
between output and target. The R value close to unity implies good correspondence
between output and target and also indicates that the model is performing very well
(Figure 5.13). The training state of the ANN models are provided in Figure 5.14. The
generated ANN-scheme comprising of 2 inputs, 5 hidden layer and 5 outputs is provided

in Figure 5.15.
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Figure 5.13. Regression plot of LM (a), SCG (b) and BR (c) algorithms.

Comparison of experimental data with different training algorithm-based ANN
model outputs are provided in Table 5.6. Upon scrutinizing the results gained by three
different algorithms on the basis of various criteria {number of iterations, performance
plot, error histogram, mean squared error (mse) and regression}, it can be concluded that
Levenberg Marquardt is best suited training algorithm among ANNSs for analyzing and
prediction of multi-channel anion sensing data of the present metalloreceptor.

5.3.8. Adaptive Neuro-Fuzzy Inference System (ANFIS) We previously said
that the amalgamation of FL and NN generates ANFIS network that could remove the
shortcoming of each one and often act as best predictive model.”>”> ANFIS network
could be schematically presented in Figure 5.16. 5 layers (excluding the input layer) are
inter-connected in the network. The scheme is archetypal for 2 input size, P and Q, both
of which are composed of 3 fuzzy sets (C1C2C3 for P, while D1D2D3 for Q). The

detailing of each layer is narrated in the experimental section. The fundamental design for
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Figure 5.15. Schematic presentation of Artificial Neural Network consisting of 2 inputs,

5 hidden layer and 5 outputs.
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Table 5.6. Comparison of Experimental Data with Different Training Algorithm-Based
ANN Model Outputs in Presence of 5 Different Combinations of Inputs.

Input Experimental Date Levenberg-Marquardt (LM) Algorithm Scaled Conjugate Gradient (SCG) Algorithm Bayesian-Regularization (BR) Algorithm
Combinations Based Predicted Data Based Predicted Data Based Predicted Data

Input 1 | Input2 | Emission | UV | Lifetime | Current | Current | Emission | UV | Lifetime | Current | Current | Emission | UV | Lifetime | Current | Current | Emission v Lifetime | Current | Current
(F) (H*) | Intensity | (nm) Value | Intensity | Intensity [ Intensity | (nm) Value | Intensity | Intensity | Intensity [ (nm) Value | Intensity | Intensity | Intensity | (nm) Value | Intensity | Intensity
at .79V | at0.93V (ns) at0.79V | at0.93V (ns) at 0,79V | at0.93V (ns) at0.79V | at 0,93V

9 03 6.11 54285 112 18.05 6.12 5.81 542.62 717 1849 6.12 6.03 3.4 124 18.12 6.20 5.68 54297 T.08 18.25 6.33

26 0y 1875 | 53621 14.68 13.11 1103 16.84 53648 | 1481 1288 11.49 15.57 53542 16.32 13.31 10.98 17.11 536.02 14.74 13.09 1134

17 22 4513 | 52022 36.81 545 19.97 4732 51942 | 3843 545 19.03 43.57 519.58 | 3748 520 19.21 46.59 519.33 3788 531 19.14

0y 26 7305 | 51192 | 5187 516 1953 7393 51179 | 50.88 50 19.51 7297 51227 | 50.58 534 19.44 74.08 51161 5131 513 19.66

0.3 29 0325 | 50481 | 6L76 523 19.93 9296 | 504.61 | 6148 510 19.98 9278 | 50503 | 6152 5.38 19.82 0273 | 50497 | 6167 5.21 19.86

Consequent Parameters

Premise Parameters

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

Figure 5.16. Schematic sketch of ANFIS network comprising of two inputs, five layers
and one output.

forecasting the output characteristics in presence of F~ and H* by ANFIS comprises of 4
segments (fuzzification, knowledge base, ANN, and defuzzification layer) (Scheme 5.1).

To build up the scheme, 85% data are used for training while the rest 15% for
testing. The training error is found to reduce gradually till 50 epochs signifying that the
system learns in each individual step (Figure 5.17). For 2 inputs and 5 membership
functions each, the network will create 5°=25 rules for each output. The conceivable
amalgamation of F and H" generates the output response which consists of 25 rules

based on Sugeno’s method (Figure 5.18).
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Scheme 5.1 Block diagram of the ANFIS for predicting the output in presence of inputs.
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Figure 5.17 Data training process of ANFIS for two inputs and five outputs.
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Figure 5.18. Schematic diagram of ANFIS on the basis of Sugeno's method (monitoring
five outputs) maintaining 25 rules each.
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The ANFIS predicted results for five outputs are displayed in 3D plots (Figure 5.19a-e),
while the produced ANFIS structure is shown in Figure 5.19f on the basis of 25 rules. On
providing the diverse values of inputs in the rule viewer of ANFIS, we sum-up the
outputs in Table 5.7.
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Figure 5.19. The variation of five outputs of 1 in presence of F and H" (a-). Generated
ANFIS structure (f) consisting of two inputs (with five membership functions each) and
one output.

228



Chapter 5

Table 5.7. Comparison of experimental data with ANFIS predicted outputs.

Input Emission uv Lifetime Current Current

Combinations Intensity (nm) (ns) Intensity Intensity

at 670 nm at0.79V at .93V
Input 1 | Input2 | Expt. | ANFIS | Expt ANFIS | Expt ANFIS | Expt ANFIS | Expt ANFIS
(F) (H™) Data Output Data Output Data Output Data Output Data Output

29 0.3 6.11 5.99 542.85 [ 54312 7.12 7.14 18.05 18.41 6.12 6.21

2.6 0.9 15.75 1591 | 336.21 | 536.07 | 14.68 14.81 13.11 13.24 11.03 11.23
1.7 22 45.13 44.92 | 52022 | 521.21 | 36.81 35.92 545 5.37 19.97 19.38
0.9 2.6 73.05 71.52 [ 511.92 | 512.08 | 51.87 51.42 5.16 5.15 19.53 19.52
0.3 2.9 93.25 92.81 | 304.81 | 30515 | 61.76 61.79 5.23 5.24 19.93 19.87

The effectiveness of the ANFIS network is deliberated statistically upon
considering their root mean squared errors (RMSE) (Table 5.8). The testing RMSE value
of training dataset 4 (RMSE = 0.097041) and 5 (RMSE = 0.326787) is indicative of
proper functionality of the system. But the RMSE of the rest three training datasets are
greater than unity indicating that the data set is badly over-fitted (i.e., created model tests

well in sample but has little predictive value when tested out of sample) (Table 5.8).

Table 5.8. RMSE values derived from ANFIS model for five training data sets.

Training Dataset ANFIS model Root Mean Squared Error
No. for (RMSE)
1 Emission Intensity at 670 nm 1.876387
2 UV (nm) 1.955814
3 Lifetime (ns) 1.254030
4 Current Intensity at 0.79 V 0.097041
5 Current Intensity at 0.93 V 0.326787

Thus, taking into consideration the performance indicators of different algorithms in both
ANN and ANFIS models, it appears that the Levenberg-Marquardt algorithm in ANN
network is effective for analyzing and predicting all the five-anion sensing dataset, while
the ANFIS network is very much efficient only for two electrochemical anion sensing

datasets of the receptor.

5.4. Conclusions

With regard to our ongoing interest in implementing machine learning tools in chemistry,
we thoroughly investigated anion sensing characteristics of a monometallic Ru(ll)-

bipyridine complex containing pyrazole-3,5-bis (benzimidazole) moiety through multiple

229



Chapter 5

optical channels as well as by square wave voltammetry. The design strategy furnishes
one pyrazole- and two imidazole NH motifs in the secondary coordination sphere of the
complex which have the ability to commune with anions through hydrogen bonding
interaction or by anion-induced deprotonation. Anion-responsive behavior of the complex
is convincingly demonstrated in both organic and aqueous media through absorption,
emission as well as by CV and SWV. In practice, remarkable alteration of the photo-
redox behavior of the complex takes place in presence of anions. In absence of anion, the
complex displays emission and corresponds to the “on-state”, whereas inclusion of anions
induces almost complete emission quenching and represents the “off-state”. The
restoration of the initial state of the complex is also made possible by acid. Essentially,
the complex acts as anion- and acid-responsive molecular switch.

To execute detailed sensing investigations by varying the anion concentration
within a broad range is extremely tiresome, time-consuming and pricey. To get-rid of the
inconvenience, we applied herein several soft computing methodologies to analyze and
fully understand the anion sensing behavior of the complex. Thus, the major focus of the
study is the implementation of neural network based deep learning methodologies such as
Artificial Neural Networks (ANNs) and Adaptive Neuro-Fuzzy Inference System
(ANFIS) to analyze and fully understand the multi-channel anion sensing behavior of the
complex. We also compared the outputs of the both models with those of the
experimentally observed values. Upon considering the performance indicators of
different algorithms, it is evident that the Levenberg-Marquardt algorithm in ANN
network is effective for analyzing and predicting all the five-anion sensing dataset, while
the ANFIS network is very much efficient only for two electrochemical anion sensing

datasets of the receptor.
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Chapter 6

6.1. Introduction

Accomplishing computational exertion at the molecular level is currently an important task for
the scientists and enormous efforts are being paid to manufacture powerful computers with very
small size that are otherwise not obtainable by conventional silicon-based skill.** Molecular
level computational may be achieved through the creation of suitable logic gates that could

12 Quite a sizeable number of

merge the simple logics to complicated combinational circuits.
molecular arrays were designed to this end that could mimic varied binary logic operations in
presence of external stimuli.***” While going through the literature, it appears that systems
derived from the metal complexes are less compared with their organic counterparts.?®> Herein,
we used one of our reported Ru(ll) complexes, [(bpy).Ru (Hpzbzth)](ClO,), (1) for this purpose
as presented in Chart 6.1.3* We picked up polyheterocyclic complexes of Ru(ll) as they possess
remarkable photo-redox behaviours which in turn can be modulated by external stimuli and
could take part in varied light-promoted applications such as dye sensitized solar cells as well as
in molecular sensors and switches.*>*® The design strategy offers one pyrazole NH motifs in its
second coordination environment. We thoroughly investigated the anion sensing aspect of the
complex via various optical channels and spectroscopic techniques through the intermediary of
pyrazole NH motif. Anions of varying basicity are used to fine tune the photo-redox behaviour of
the complex. The spectral outputs of the complex upon the action of selected anions are

employed to mimic various BL operations such as those of combinational logic and key pad
lock 10-12,16,18,28,30

HN—-N
— Hpzbzth —

(C104),

[(bpy)2Ru(Hpzbzth)](ClO4), (1)
Chart 6.1. Chemdraw structure of the complex used in the present work.

The action of Boolean logic trusts on changing the output signal among the two extremes
("0™ or "1"). Nevertheless, the real systems are quite complex and composed of countless number
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of in-between states. For addressing the huge number of intermediate states, FLS could be a
suitable choice.*”>* FLS express the conversion of the non-linear input vectors to the scalar
outputs.*”° Herein, FL is applied on the emission behaviour of the complex upon the action of
F and H".

Performing very extensive sensing analysis by varying the anion concentration within a
large domain is awfully tiresome, laborious and pricey. To overcome the shortcomings, we
implemented herein neural network-based machine learning tools such as ANN and ANFIS to
understand as well as to forecast the anion-responsive characteristic of the complex. ANN are
designed by the inspiration of the functioning of human brain and frequently applied to speculate
functions that may depend on enormous numbers of unidentified inputs. Amongst the two types
{recurrent (RNN) and feed-forward (FFN)}, we used herein FNN because of the static nature of our
system.>>® In FNN, the information moves to a definite track (from the input nodes to the output
nodes through the intermediacy of the hidden notes).

While ANN is pretty capable to perceive data but not so capable with regard to realize the
significance of every neuron and its load. By contrast, the FL-based method is better with regard
to understand as it operates via linguistic language and IF-THEN regulation. But the shortcoming
of FL is their incapability to understand by its own. To understand via FL, one has to hire the
techniques from different domain (statistics or system recognition). Taking advantage of the
better efficiency in learning, it would be good to couple FL and NN and the combined tool,
named as ANFIS, is far more superior over the discrete ones.>’™® The layout of ANFIS possess
the same skeleton to that of the FL with the exclusion of NN block. Herein, we applied both
ANN and ANFIS networks for proper modelling of anion sensing characteristics of the complex.

6.2. Experimental Section

6.2.1. Materials. [Ru(bpy). Cl,]-2H,0,%® was prepared by the literature methods. Pyrazole-
3,5-bis(benzothiazole) (Hpzbzth) and the monometallic Ru(ll) complex of composition,
[(bpy).Ru(Hpzbzth)] (ClO4), (1) are synthesized following our previously reported procedure.*

6.2.2. Synthesis of the Ligand [Hpzbzth]. A mixture of pyrazole-3,5-dicarboxylic acid
monohydrate (3.4g, 20 mmol) and o-aminothiophenol (5.0 g, 40 mmol) in syrupy phosphoric
acid (40 mL) was heated at 140°C for 3h under nitrogen atmosphere. The resulting light yellow
liquid was poured into crushed ice and the mixture was carefully neutralized with a KOH

solution (3 mol dm™). A greenish yellow precipitate thus obtained was filtered off, washed

239



Chapter 6

several times with water and dried over P,Os under vacuum. The product on recrystallization
from acetone gave yellowish green platelets; yield 2.0 g (30%), mp >250°C (Found: C, 61.2; H,
3.1; N, 16.7. C17H10N4S; requires : C, 61.1; H, 3.0; N, 16.75%). vicm™(KBr) : 3100, 1600, 1560,
1480, 1450, 1430, 1320, 1240, 1200, 1180, 950, 930, 810, 750, 720, 700 cm™

6.2.3. Synthesis of Metal Complex. [(bpy).Ru(Hpzbzth)][CIO4],.2H,O (1). The
complex is prepared by stirring a mixture of [(bpy).RuCl;] (0.52 g, 1 mmol) and AgCIO, (0.42 g,
2 mmol) in ethanol (50 mL) at room temperature under argon protection for 2 h, followed by
removal of AgCl precipitated. To the filtrate, solid Hpzbzth (0.41 g, 1.25 mmol) and 0.5 cm?® of
HCIO4 (1 mmol dm™®) were added. The mixture was stirred and heated under reflux for 10h, after
which it was cooled to room temperature and the unreacted ligand was removed by filtration.
The filtrate was concentrated to ca. 20 mL and kept overnight in a refrigerator. The orange
crystals that deposited were filtered and recrystallized from methanol-water (5:1) containing two
drops of HCIO, (1 mmol dm™); yield 0.6 g (60%) (Found: C, 44.3; H, 2.9; N,11.1.
Ca7H3,CloNgO11RUS; requires : C, 44.4; H, 3.2; N, 11.2%). vicm™ (KBr) 3400(br), 1605, 1540,
1470, 1450, 1425, 1320,1100(br), 975, 760, 730 and 625 cm™

Caution! Perchlorate salts of the metal complexes are explosive and should be handled
in small amount with extreme care

5.2.4. Physical Measurements. The details of different equipments used and
experimental process to measure absorption and luminescence spectral behaviors,
electrochemical investigations methods have been discussed in chapter 2 and 3.

The detailed description of single crystal X-ray structure determination has been
presented in chapter 5. Crystallographic data and details of structure determination are
summarized in Table 6.3-6.4. CCDC reference number: 2212695.

Procedure of carrying out the soft computing techniques such as ANN and ANFIS have

been discussed in chapter 4.

6.3. Results and Discussion

6.3.1. Synthesis and Characterization. Hpzbzth was prepared upon refluxing a mixture
of o-aminothiophenol and pyrazole-3,5-dicarboxylic acid monohydrate (2:1 molar ratio) in
H3PO,4. The metal complex was obtained by refluxing [Ru(bpy).Cl,].2H,0 and Hpzbzth (1:1) in
ethanol-water mixture. The metal complex is precipitated as perchlorate salts with NaClO,4 and
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purified via chromatography and recrystallization techniques under mild acidic condition to keep
the imidazole NH motifs intact. Characterizations of the compounds are performed through IR
and NMR spectroscopy, already mentioned in the Experimental Section.

6.3.2. Solvent Dependent Absorption and Emission Spectral Behaviour The
absorption and emission spectrum of the complex is acquired in a few selected solvents and
associated spectral parameters are provided in Table 6.1. Figure 6.1 shows the normalized
emission spectrum and lifetime decay in the studied solvents. The complex shows multiple
strong absorption peaks in the UV-vis domain. The position of the lowest energy peak in the
visible region varies between 490 and 508 nm, while the next higher energy bands within 443-
453 nm and can be attributed to Ru(d)—bpy and/or Hpzbzth (n*)} charge transfer (MLCT)
transitions. The peak within 332-368 arises because of intra-ligand charge transfer (ILCT)
transition within Hpzbzth moiety, while the bands at ~310 and ~290 nm are bpy-centred n—n*
transitions. Excitation at the MLCT maxima of the complex leads to evolution of an intense
emission band at RT, the maximum of which varies between 676 and 722 nm, dependent upon
the nature of solvents. The emission quantum yield (®) varies within the range of 9.0x10™-
8.0x1073, whereas the lifetime (1) of the complex alters between 37 and 137 ns. Comparing the

emission spectra of structurally similar polyheterocyclic Ru(ll) complexes, it appears that the

Table 6.1. Photophysical Parameter in Different Solvents

Solvent Absorption Luminescence
Amad NM Amax | T/NS o
(e, Mtem™) nm

DCM | 498(19300),453(br)(13900) 676 | 137 | 8.0x10°
368(br)(56400),312(77100),
294(145000)
MeCN | 492(24500), 448(br) (18700) 685 | 72 | 2.4x10°
365(br)(57500),312(117700),
292(192000)
Water | 490(13000),445(br) (9000) 690 | 37 | 9.0x10™
334(br)(35000),308(57000),
292(90000)
EtOH | 501 (17500), 443(br)(12700) 700 | 38 | 1.1x10°
332(br)(59200),309(96300),
294(147000)
DMSO | 508 (19300), 453(br)(12700) | 710 | 45 | 1.9x10°
337(br)(61000), 312(100000),
297(150000)
DMF | 508 (20000), 450(19000) 722 | 90 | 1.5x10°
334(br)(70000),312(111200),
295(164000)
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Figure 6.1. (a) Normalised emission profiles (b) Excited state decay profile of 1 in different
solvents.

observed emission in the complex arises because of radiative deactivation of its 3MLCTRu_,bpy
state. The MLCT absorption and emission peaks in the complex get red-shifted with increase in
polarity of the solvent. The extent of red-shift is found to be maximum in case of DMF and
DMSO which have the ability to be associated via hydrogen bonding interaction with the
pyrazole NH proton.

6.3.3. Anion Sensing Properties. We carried out the anion sensing characteristics of the
complex in acetonitrile via manifold optical channels and spectroscopic tools. We used herein
the tetrabutylammonium salts of F, CI, Br, I, AcO, CN’, SCN" and H,PO,". The absorption
and emission spectrum of the complex upon addition of different anions along with its visual
colour change is shown in Figure 6. 2. Substantial red-shift of the MLCT bands take place in

P.L Int(a.u)

600 675 750 825
A/nm

Figure 6. 2. UV-vis absorption (a) and emission (Aex = 490 nm) (b) spectral behaviour of 1 in
MeCN in presence of various anions. Inset shows the visual colour change.
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presence of basic anions (F, AcO, and CN"), while the band position remains almost unaltered
with other anions. Essentially, the receptor acts as sensor for F,, CN™ and AcO" without much
selectivity. The observed red-shift in the MLCT bands is ascribed due to incipient hydrogen-
bonding communication among NH proton and the anions followed by deprotonation in presence
of excess of the anions which is also in agreement with its visual colour change. In-line with the
trend in the absorption spectra, the emission intensity remains practically unaltered in presence
of CI', Br, I', and SCN", moderately quenched with H,PO,’, whereas nearly fully quenched
accompanied with large red-shift of the emission maximum in presence of F', AcO and CN'".
Absorption and emission titration measurements are executed with anions to acquire
quantifiable perception of complex-anion interaction (Figure 6.3-6.4). Two-steps changes are
clearly observed with basic anions (such as F, CN" and AcO), while one-step change with
H,PO, in the spectral profile of the complex. The initial change occurs up to the addition of 1
equiv of the anions and the extent of change is relatively small, while extent of change in the

second step is quite large and saturation occurs with 2 equiv of anions.
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ﬁ (a) 0.09 | 804 (c) 80 K=(3.8 +0.1)x10° |
0.6 foos] \ . -
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Figure 6.3. Change in UV-vis absorption (a-b) and emission (Aex = 490 nm) (c-d) spectral profile
of 1 upon stepwise addition of F" in MeCN. Insets show the 1:1 binding profile.
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Figure 6.4. Absorption (a and b) and emission (Aex = 490 nm) (c and d) spectral changes of 1
with gradual addition of AcO". The insets show the change of absorption and emission intensity
vs. equivalent of AcO™ added.

In absorption spectra, increasing amount of the anions induces red-shift of the MLCT peak
maxima in the second step and consecutive absorption spectrum goes via several clear-cut
isosbestic points (323, 362, and 518 nm). The spectral characteristics of the complex in presence
of H,PO, diverges from the rest of the anions and the extent of change is relatively small
compared with the said anions (Figure 6.5). The titration figures are exploited to evaluate the
equilibrium/binding constant (K) for complex-anion interplay the calculated values are of the six
orders of magnitudes (Table 6.2). The emission spectral profile upon step-by-step addition of
anions ions are displayed in (Figure 6.3c-6.3d and Figure 6.4c-6.4d).

Systematic quenching of emission intensity accompanied with considerable red-shift of
emission maximum takes place in the initial step up to 1 equiv of the anions. In the subsequent
step, further quenching without alteration of emission maximum occurs upon addition of excess
anions. With H,PO, small quenching without shifting of emission maximum takes place in a
single step (Figure 6.5b). Equilibrium/binding constants among the complex and anion were also
estimated from the emission titration data which are also in the order of 10° and tallied

reasonably well with those obtained from absorption spectroscopy (Table 6.2).
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Figure 6.5. UV-vis absorption (a) and emission (Aex = 490 nm) (b) spectrum of 1 upon stepwise
addition of H,PO," in MeCN. Insets show the 1:1 binding profile.

Table 6.2.Equilibrium/Binding Constants (K) for 1 in MeCN at 298 K

From absorption spectra
Anion 1

Ky Ks
F | 41x10° | 2.3x 10°
HoPO4 | 2.4 x 10°
From emission spectra
F | 3.8x10° | 2.8x10°
H2POs | 2.3x 10°

The modulation of lifetime in presence of selected anions is also investigated. Lifetime of

the complex upon step-by-step addition of F~ are acquired and the result is presented in Figure
6.6. The single-exponential decay of the free complex is changed to bi- exponential in presence
of the anions accompanied with reduction of total lifetime. Therefore, existence of at least two
luminescent species is suspected. The anion-bound or the deprotonated form is expected to be
short-lived compared with its initial form resulting in overall reduction of lifetime. In essence,
the complex can function as a suitable lifetime-based sensor for selected anions which could be
more beneficial over the conventional intensity-based sensor.

6.3.4. Electrochemical Monitoring. The CV and SWV voltammogram of the complex

" oxidation at E;;, = 0.94 V and two successive reversible waves at -

display a reversible Ru'"/Ru
1.46 and -1.78 V due to reduction of two bpy motifs. The oxidative redox behaviour was

checked upon step-by-step addition of anions and observed changes are presented in Figure 6.7.
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Figure 6.6. Change in excited-state decay profile (Aex=450 nm) of 1 upon stepwise addition of F
in MeCN. Inset shows the lifetime values.

The peak at 0.94 V progressively reduced in current intensity with concomitant growth of a new
peak at 0.80 V and ultimately the initial peak at 0.94 V is substituted by the peak at 0.80 V
during addition of 2 equiv of F". Essentially, the E1;, of the Ru**/Ru® couple is dramatically
shifted to lesser potential in presence of strongly basic anions. The pyrazole NH proton is
expected to be deprotonated from the complex moiety and reduces its net positive charge that
eventually drops the Ey/, of Ru**/Ru* couple.

0.94Vv mmmm 0.0 eqv

1pA 0.2 eqVv

— B 0.5 eqv

ﬂ 0.80v = 1.0 eqv

1.1 1.0 0.9 0.8 0.7 0.6
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Figure 6.7. Change of SWVs of 1 in MeCN upon stepwise addition of F".
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6.3.5. Mode of Interaction Among the Complex and Anions. In the previous section,
we noticed substantial alteration of the spectral and electrochemical characteristics of the
complex upon interaction with F, AcO’, and CN". The extent of interaction with H,PO, is
relatively small, while almost negligible with CI", Br’, I and SCN'. In spite of the presence of one
pyrazole NH proton, two-step changes are observed in both absorption and emission spectral
profiles of the receptor in presence of basic anions such as F, AcO’, and CN". Thus, presence of
two dissociable protons in the complex backbone is a finite possibility. We surmise that one of
two thiazole moieties gets protonated during the process of recrystallization of the complex in
presence of HCIO, and these protons are successively deprotonated in presence of the basic
anions. To check the possibility, spectral titrations are also executed with a strong base, viz.
tetrabutylammonium hydroxide (TBAOH) (Figure 6.8). The overall spectral pattern of the
complex resembles closely with those obtained with F* and AcO" ions. This implies that anion-
induced dissociation of the pyrazole and thiazole NH protons probably take place from the
complex backbone.
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Figure 6.8. Absorption (a and b) and emission (Aex = 490 nm) (c and d) spectral changes of 1
with gradual addition of OH". The insets show the change of absorption and emission intensity
vs. equivalent of OH™ added.
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In order to obtain a concrete proof of interaction among the receptor and the anions, we
tried to grow single crystals of the complex by diffusing PhCHj3 to its MeCN-DCM (2:1 v/v)
solution in presence of excess TBAF. Fortunately, we succeed after several attempts and the
crystal structure of the resulting compound is presented in Figure 6.9. The crystal structure
clearly shows that excess F~ abstracts the pyrazole NH proton providing the deprotonated form of
the complex. Crystallographic parameters along with selected bond distances and angles of the

deprotonated form of the complex are presented in Table 6.3-6.4.

Figure 6.9. Perspective view of 1" showing 50% probability ellipsoid plots.

6.3.6. Logic Operations. In the previous section, we observed quite a large degree of
change in the absorption and emission spectral as well as in the electrochemical behavior of the
complex in presence of specific anions. The restoration of the initial form of the complex is also
possible upon treating with acid. Furthermore, deprotonation-induced modification of the photo-
redox conduct of the receptor by anions followed by refurbishment of the original form by acid is
fully reversible and can be recycled many times. Herein, we will utilize spectral and
electrochemical output of the complex upon successive addition of anions and acid for
fabrication of multiple logic functions. The complex is capable to show complex Boolean and FL
operations by using its absorption, emission and electrochemical responses upon the action of

appropriate combination of inputs.
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Table 6.3. Crystallographic Data For [(bpy).Ru(pzbzth)](ClO,)(1)

CCDC reference number 2212695

Compound [(bpy),Ru(pzbzth)](CIO,)
Formula C37H25C|N304RUSZ

FW 846.29

T (K) 293K

Cryst. Syst. Triclinic

Space group P-1

a(A) 10.277(5)

b (A) 13.114(5)

c(A) 13.275(5)

a (deg) 84.471(5)

B (deg) 82.781(5)

v (deg) 89.431(5)

V (A3) 1766.7(13)

Dc(g cm-3) 1.591

z 2

u (mm-1) 0.692

F(000) 856.0

20 range (deg) 3.1t0 50
Data/restraints/parameters 6210/0/478

GOF on F? 0.974

Final R indexes [I>=2c (I)] R, =0.0322, wR, = 0.1055
Final R indexes [all data] R, =0.0371, wR, = 0.1150
Largest diff. peak/hole /e A® | 0.53/-0.43

Table 6.4. Selected Experiment Bond Distance (A) and Angles (deg) of 1

Bond Distances (A) Angles (deg)

N 5050 N4-Rul-N5 | 95.85(8)
" L N4-Rul-N6 | 169.62(8)
Rul-N2 2.047(2) . 88.62(8)
Rul-N3 | 2.0592) | (D2-Rul-NS =
Rul-INd 207 Eiiﬁﬂi:ﬁé 9{3%((9))
Rul-N35 2.122(2) N‘2 T 96‘ ’60“(8)
Rul-N6 2.047(2) —Hes —

N2-Rul-N4 | 96.53(9)
N2-Rul-N3 | 173.05(7)
N2-Rul-N1 | 78.58(8)
N2-Rul-N6 | 92.28(9)
N1-Rul-N5 | 172.97(7)
N1-Rul-N4 | 89.82(8)
N1-Rul-N3 | 96.62(8)
N1-Rul-N6 | 97.33(8)
N6-Rul-N5 | 77.62(8)
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6.3.6.1. Combinational Logic and Keypad Lock. Combinational logic is accomplished
by basic Boolean operators (“OR,” “AND,” and “NOT”). Herein, the luminescence response at
685 nm and absorbance at 545 nm are treated as the outputs in presence of H* (input 1) and F
(input 2). Emission quenching below the threshold and absorbance enhancement above the
threshold takes place under the influence of F', suggesting the “OFF” state (0) and “ON” state
(1), respectively. The emission and absorption maxima at their respective wavelengths upon
chronological addition of inputs (F~ and thereafter H") leads to creation of a combination of
IMPLICATION and INHIBIT gate (Figure 6.10c and 6.10¢).

(a) Monitoring — 1.2 4 (b) —
80 4 Wavelength — 1+ — ]+
at 685nm

1+H*
— ] FH*
1+H™+F
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_0.2_-_ — _E\_/\{E_ —
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0 T 7 T T T v 0.0 T T r
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Inputl (HY) | Input2 (F) Outputl Output2 Inputl (H") | Input2 (F) Mo_“tl’“_t
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Figure 6.10. (a) Emission and (b) absorption spectrum of 1 due to sequential addition of H* and
F. (¢) and (d) corresponds to the Truth table of combinational logic and keypad lock,
respectively. (e) and (f) represents the respective schematic diagram of these logic operations.

To secure valuable data at the molecular level, we fabricated a keypad lock device. The
absorption spectral output at 545 nm with H* and F is utilized for this purpose (Figure 6.10b).
H* (input 1) and F~ (input 2) is allocated as “N” and “I”, respectively, whereas the “ON” and
“OFF” state is designated as “B” and “K”, respectively (Figure 6.10f). Plausible amalgamations
of the inputs wherever either in presence of F~ or incorporation of F~ after H" induces the “ON”
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state (1) and creates the secret password “NIB”. Reversal of the sequence (addition of H* after F
), on the contrary, leads to the “OFF” state (0) and generates the incorrect password “INK”.
Hence, only the authorized person who knows the actual password will be able to unlock the
secured information.

6.3.7. Fuzzy Logic Operations. As already pointed out in the introduction that the action
of BL trusts on changing the output signal among the two extremes (0" or "1"). Nevertheless,
the real systems are quite complex and composed of countless number of in-between states. For
addressing the huge number of intermediate states, FLS could be a suitable choice. FLS express
the conversion of the non-linear input vectors to the scalar outputs. Herein, FL is applied on the
emission spectral behavior of the complex upon the action of F" and H*. The emission spectrum
of 1 varies to a huge degree in presence of F~ (input 1) and H* (input 2) (Figure 6.11). Bearing in
mind the large degree of change together with lack of accurate values, the variation may be
articulated via a small number of lingual parameters of the triangular molecular functions (trimf)
such as low, medium, and high. Figure 6.12 shows that the spectral change could be expressed in
respect of fuzzy sets. An album of diverse IF-THEN comments encompassing the inference laws
is tabulated in Table 6.5. The IF-part designates to the antecedent, while the THEN-portion
corresponds to the result. Systematic emission quenching at 685 nm occurs with F°, whereas the
restoration happens with H*. Hence, FL is implemented in the present system upon inspecting
the emission characteristics upon cumulative action of F~ and H® ions. The practicable
compilation of F and H" generates 15 rules (Table 6.5 and Figure 6.13). The alteration in
emission intensity upon co-addition of F~ and H" is also displayed in a three-dimensional plot
(Figure 6.12d).

80

Monitoring
Wavelength
at 685 nm

P.L. Int(a.u)

A/nm

Figure 6.11. Emission spectral change of 1 due to step by step addition of F" and H".
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Figure 6.12. Sketch of FLS on the basis of fuzzy inference rules upon scanning the emission
response of 1 in presence of F and H". The variables are disintegrated into 3 fuzzy sets. (a) F:
(1) low (trimf pyow, [0.0124 0.3786 0.7126]); (2) medium (trimf Wmedium, [0.7129 0.9749 1.336])
(3) high (trimf pinigh, [1.349 1.632 1.985]). (b) H™: (1) low (trimf wow, [0.0184 0.5379 1.118]); (2)
medium (trimf pmedim, [1.031 1.439 1.961]) (3) high (trimf pnign, [1.865 2.421 2.981]). (c)
Emission intensity at 685 nm (Output): (1) low (trimf pyow, [0.1986 11.61 23.21]); (2) medium
(trimf pmedium, [21.81 36.13 50.51]); (3) high (trimf ppigh, [48.52 65.24 79.24]).

Table 6.5. Rules for the Fuzzy Logic System by Taking Input 1 (F) and Input 2 (H") as the
Inputs and Emission Intensity at 685 nm as the Output. The Rules Consist of the Following
Statements.

1.1f (input1 is L) then (output1 is H) (1)

2_If (input1 is M) then (output1 is M) (1)

3. If {input1 is H) then (output1 is L) (1)

4_If (input2 is L) then (output1 is H) (1)

5. If {input2 is M) then (output1 is H) (1)

6. If (input2 is H) then (output1 is H) (1)

7. If {input1 is L) and (input2 is L) then (output1 is H) (1)
8. If (input1 is L) and (input2 is M) then (output1 1s H) (1)
9_If (input1 is L) and (input2 is H) then (output? is H) (1)
10. If (input1 is M) and (input2 is L) then (output1 15 M) (1)
11.If {input1 is M) and (input2 is M) then (output1 is M) (1)
12, If (input1 is M) and (input2 is H) then (output1 is M) (1)
13, f {input1 is H) and (input2 is L) then (output1 is L) (1)
14.If (input1 is H) and (input2 is M) then (output1 is M) (1)
15, If (input1 is H) and (input2 is H) then (output1 is M) (1)
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Figure 6.13 . Mamdani rule view for 1.

6.3.8. Artificial Neural Network (ANN). ANN is the easiest and one of the most suitable
type of organizations where the information flows to a definite direction. Moreover, taking into
consideration its elevated competence in predicting the static system, we employed herein ANN-
function fitting (ANN-FF) array for appropriate grasping and predicting the system. We employ
herein Levenberg-Marquardt method for training. The ANN-FF is coded in MATLAB 2018 * and
Table 6.6 represents the emission intensity outputs upon the action of 39 different combinations
of two inputs (input 1=F and input 2=H"). The full operational details are already provided in the
Experimental Section. It is evident that the model’s most excellent validation activity is 0.028672
up to epoch 5 (Figure 6.14a). The augmentation of green colored line after epoch 5 indicates that
the growth of the mean squared error (mse) and training gets halted. Figure 6.14b expresses the
error histogram among the target and predicted values after the training process. Y-axis
symbolizes the quantity of samples in the dataset which retains in a specific bin. The bins are
evenly arranged intervals that are used to segregate the data on the graph. The zero-error point is
positioned beneath the bin centered at -0.04061 and +0.02199 for 685 nm, while the total error
spans from -0.6041 (leftmost bin) to +0.5854 (rightmost bin). The R value nearing to unity
indicates satisfactory coherence among the target and output and is also indicative of model's
good performance (Figure 6.14c). The training status of ANN network up to epoch 11 is shown
in Figure 6.15.
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Table 6.6. Values of Emission Intensity as a Function of ng/ngand ny*/ny.

Input QOutput

Combinations Emission

Inputl Input2 Intensity

(F) (H*) at 685 nm
1 0 3 78.28
2 0.1 2.93 76.23
3 0.15 2.86 74.18
4 0.2 2.79 72.05
5 0.25 2.72 70.39
6 0.3 2.65 68.65
7 0.35 2.58 66.22
8 0.4 2.51 64.1
9 0.45 2.44 62.28
10 0.5 2.37 60.11
1 0.55 2.3 58.39
12 0.6 2.23 56.21
13 0.65 2.16 54.11
14 0.7 2.09 52.78
15 0.75 2.02 50.02
16 0.8 1.95 48.92
17 0.85 1.88 46,11
18 0.9 1.81 44.28
19 0.95 1.74 42.42
20 1 1.67 40.09
21 1.1 1.6 38.21
22 1.15 1.53 36.19
23 1.2 1.46 34.14
24 1.25 1.39 32.12
25 1.3 1.32 30.06
26 1.35 1.25 28.21
27 1.4 1.18 26.11
28 1.45 1.11 24.08
29 1.5 1.04 22.21
30 1.55 0.97 20.19
31 1.6 0.9 18.22
32 1.65 0.83 16.19
33 1.7 0.76 14.29
34 1.75 0.69 12,02
35 1.8 0.42 7.04
36 1.85 0.21 3.12
37 1.9 0.15 2.01
38 1.95 0.06 1.56
39 2 0 0.09

6.3.9. Adaptive Neuro-Fuzzy Inference System (ANFIS).The merging of FL and NN
generates ANFIS network that could remove the shortcoming of each one and often produces
superior results. **®* ANFIS network could be schematically presented in Figure 6.16. 5 layers
(excluding the input layer) are inter-connected in the network. The scheme is archetypal for 2
input size, P and Q, both of which are composed of 3 fuzzy sets (C1C2C3 for P, while D1D2D3
for Q). The detailing of each layer is narrated in the Experimental Section. The fundamental
design for forecasting the emission characteristics in presence of F- and H* by ANFIS comprises
of 4 segments (fuzzification, knowledge base, ANN, and defuzzification layer) (Figure 6.17). To

build up the scheme, 70% data are used for training while the rest 30% for testing. The training
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Figure 6.14. (a) Minimization of mse up to epoch 5. (b) Error histogram. (c) Comparison of the
outputs obtained by linear regression and ANN model. (d) Generated ANN scheme

error is found to reduce gradually till 50 epochs signifying that the system learns in each
individual step (Figure 6.18). For 2 inputs and 3 membership functions each, the network will
create 3°= 9 rules (Figurer 6.19 and Table 6.7). The conceivable amalgamation of F* and H*
generates the output emission response which consists of 9 rules based on Sugeno’s method

(Figure 6.20c). The ANFIS predicted results are displayed in 3D plots (Figure 6.20e), while the
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produced ANFIS structure is shown in Figure 6.20d on the basis of 9 rules. On providing the

diverse values of inputs in the rule viewer of FL and the command part of ANN in MATLAB

Gradient = 1.314, at epoch 11

gradient

100 1 1 1 1 1 1 1 1

1 IIVIu = 0.|01, at e;laoch 1‘?

E‘H] 3 /
3 | ] ] ] | | |

Validation Checks = 6, at epoch 11

val fail
-

L]
R

¢
£ A G SR S SR S S R

11 Epochs

Figure 6.15. Training state of the ANN model of 1 at 685 nm up to epoch 11.

R2018a, we sum-up the outputs in Table 6.8. The effectiveness of the ANFIS network is
deliberated statically upon considering their root mean squared error (RMSE) values. The testing
RMSE value of 0.195691 is indicative of proper functionality of the system. The output obtained
from ANFIS is very close to that of the experimental results compared with FL and NN. Table
6.8 compares the outputs of Fuzzy, ANN and ANFIS models together with the experimental
results. In essence, ANFIS is found to be the best optimization system.
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Consequent Parameters

Premise Parameters

Layer 1 Layer2  Layer3  Layer4 Layer5

Figure 6.16. Schematic sketch of ANFIS network comprising of two inputs, five layers and one

output.
—) Inputs (—ﬂ
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Fuzzification
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Rule Base =% Knowledge Base €= Data Base
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Artificial Neural Network

v

Defuzzification
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Outputs

1

Output Emission Intensity at 685 nm

Figure 6.17. Schematic presentation of ANFIS based on Sugeno's method (monitoring
wavelength at 685 nm) maintaining 9 rules.
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Figure 6.18. (a) ANFIS training data set. (b) Statistical performance indicator (rmse) up to 50
epochs. (c) Testing dataset to measure the accuracy of the network. (d) Comparison of testing

data with ANFIS network outputs.
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Figure 6.19. Sugeno rule view (output at 685 nm) for 1.
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Table 6.7. Rules for the Fuzzy Logic System (based on Sugeno’s Method) by Taking F~ as Input
1 and H" as Input 2, Whereas Emission Intensity at 685 nm as the Output. The Rules Consist of
the Following Statements.

1.1 (input1 is in1mf1) and (input2 is in2mf1) then (output is outtmf1) (1)
2. If (input1 is in1mf1) and (input2 is in2mi2) then (output is outimf2) (1)
3.1 (input1 15 in1mf1) and (input? is in2mi3) then (output is outimf3) (1)
4 1 (input1 is in1mi2) and (input2 is in2mf1) then (output is outimf4) (1)
5. f(input? is in1mf2) and (input2 is in2mf2) then (output is outtmfa) (1)
6. if (input1 is in1mf2) and (input2 is in2mf3) then (output is out1mf6) (1)
7. (input1 is in1mf3) and (input? is in2mf1) then (output is outtmf7) (1)
8. 1f (input1 15 in1mf3) and (input? is in2mi2) then (output is out1mfd) (1)
9 If (input1 15 in1mf3) and (input? is in2mi3) then (output is outimf9) (1)
€) Input 1
1 in1lmfl [in1mf2] [inImf3
S o5 (c)
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Figure 6.20. (a, b, ¢) Schematic presentation of ANFIS maintaining 9 rules. (d) Corresponding
ANFIS structure. (€) Alteration of emission intensity due to addition of F and H".

259



Chapter 6

Table 6.8. Comparison of Experimental Data with Fuzzy, ANN and ANFIS Outputs.

Input Inputl | Input2 | Expt. Fuzzy ANN [ ANFIS
Combinations F) (H*) | Output | Output | Output | Output

0.43 2.51 65. 64.31 63.81 | 63.51
0.84 1.95 48.87 44.22 47.66 | 47.52
1.33 1.34 33.21 63.43 29.88 30

1.42 1.25 29.88 45.41 26.73 26.9
1.97 0.11 1.881 10.81 1.821 1.77

th
hh
N

N = | W[ =

6.4. Conclusions

In continuation of our ongoing activities in the promising area of molecular computing as well as
in implementing the machine learning tools in chemistry, we employed a mononuclear Ru(ll)-
bipyridine complex possessing 3,5-bis(benzthiazol-2-yl) pyrazole motif. The complex offers one
pyrazole NH group in its outer coordination sphere which can interact with anions via hydrogen
bonding or by anion-promoted deprotonation. Anion sensing property of the receptor is
thoroughly investigated in MeCN via absorption and emission spectroscopy as well as by SWV.
Substantial modulation of photophysical and electrochemical properties of the complex occurs
under the influence of selected anions. The anion-induced deprotonation of the complex is also
convincingly demonstrated through single crystal X-ray crystallography. In absence of anions,
the complex exhibits emission and designates the “on-state”, while presence of anions causes
complete emission quenching and corresponds to the “off-state”. The reinstatement of the initial
state of the complex could be feasible in presence of acid. Practically, the complex can function
as anion- and acid-induced molecular switch. Another fascinating feature of the present work is
that the absorption and emission spectral outputs of the complex upon the action of specific
anions and acid are used to demonstrate many Boolean and FL functions. To perform very
extensive sensing experiments by varying the anion concentration within a wide range is awfully
tiresome, laborious and pricey. To overcome the shortcomings, several machine learning tools
such as FL, ANN, and ANFIS have also implicated to predict the full anion sensing
characteristics of the complex. The outcomes of the three ML tools are compared among
themselves as well as with that of the experimentally obtained results. Interestingly, the ANFIS

model is found to be superior decision making and learning tool over FL and ANN models.
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