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Abstract 

CUCURBIT[7]URIL MEDIATED VIOLOGEN-FLUOROPHORE 

DYAD FOR FLUORESCENCE OFF/ON SWITCH 

Due to the advancement of fluorescence spectroscopy, fluorescence 

techniques have been applied in biological imaging and sensing.  In biological 

imaging, biomolecules are labeled with fluorophore which allow us to track them.  

However, this procedure limits its implication where localized emission is stronger 

than the background one due to background fluorescence of nonspecific adsorbed 

fluorophore.  Design of fluorescence-on binding sensors could be a better approach 

to overcome this disadvantage in which emission is quenched extensively until the 

sensing events occur.  Our aim was targeted to develop the bright fluorescence 

probes by utilizing two different approaches: metal-enhanced fluorescence and 

photoinduced electron transfer. 

To study the first approach it was necessary to obtain a well-ordered, good 

quality, high-density, and crystalline (√3x√3)R30
o
, corresponds to spacing in 

lattice, self assembled monolayer (abbreviated as SAM) on gold surface.  We have 

developed a simple methodology for the generation of ordered SAMs by the 

cleavage of alkanethioacetate at bench top conditions.  The extent of cleavage of 

decanethioacetate was investigated by the NMR spectroscopy experiments.  The 

scanning tunnel microscope (STM) study was carried out on SAMs obtained in situ 

cleavage of thioacetate.  According to the data obtained as a result of our 
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investigations, a well ordered SAM was produced with the reagents that cleave 

thioacete fast and more complete within 2 h whereas slow cleavage of the 

thioacetate resulted in a poor ordered SAM.  The developed methodology for 

obtaining well-ordered SAM was utilized to attach bodipy fluorophore on the gold 

surface. 

The bodipy dye was incorporated to the gold surface by precleaving 

thioacetate tethered to bodipy with potassium hydroxide to investigate its optical 

properties.  The gold/bodipy sol was stabilized by employing competing ligands.  

The molar fluorescence of bodipy on the gold nanoparticles was determined.  In 

addition to this, the gold/bodipy sol was used to study ligand exchange on the gold 

surface.  

As the second approach of our study, the photoinduced electron transfer 

was utilized to achieve fluorescence-on sensors.  We were able to develop a novel 

and more general fluorescence-on signal unit in which the quencher tethered to 

fluorophore, dyad, switches from fluorescence-off to fluorescence-on state due to 

disruption of electron transfer from the excited fluorophore to the quencher upon 

binding of the latter with a host molecule, cucurbit[7]uril.  The viologen-rhodamine 

B and viologen-bodipy dyads were synthesized to investigate their fluorescence 

off-on efficacy.  According to our finding, complexation of CB7 with viologen 

caused 14 and 30 fold fluorescence enhancement of viologen-rhodamine B and 

viologen-bodipy dyad, respectively. 
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In continuation of the work towards the development of real time sensors, it 

was necessary to investigate the fluorescence off-on mechanism of dyads in the 

presence of competing binding molecules with CB7 at the different pH.  For this 

purpose, we chose 1,4-diaminobenzene as it has lower pKa and comparable binding 

constant with viologen.  It was observed that at lower pH, binding of CB7 with 

viologen as well as protonated diaminobenzene resulted in a small fluorescence 

enhancement.  However, complete recovery of fluorescence was observed at higher 

pH because of complexation of CB7 with the viologen alone.  

In conclusion, investigations were carried out for the development of next 

generation optoelectronic devices and novel real world applicable biosensors. 
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Chapter I: Introduction  

Over the past two decades tremendous efforts towards the development of 

biosensors have been focused by chemists and biologists.
1,2  

Continuous monitoring 

of biomolecules or ions in cells provides valuable information.
3,4,5

  Biosensor have 

two components, a receptor component to interact with the analytes, and a signal 

transduction component to convert the ligand-binding event into measurable 

signals, such as fluorescence, chemiluminescence, colorimetric, and 

electrochemical responses.  Fluorescence detection techniques have received 

extensive attention due to their high sensitivity and selectivity, temporal and spatial 

resolution, and relatively low cost.
6
 

The goals of our work are to improve the functioning of biosensors and 

methodology for the assembly of fluorophores into functional units. In the First 

Chapter the fundamentals of fluorescence and assembly techniques through host 

guest interactions and covalent attachment are covered. In the Second Chapter, the 

assembly methodology of organothioacetate on gold surface is covered. A 

discussion on optical properties of fluorophore incorporated to gold surface by 

utilizing the methodology described in chapter two is presented in Chapter III.  

Covalent attachment techniques of fluorophore with quencher to provide a novel 

dyad and its efficacy to switch fluorescence off-on through host-guest interaction 

are described in Chapter IV.  In Chapter V, fluorescence off-on of dyads in 

response to pH via displacement of intial guest from a host is presented. 
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Some molecules, fluorophores or fluorescent dyes, absorb light of specific 

wave length and emit light back called fluorescence.  Most often the emitted light 

has longer wavelength than absorbed wavelength.  This phenomenon can be 

explained in terms of graphic, well known Jablonski diagram (Figure 1.1).  A 

fluorophore absorbs energy and is excited to a higher electronic level S1
’

.
 
 Thus 

excited fluorophore vibrationally relaxes to the lowest vibrational state S1 and back 

to S0 with the emission light.  However, the excited fluorophore can also undergo 

several other deactivating non-radioactive pathways such as intersystem crossing, 

internal conversion or vibrational relaxation.  A wide range of fluorophores from 

UV to near IR are reported such as fluoresceins, rhodamine, 4,4-difluoro-4-bora-

3a,4a-diaza-s-indacenes (BODIPY dyes), squarines, and cyanines.  These 

fluorescent dyes have wide range of applications from paints and textiles to 

advanced photonic devices,
7
 biomedical researches

8
 such as labeling of 

biomolecules,
9
 and construction of biosensors

10
.   

 Due to the advancement of fluorescent spectroscopy, fluorescence has 

become the most powerful signal transduction mechanism.
11

  Several features of 

fluorophores such as lifetime, intensity, anisotropy and energy transfer could be 

employed to get a signal output.
12

  Intensity change as a signal transduction 

component seems most promising. Significant change in intensity could be 

obtained by applying FRET
13

 or photoinduced electron transfer to suppress the 

signal.  We have utilized photoinduced electron transfer mechanism as a signal unit 

as it provides massive change in intensity of fluorophores.  
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Figure 1.1.  Jablonski Diagram. Adapted from The Molecular Probes® 

Handbook—A Guide to Fluorescent Probes and Labeling Technologies. 

1.1 Photoinduced Electron Transfer 

Photoinduced electron transfer (PET) is well established mechanism in 

which the fluorescence of a fluorophore is quenched (reduced fluorescence 

intensity of fluorophore) due to electron transfer from donor moiety to acceptor 

fluorophore.
13

  PET sensors consist of three important components, fluorophore, 

spacer, and receptor (Figure 1.2).
14

  The spacer keeps fluorophore and receptor in 

proximity but separate from each other.  In the presence of an analyte, the 

fluorescence of the fluorophore turns on (Figure 1.3b) as arresting of the non-

bonding electron transfer from receptor to the proximate excited fluorophore 

(Figure 1.3a). Weller studied the thermodynamic features of the PET mechanism. 

He stated that electron transfer is only possible if excited-state of the fluorophore 

has sufficient energy to oxidize the receptor and reduce the fluorophore. The 

fluorescence-on state PET becomes thermodynamically disfavored because of an 

increase in oxidation potential of the receptor on binding with an analyte.
15
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.  

Figure 1.2.  The ‘fluorophore–spacer–receptor’ format of fluorescent PET sensors. 

Adapted from reference 14.
 

 

Figure 1.3.  (a) An electron transfer from receptor to the photo-excited fluorophore 

provides the ‘off’ state of the sensor. (b) Halting of electron transfer from the 

analyte-bound receptor provides the ‘on’ state of the sensor. Adapted from 

reference 14.
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Figure 1.4.  Molecular orbital energy diagrams which show the relative energetic 

dispositions of the frontier orbitals of the fluorophore and the receptor in (a) the 

analyte-free state and (b) the analyte-bound state. Adapted from reference 14.
 

Fluorescence off-on phenomenon has also been described in terms of 

molecular orbital energy diagram.
16

  The low lying of HOMO of the excited 

fluorophore lower than that of HOMO of receptor facilitates the electron transfer 

(Figure 1.4a) and results in quenching of fluorescence.  Coordination of receptor 

with an analyte alters the fluorescence on (Figure 4b) because of low lying HOMO 

of analyte bound receptor than HOMO of fluorophore.  Thus PET occurs when the 

oxidation potential of the receptor is smaller in magnitude than that of the 

fluorophore.
14,17

  The opposite applies in the case of fluorescence on-off sensors. 
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The selectivity of a receptor for the interested analyte is a big challenge for 

designing sensors.  To improve selectivity, extensive use of development of 

macrocyclic hosts has been introduced to enhance signals.  Crown ether, cryptands, 

cyclophanes, calixarenes, cyclodextrin, and cucurbiturils have been so utilized.  A 

PET sensor containing macroycle receptor, diaza-18-crown-6, and fluorophore, 

benzofurans shows excellent selectivity with K
+
 and responds very efficiently as 

fluorescent off- on (Figure 1.5).  Therefore, this sensor has been commercialized to 

detect concentration of K
+
 ion in blood.

18
  Similarly, highly selective PET sensors 

for Na
+19

 and Ca
++ 20

 ions have already been commercialized.  Recently reported 

PET metal ion sensors could be used to image ions in living cells by the use of 

fluorescence microscopy.
21

 Although massive development of PET metal ion 

sensors there are very few reports could be found on PET biosensors.  In this case 

fluorescence on state achieves due to conformational change in protein move the 

quencher away from the fluorophore.
 22

 

 

Figure 1.5.  Potassium free sensor at Fluorescent off state and switch to on state in 

presence of potassium. Adapted from reference 18.
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1.2 Macrocyclic Host, Cucurbit[7]uril  

Excellent binding of crown ether to alkali metal ions demonstrated by 

Pederson inspired intensive development of host-guest chemistry.
23 

 Biological 

processes such as catalysis and ion transport especially work on molecular 

recognition processes.  These processes are driven by non-covalent interactions 

such as hydrogen bonding, ion dipole interactions, π-π dispersion interaction, Van 

der Waals interaction, and hydrophobic interaction.
24

  Host-guest complexation is 

also known as supramolecular chemistry as it deals with weak interaction to 

assemble subunits.
25    

Similar to hydrophobic pocket of several enzymes, most of macrocyclic 

hosts possess concave interior.
26

  Due to the mimicry of these hosts with enzymes 

these can have potential application in the development of sensors, catalysis, 

information technology, removal of contaminants, nuclear waste treatment, drug 

delivery.
24  

Therefore examination of the intermolecular non-covalent interaction 

between host and guest  has grown a major area of study.  Until now different types 

of molecular hosts have been developed, e.g., cryptands, cyclophane, cavitands, 

carcerands, calixarene, cyclodextrin, and recently cucurbituril.
27

   

  Cucurbiturils are macrocyclic methylene-bridged glycouril oligomer that 

we will apply in our studies.
28

  The name cucurbiturils came from Latin word 

cucurbitaceae due to its shape resemblance to that of pumpkin.  These were first 

synthesized in 1901 by Behrend and co-workers by the condensation of glycoluril 
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with formaldehyde in concentrated HCl and known as “Behrend’s polymer”.
29 

Later on in 1981, Mock and co-workers were able to characterize this polymer as a 

macrocycle of  

 

Figure 1.6.  Line drawing of some reported host macromolecules. Adapted from 

Sherman.
30
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six glycouril unit and named as cucurbit[6]uril.  Cucurbiturils were able to gain 

huge attention from a large number of research groups after their convenient 

synthesis and isolation procedure developed by Kim
31

 and Day
32

.  Several 

homologous of cucurbiturils have been synthesized by performing the condensation 

under milder kinetically controlled conditions and isolated as CB[n] (n = 5, 6, 7, 8, 

and 10; n represents the number glycouril monomer). 

 

Figure 1.7.  Line drawing of CB7.  Adapted from Halterman and co-workers. 
46

 

Cucurbiturils possesses hydrophobic cavity similar to cyclodextrins.  

Cyclodextrins are the oligomers of glucopyranose units.
33

  Three homologs of 

cyclodextrins have been reported and they are described as α, β, and γ on the basis 

of number of glucopyranose units 6, 7, and 8 respectively.  Cyclodextrins are 

synthesized from starch in the presence of bacteria Bacillus macerans.
34   

Cyclodextrins (CDs) are known to be very important and promising macrocyclic 

hosts due to their excellent solubility in water, inexpensive, readily availability 

commercially, non-toxicity, and easy functionalization.
34

  Cyclodextrin 
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encapsulates a variety of hydrophobic compounds in water via hydrophobic and 

Van der Waals interaction.
34

   Though cyclodextrins have multiple benefits, their 

limited selectivity, especially for cationic guest compounds, has driven the research 

towards the search for another macrocyclic host for cationic molecules. 

Similar to cyclodextrins, some oligomers of cucurbiturils (CB5 and CB7) are 

sparingly soluble in water.  They have negligible toxicity in vitro and vivo.
35

 More 

importantly, unlike cyclodextrins these have excellent selectivity for cationic 

species.
27b

 These hosts form inclusion complexes with cationic organic moieties 

through ion-dipole, hydrogen bonding, and hydrophobic interactions.  The presence 

of electron rich carbonyl portals and inner hydrophobic cavity on these hosts drives 

the complexation with organic cationic guest.  

Mock identified CB6 as a host and reported its high binding affinity for 

ammonium species.
36

  Moreover, his and Tuncel’s group described the shuttling 

feature of CB6 from one docking site to another with external stimuli such as pH  

opened new route for their aplications in catalysis, supramolecular switches etc.
37

  

However, the small cavity (Table 1.1) of CB6 limits its application as it can 

accommodate only the small guests.  CB7 can bind with a large range of guests as 

its portal diameter and inner cavity is larger than CB6 and comparable to β-

cyclodextrin (Table 1.1).  A large number of research groups such as Kaifer, 

Macartney, Isaacs, Nau, and others have put their effort to gain information 

regarding to inclusion complexes of CB7 with other cationic group so that CB7 can 
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be applied to various application such as catalysis, drug delivery, sensors, and 

biological probes.  

Table 1.1.  Cavity dimensions and aqueous solubilities of CB[n] and CD hosts, 

Adapted from Wyman’s thesis. 
38
 

 

Kaifer and coworkers has investigated the mode of binding of aliphatic as 

well as aromatic substituents viologen (4,4’-bipyridinium) by using NMR 

spectroscopy.
39

 CB7 produces very stable inclusion complexes with viologen that 

has short alkyl chain in which the aromatic unit of the bipyridinium species fits 

tightly inside the host cavity and two positively charged nitrogen atoms encircled 

by portal carbonyl oxygens of CB7.  In support of this fact, they showed the large 

upfield shift (Figure 1.7a) of the β protons of methyl viologen (abbreviated as 

MV
2+

) upon CB7 inclusion, similar binding mode reported by Kim.
40

  In 

continuation, they published external complexation with longer alkyl substituted 

viologen and benzyl substituted viologen, where CB7 docked at one of aliphatic 

chains or benzyl moiety. 39b   
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Figure 1.7a.  Inclusion complex. Adapted from Kaifer and co-workers.
39  

  

Figure 1.7.  
1
H NMR spectra (300 MHz, 0.2 M NaCl-D2O) of MV

2+
 in the absence 

(bottom) and in the presence (top) of 1 equiv of CB7. Adapted from Kaifer and co-

workers.
39a 

In further support of their findings, they employed NMR titration upfield 

shifts of aromatic protons of benzylic unit and splitting of their singlet into three 

separated peaks indicated engulfing of benzyl group into the cavity of CB7(Figure 

1.8)  and interaction of positively charged nitrogen with the carbonyl oxygens of 
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CB7.
41

  Recently, their group has developed a pH controlled pseudorotaxane in 

which shuttling of CB7 from one binding to another site could be observed upon 

change of pH.
42

 

 

Figure 1.8.  External Complexation of benzylviologen with CB7. Adapted from 

Kaifer and co-workers.
41  

Isaac and co-workers have reported 1:1 complexation of CB7 with a large 

variety of guest molecules (Figure 1.9).
43

  By employing 
1
H NMR competition 

experiments they were able to determine the binding constant in aqueous solution 

and found from a range 10
4 

to 10
12 

M
-1

.  This extraordinarily high selectivity and 

affinity of CB7 with several cationic species is due to a combination of 

electrostatic, hydrophobic and steric interactions.
44
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Figure 1.9.  List of guest compounds used by Isaacs and co-workers to study 

complexation with CB7. Adapted from Isaacs and co-workers.
43

  

   Nau and co-workers reported the advantages of complexed fluorophore, 

rhodamine 6G with CB7.  The increase in photo-stability of rhodamine 6G, 

fluorescence enhancement, reduction of nonspecific adsorption and aggregation 

effects are due to complexation dye with CB7.
45

  A two fold enhancement of 

dodecane- tethered rhodamine B complexed with CB7 has already been reported by 

us.
46

 Complexation of CB7 with tethered rhodamine B decreases the H-dimer 

aggregation and results increase in brightness. Interestingly our lab investigated the 

photophysics of single CB7/rhodamine 6G molecules by immobilizing CB7 on 

glass surface and noticed  strong binding with  rhodamine 6G with increase  in 

brightness because of suppression of solvent induced nonradiative relaxations.
46b
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1.3 Self Assembled Monolayer on Gold Nanoparticles 

Though complexation of rhodamine B with CB7 is beneficial in terms of 

brightness, a mere two fold enhancement cannot be applied in the construction of 

biosensors.  When a fluorophore is placed in proximity to metal nanoparticles like 

gold, silver, the fluorescence of fluorophore is dramatically changed. A fluorophore 

within 5 nm from gold surface experiences quenching whereas greater than this 

distance cause dramatic fluorescence enhancement.
47

  The quenching phenomenon 

has been utilized to develop fluorescence off-on biosenors.  Initially fluorescence is 

off due to energy transfer, orelectron transfer from excited fluorophore to metal 

nanoparticles.  Binding of an analyte with a recognition unit moves the fluorophore 

away from metal and turns the fluorescence on.
48

  Gold nanoparticles are better 

candidates for biological applications because of its chemical inertness and can 

readily incorporate to fluorophores or biomolecules. 
49

 For the incorporation of 

invaluable molecules on gold it is necessary to be familiar with the properties of 

gold.  

Organic molecules having suitable functionality spontaneously adsorb on 

metal surface to yield well ordered monolayer known as self assembled monolayer 

(abbreviated as SAM).
50

 Since gold has high affinity to thiol, alkane thiol  
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Figure 1.10.  Self assembled monolayer of alkanethiols on gold surface. (Diagram 

produced by Lloyd Bumm). 

chemisorbed on gold surface to provide SAM.
50

 Fluorophore or biomolecules 

possessing thiol functionality can easily be attached to gold surface. Desirable 

molecules can also be successfully coupled to the gold surface by performing 

ligand exchange. High affinity ligand replaces weakly bound phosphines or citrate 

ions with thiols.
51

 In addition, complex thiols or disulfides are able to replace 

simple thiols.
50,52

 Fluorophores or biomolecules can also be connected to gold by 

performing mild chemical reactions, such as nucleophilic substitution, amide 

coupling, metathesis, on SAM.
53

 The surface of the SAM can conveniently be 

tailored by employing suitable functionality on terminal end of alkanethiol. 

Similarly fluorophores or biomolecules could be modified with suitable 

functionality to couple with the functionality of alkanethiol so as to attach to gold 

nanoparticles.   

   



 

 

17 

 

1.4  Research Focus 

This thesis describes our effort towards the development of methodology for 

generating self assembled monolayer on gold nanoparticles.  Investigation of 

optical properties of directly attached bodipy to gold surface is described. The 

extension of this project to develop procedure for place exchange by employing 

several ligands on gold nanoparticles is documented. Second part of the body 

covers our effort to design novel fluorescence off-on dyads as a signal unit and to 

investigate their fluorescence off-on efficacy. Finally investigation of fluorescence 

off-on efficacy of dyads through competitive binding of guest molecule with host at 

different pH is presented. 
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Chapter II: NMR and STM Study of Efficacy of Various Cleaving 

Agents for Thioacetate Cleavage and Molecular Order of SAM 

Prepared in the Presence of those Agents 

2.1  Chapter Overview 

This chapter presents the development of a simple methodology for obtaining 

high-quality, well-ordered, and high-density crystalline (√3x√3)R30
o
 

organothiolate SAMs from organothioacetate  under ambient benchtop conditions. 

Organothiols are typically chemisorbed on the gold nanoparticles spontaneously to 

give an ordered monolayer known as self-assembled monolayer (SAM).  However, 

the high reactivity of the thiol functionality can limit the direct use of organothiol. 

Thus acetyl protected thiol was reported to be deprotected in mild acidic or basic 

solutions before or during formation of SAMs.
19

 Formation of SAMs in situ 

deprotection of thioacetate have already been reported and characterized by 

ellipsometry X-ray photoelectron spectroscopic (XPS), infrared reflection 

absorption spectroscopy (IRRAS), near-edge X-ray absorption fine structure 

(NEXAFS), electrochemistry, contact angle, and/or surface plasmon resonance 

(SPR) measurements.
16

  Though these techniques measure the average bulk 

properties of SAMs, molecular order of SAMs could not be analyzed.  Lack of 

study of molecular order of SAM produced in situ cleavage of thioacetate with 

several cleaving agents inspired us to put our efforts in this direction.  We used an 

NMR study to study the cleaving ability of thioacetate with several reagents.  Also, 

STM study was done on SAMs obtained during in situ cleavage of thioacetate with 
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those reagents to correlate reagents with surface quality. A simple method was 

established to produce well-ordered SAMs.  A work described in this chapter has 

been published.
1
 

2.2  Introduction 

Organic molecules spontaneously adsorb on the substrates in an ordered array to 

produce crystalline or semicrystalline structures known as self-assembled 

monolayer (SAM).
2  

Organic molecules that have functionality, called head groups, 

with specific affinity for substrates drive the formation of SAM.  For example, Pd, 

Ag, and Au have high affinity to sulfur in thiols.  There are several well known 

SAMs (Figure 2.1) such as silanes on silicon, phosphines on platinum or palladium, 

and siloxanes on glass.
3,4,5,6  

SAMs have become important tools in surface science 

as these provide a convenient, flexible, and simple system.2  Several applications of 

SAMs can be found ranging from engineering to biology.
7
 Their invaluable 

importance can be found in the construction of biomolecular and molecular 

electronic devices,
8, 9

 protection of metal against corrosion,
10

 preparation of 

biocompatible platforms,
11

 or immobilization of biological species.
12 

Alkanethiol SAMs on Au (111) have been intensively studied for the past 

two decades because of their high stability to air and  moisture. In contrast silane 

SAMs can hydrolyze and form polymers.3-7  The physical and chemical properties 

of the SAM surface can be tailored with  suitable functionality by adding a tail 

group or terminal group, on the opposite end of the thiol molecule.
13

  Furthermore, 
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SAMs are gaining more attention because of their ease of preparation and low cost 

of solution deposition.  When Au (111) is treated with pure alkanethiol molecules 

well ordered, crystalline structure (√3x√3)R30
o
 SAM is formed due to both strong 

chemisorption of thiol on gold and van der Waal interaction between the alkyl 

chains. 

 

Figure 2.1. Schematic diagram of SAM, adapted from ref. 2. 

The chemisorption of organothiols from solution or vapor onto the gold is a 

widely used method to form molecularly –ordered organothiolate monolayers.2
 
 It 

is well known that under ambient and benchtop conditions organothiol samples can 

be easily oxidized to form disulfides.  The lower solubility and vapour pressure of 

disulfide compared to parent thiol may affect the nature of SAMs formation. 
 
The 

presence of disulfide in the thiol samples can result SAMs with high defect 

density
14

 and poor molecular order.
15

  Also, dithiols are prone to polymerization 
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both in solution and on the surface that leads to the formation of multilayers rather 

than monolayers.
16

 

2.2.1 Protection of Thiol Derivatives  

Disulfide formation could be minimized by protectting the thiols and the 

deprotecting before or during the formation of SAM in situ. This approach has been 

employed by several groups using thiocyanates,
17, 12 

S- tritylalkanethiols,
18

 and 

acetyl- protected thiols
16,19 

as a precursor for thiol and allowing their facile 

deprotection and monoayer formation.  Especially, acetyl-protected thiols 

(thioacetates) have gained much attention due to their ease of preparation from 

alkyl halides and deprotection with mild reagents to the parent thiol.  Furthermore, 

thioacetates do not oxidize to disulfide upon storage. 

2.2.2 Deprotection of Thioacetates  

Tour et al.
16 

reported that the thioacetate group could be a useful precursor 

for thiol in the formation of monolayer.  
 1

H and 
13

C NMR analysis in THF –d8 

indicated the complete hydrolysis within 10 min whereas other bases such as N,N-

dipropylamine or 4-N,N-dimethylaminopyridine (DMAP) were found to be less 

effective. The researches allowed acetyl-protected arylthiol to react with NH4OH in 

THF prior to exposure to gold surface and found that the thickness (ellipsometry 

and XPS) of monolayer of the resulting SAM matched the expected full 

monolayer.
16 

 Additionally, this group also attempted the preparation of  SAMs 

from arylthioacetate without using exogeneous base.
16  

The thickness of these 
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SAM’s did not match the thickness of the expected monolayer.  This anomaly 

could be due to the presence of higher concentration of thiolate in base catalyzed 

thioacetate hydrolysis.
16

  The absence of the carbonyl stretch in SAM from IR 

studies supported that the SAM formation takes place only after the cleavage of 

acetyl group to thiolate.
16

  Furthermore, IR analysis of phenylene ethynylene 

molecules showed that these rigid-rod molecules were standing up, oriented within 

20
o
 of the surface normal, and had infrared intensities consistent with a full 

monolayer.  Direct adsorption of thioacetate suggested to be occurred possibly due 

to the hydrolysis of thioacetate by trace amount of water or enols of the thioesters.
16

 

This results indicated that arylthiol produced after the hydrolysis would go to gold 

surface to form monolayer. However limited concentration of arythiol in 

arylthioacetate, as no exogeneous base was used, would not result well ordered 

monolayer.   

Inspired from Tour’s initial work
16

 notable studies could be found on SAM 

formation in situ cleavage of arylthioacetate and alkanethioacetates by using a 

number of exogenous bases in different solvents. Several reagents in different 

solvents are known for cleaving of thioacetate NH4OH or conc. H2SO4 in EtOH,
19a  

NH4OH in EtOH, THF, or acetone/MeOH, Cs2CO3 in acetone/MeOH or conc. 

H2SO4 in CH2Cl2/MeOH,
19b 

triethylamine or NH4OH in DMF,
20

 NaOH in EtOH,
21

 

or EtOH/H2O.
22

  The cleaving reactions were done in a range of 0.1-1 mM 

thioacetate in the presence of 0.1 mM-0.2 M of cleaving reagents. The molar ratio 
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of cleaving agent to the thioacetate could be found from unity to over a thousand-

fold excess. 

Tour et al.
16

 and other subsequent groups
19-22

 characterized the produced SAM 

through in situ cleavage of thioacetate by calculating thickness using ellipsometry, 

X-ray photoelectron spectroscopy (XPS), infrared reflection absorption 

spectroscopy (IRRAS), near-edge X-ray absorption fine structure (NEXAFS), 

electrochemistry, contact angle, and/or surface plasmon resonance 

(SPR)measurements.2
, 16

  However, these techniques only measured the bulk 

properties such as thickness and molecular tilt.  An advancement in direct imaging 

techniques such as STM ( Scanning Tunneling Microscope) or a surface diffraction 

technique such as grazing incident X-ray diffraction (GIXRD) make it possible to 

measure  the molecular order and crystallinity of the SAM.  Niklewski et al.
22 

unsuccessfully attempted STM measurement to characterize the SAM produced by 

an in situ cleavage of thioacetate. To the best of our knowledge, no systematic 

characterization of molecular order on SAM formed by deprotection of thioacetates 

has been reported. 

2.2.3 Direct Use of Thioacetates  

Few reports have claimed that thioacetate can be directly employed in the 

formation of SAM.
16, 19,23,24,25

 Direct deprotection of thioacetate can take place in 

the presence of gold.
19d  

Formation of a monolayer of  1,8-octane-dithioacetate and 

1,4-di(phenylethynyl-4’,4’’-diacetylthio)-benzene  in ethanol : THF or 1:  1 
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dichloromethane : ethanol has also been reported.
19d

 Thus prepared monolayer was 

confirmed by SPR, XPS, and TOF-SIMS measurements.  Lee’s group also carried 

out direct adsorption of alkylthioacetate on gold surface and characterized the 

resulted SAM by XPS and IRRAS techniques. The group concluded that with a less 

densely packed and less ordered SAM was produced from alkylthioacetate than 

from their parent thiol.
24  

In another report, the alkylthioacetate was carefully 

purified to remove any residual thiols.
25  

Thus obtained thioacetate was directly 

used to obtain SAM and characterized by infrared reflection absorption 

spectroscopy (IRRAS), X-ray photoelectron spectroscopy (XPS), near-edge X-ray 

absorption fine structure (NEXAFS) spectroscopy, optical ellipsometry, 

contactangle measurements, and STM.  STM imaging indicated the high density of 

ordered flat lying molecules and very small regions for upright standing molecules 

especially at the edges and defect sites. Thus, if direct cleavage occurs, it is not 

expected to occur at a rate sufficient to allow formation of large region of dense 

upright phases.  Furthermore, XPS and IRRAS studies indicate the presence of 

thiolate mostly at the molecule-gold interface in thioacetate-derived SAMs and 

may be occassionally due to trace thioacetate.
25 

 In summary, SAM obtained from 

thioacetates with or without cleavage by exogenous base, has been previously 

shown to produce thiolate SAMs with monolayer coverage, but with a large degree 

of uncertainty regarding long-range crystalline molecular ordering. 
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2.2.4  Functionalization of Tail Group  

Since all the molecules of interest cannot produce good SAMs, they can be 

introduced after the formation of SAMs. This can be done by two ways: (a) 

insertion of synthesized thiol into defect site of SAMs (Fig 2.1.2a) or (b) 

modification of the terminal functional group (Fig 2.1.2b) of SAMs.
2
  The second 

method is the most widely used.  In this method SAMs having specific terminal 

functional groups can be used to couple with the molecule of interest having 

suitable functionality.  Modification of terminal group in a controlled manner is a 

subject of great interest as it provides the possibility to tailor the surface properties, 

e.g. wettability, friction, adhesion and conductivity.
13,26  

These surfaces find many 

applications in various fields, such as microelectronics, optoelectronics, thin-film 

technology, protective coatings, chemical sensors, biosensors, nanotechnology, 

bioactive surfaces, cell adhesion, protein adsorption and others.
27

 The coupling 

could be done through the noncovalent interactions as well as by forming the 

covalent bond. A monolayer of the polypeptide poly- (L-lysine) (PL) was reported 

onto a SAM of 11- mercaptoundecanoic acid (MUA) through electrostatic 

interaction between the MUA carboxylate and the lysine ammonium groups as well 

as through covalent linkage,  amide coupling.
28

  Mrksich’s group 
29

 has used SAMs 

with maleimide functionality to attach peptides and carbohydrates having thiols 

functionality. Several other groups have utilized the amide coupling, nucleophilic 

substitution for anchoring the desired molecules on SAM.
30
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Recently Collman’s group reported the use of click chemistry on the Au(111) 

to immobilize ferrocene.
31

  Sharpless click chemistry works under mild conditions 

in a wide range of pH and regioselectively in the presence of copper (I) catalyst.
32

  

Furthermore, introduction of azide and alkyne functionality is convenient and also 

these possess extraordinary tolerance of other functionality.  Collman’s group 

studied click chemistry on gold surface using ellipsometry, grazing angle infrared 

spectroscopy, and electrochemistry.  However, these techniques could not provide 

enough information on molecular order and reactivity of click chemistry.  

Therefore, we used STM techniques to gain more insight on molecular order and 

reactivity of click chemistry to introduce desired molecules in a more controlled 

manner.  

                    

  Figure 2.2a and b.  Introduction of molecules after the formation of SAMs 

(Figures are adapted from ref 2). 
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2.3  Results and Discussion 

In spite of a wide range of applications of SAMs, there was still missing data 

on molecular order of SAMs of acetyl-protected alkanethiol and in situ cleavage of 

alkanethioacetate. Thus we thought to carry out the NMR study of cleavage of 

decanethioacetate with various cleaving agents and compare the molecular order of 

SAMs formed in the absence and as well as in the presence of cleaving agents.  

Distinct differences were observed in the quality of high density, upright-standing 

SAMs formed in the presence of several cleaving agents.  SAMs produced in the 

presence of different thioacetate cleaving agents ranged from almost completely 

disordered to almost completely ordered regions.  Though the exact percentages of 

molecularly ordered SAM regions were not quantified, this qualitative information 

is sufficient in setting procedures that favor the formation of well-ordered SAMs on 

Au(111). 

Decanethioacetate (C10SAc)
 
was prepared by the reaction of 1-bromodecane 

with potassium thioacetate in ethanol at room temperature for overnight and 

purified by simple bulb- to-bulb vacuum distillation (scheme 2.1).  The 
1
H

 
NMR 

spectra matched with that described in the precedent literature.
24, 33

 The purified 

acetyl-protected decanethiol was found to contain 0.04% decanethiol and 0.01% 

decanedisulfide by GC-MS integration using total ion current.  All the STM 

measuremnts were performed by Daminda H. Dahanayaka in Dr. Bumm’s lab. All 

the samples were prepared under ambient benchtop conditions with no attempts to 
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exclude oxygen.  For STM studies concentration of decylthioacetate and cleaving 

agents was limited to 2.5 mM in absolute ethanol.  The solution of the mixture was 

allowed to stand for 1 h for deprotecton of thioacetate prior to exposure with 

Au(111) substrates.  Freshly H2 flame annealed (cleaned) Au(111)/mica substrates 

were immersed in that  solution for 16 h.  Au(111) substrates were then removed, 

rinsed in absolute EtOH, and blown dry with dry N2.  All sample preparation was 

performed at room temperature under ambient atmospheric conditions.  Constant 

current STM imaging was performed in a dry N2 purged atmosphere, as this 

condition known to routinely produce excellent molecularly resolved images of 

decanethiol/Au(111) SAMs.
34

 

 

 

Scheme 2.1. Synthesis of decanethioacetate. 

2.3.1 STM Studies of Direct Adsorption of C10SAc 

Decylthioacetate solution was exposed to Au(111) for the formation of SAM 

and thus resulted SAM was studied under STM. STM image of acetyl-protected 

decanethiol demonstrates the high density upright chains with almost no molecular 

ordering.  Very small islands of expected crystalline structure (√3x√3)R30
o 

were 

observed (Fig 2.3) whereas similar conditions in the case of decanethiol leads to 

well-ordered monolayers composed of (√3 x √3)R30
o
 domains.  Molecular ordering 
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of SAM of decanethioacetate exhibited no improvement when molecularly 

disordered SAM of decylthioacetate was re-exposed to decanethiol (vapor or in 

ethanol at 60 
o
C).  This could be attributed to kinetic stability of disordered, high-

coverage, and standing-up monolayers.  Also, SAM of decylthioacetate produced at 

higher temperature (60 
o
C) with a fresh substrate did not increase the molecular 

ordering.  

   

Figure 2.3. STM image of SAM on Au(111) grown for 16 h from C10SAc. The 

image is 100 nm X 100 nm. Tunneling conditions are Vsample = - 1 V and itunnel = 1 

pA. STM image provided courtesy of Daminda H. Dahanayaka. 
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2.3.2 Cleavage of C10SAc by NH4OH 

Most literature reports mentioned the use of NH4OH in situ cleavage of acetyl 

protected of arylthiol or alkylthiol. Therefore, we thought to carry out STM 

measurement of deprotected decylthioacetate with NH4OH.  In this initial 

experiment decanethioacetate was deprotected to decanethiol in situ with NH4OH 

for 1 h and then the Au substrate was immersed in the solution to produce SAM.
19

  

Thus produced SAM was analyzed with STM data with which it had poor, but an 

improved order (Figure 2.4) of SAM. The structure is composed of with two 

distinct regions with different heights.  No molecularly resolved imaging was 

noticed especially in the lower regions whereas sometimes (√3 x √3)R30
o 

domain 

in higher regions were noticed.  The statistical percentage of molecularly ordered 

domains was not determined. 

  



 

38 

 

 

Figure 2.4. STM image of SAM on Au(111) grown for 16 h from C10SAc, 

precleaved for 1 h in NH4OH. The image is 100 nm X 100 nm. Tunneling 

conditions are Vsample = -1 V and itunnel = 1pA. STM image provided courtesy of 

Daminda H. Dahanayaka. 

Our results for the formation of highly disordered SAMs were found to be 

consistent with those of Tour and others 
16,19

 who found near-monolayer coverages 

of high-density, standing-up molecules of undetermined molecular ordering. While 

our results contradict to those of Wöll et al.
35

 where high density of well-ordered 

flat or lying-down phase of decanethiolate were observed with highly pure 

thioacetate sample. We purified C10SAc sample by bulb-to-bulb vacuum 

distillation and stored in glass vials.  Though NMR mesurements did not indicate 

the presence of thiol and disulphide, GC-MS measurements, more sensitive, do 
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show the presence of traces of decanethiol (0.04%) and decanedisulfide (0.01%) in 

our distilled decanethioacetate sample. This trace thiol could be present through co-

distillation or through trace hydrolysis on the glassware. We believed that trace 

thiol, or disulfide, could adsorb in preference to thioacetate, might be responsible 

for formation of the monolayers.  In the case of formation of SAM in situ cleavage 

of decylthioacetate with NH4OH, the concentration of decanethiolate was not 

enough to produce well-ordered monolayer.  Furthermore, low concentrations of 

decanethiol present in our samples, initially physisorbed thioacetate could inhibit 

formation of wellordered crystalline regions, in a manner analogous to that reported 

for disulfides.  

2.3.3 NMR Studies of C10SAc Cleavage  

High concentration of thiolate is required to form well ordered crystalline 

SAM as can be seen with decanethiols.  Therefore, we wanted to investigate the 

ability of NH4OH in the cleavage of decylthioacetate. The reaction was monitored 

by 
1
H NMR spectroscopy by integrating the methylene hydrogen atoms adjacent to 

the sulfur atom. These hydrogen atoms give characteristic and different signals in 

CD3OD for the thioacetate (AcSCH2-, 2.85 ppm), the thiol (HSCH2-, 2.50 ppm) 

and the disulfide (-CH2S-SCH2-, 2.68 ppm) groups (Figure 2.5 and 2.6).  The 

disappearance of the acetyl methyl group (2.30 ppm) can also be monitored for the 

extent of thioacetate cleavage. The detailed hydrolysis or methanolysis of the 

acetate group was not determined.  Our results showed slow exchange of 

deceylthioacetate (58 mM) with NH4OH (115 mM) in CD3OD with only 54% 
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cleavage (Figure 2.7) after 48 h at room temperature in the presence of air which 

contradict to literatures
17 

where cleavage of arylthioacetate was completely 

hydrodyzed in THF-d8 within 10 min.  Also, the concentration of formation of 

disulfide was continuously increasing (31% after 48 h) with time (Figure 2.8).  

However, complete cleavage (Figure 2.9) was noted with the higher concentration 

of NH4OH (575 mM) within 6 h.  

SH  

 

Figure 2.5.  NMR spectrum of C10SH in CD3OD. 
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S

O

 

Figure 2.6.  NMR spectrum of C10SAc in CD3OD. 

The 2.5 mM solutions we employed to grow SAM were not able to provide 

higher concentration of decylthiolate and ended with poor ordering monolayer.  

This result correlates to our expectations should have sufficient amount of thiolate 

in the solution to form well ordered SAMs similar to decanethiol.  In such a low 

concentration of NH4OH most of the decylthioacetate remains uncleaved and thus 

resulted to only small regions of well-ordered monolayer.  

Since our major goal was to find a simple methodology for obtaining high 

density, well-defined, and molecularly ordered decanethiolate monolayers on gold 

nanoparticles, we used several bases for in situ cleavage of the acetyl-protected 

decanethiol.  The extent of cleavage of decylthioacetate was examined by using 
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various cleaving agents, mostly reported in the literature for thioacetate cleavage, 

by NMR spectroscopy.  Methanol-d4 was chosen as a model solvent because we 

were growing our SAM in absolute ethanol.  Since decanethiol gives well-ordered 

monolayers we hypothesized that reagents and conditions that led to faster and 

more complete cleavage of the thioacetate to form decanethiolate would be better 

for the formation of the well-ordered monolayers. 

 

Figure 2.7. C10SAc (46 mM in CD3OD) cleavage by NMR monitoring. A: no 

additive. B: NH4OH (115 mM). C: HCl (250 mM). D: propylamine (70 mM). 
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Figure 2.8.  
1
H NMR monitored cleavage of C10SAc (46 mM) by NH4OH (115 

mM) in CD3OD. 

 

Figure 2.9.  C10SAc (46 mM in CD3OD) cleavage by NMR monitoring. A: K2CO3 

(46 mM). B: NH4OH (575 mM). C: DBU (58 mM). D: KOH (58 mM). 



 

44 

 

The mechanism of cleavage of thioacetate had already been studied under basic 

conditions.
36, 37

  Initially tetrahedral intermediate was produced due to the slow 

addition of  hydroxide to the thioacetate, formed by the reaction of bases like 

amines to water, followed by fast decomposition  of the intermediate to form thiol.  

In the acid catalyzed cleavage, protonation of carbonyl of thioacetate dictate 

towards addition of water or alcohols and form tetrahedral intermediates which 

subsequently decomposed to thiol.   

We started to study acid catalyzed cleavage and base catalyzed cleavage of 

decylthioacetate by using HCl (250 mM) and n-propylamine (70 mM) in CD3OD 

respectively side by side.  Some extent of cleavage of decylthioacetate was 

observed (Figure 2.7) but the reaction did not go to completion within 48 h even at 

these relatively higher concentrations required for the NMR measurement for better 

signals.  Furthermore, the concentration disulfide steadily increased to 11% after 48 

h with HCl (Figure 2.10) and 48% with propylamine (Figure 2.11).   

We thought to investigate the ability of cleavage with the weak base sodium 

citrate as this reagent is usually used in the synthesis of gold nanoparticles.
38  

Our 

results indicate no cleavage of thioacetate over 48 h which are similar to the 

reaction of thioacetate with methanol-d4 (Figure 2.7) only. 
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Figure 2.10. 
1
H NMR monitored cleavage of C10SAc (46 mM) by HCl (250 mM) 

in CD3OD. 

 

Figure 2.11. 
1
H NMR monitored cleavage of C10SAc (46 mM) by propylamine 

(70 mM) in CD3OD. 
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Due to incomplete cleavage of thioacetate with HCl and propyl amine, we 

examined the efficacy of cleavage of decylthioacetate with stronger bases.  We 

used K2CO3 as a cleaving agent for cleaving decylthioacetate and found complete 

cleavage within 24 h (Figure 2.9) and with19% disulfide (Figure 2.12) after 48 h. 

The reason for more effective cleavage could be due to the presence of higher 

concentration of nuccleophilic CD3O
-
 K

+
 species.  We also examined the efficacy 

of cleavage of decyl thioacetate with the strongest bases, KOH and DBU, and 

observed the complete cleavage of the thioester within minutes for KOH and within 

2 h for DBU (Figure 2.9).  Both the reactions were continously monitored to find 

the amount of formation of disulfide over 48 h and observed 30% in KOH (Figure 

2.13) and 46% in DBU (Figure 2.14).  Such type of fast cleavage of thioacetate by 

these two reagents could be due to their basicity (aqueous pKa of conjugate acid is 

about 16 in each case) high concentration of CD3O
-
 (K

+
 or H-DBU

+
) present in the 

solution. 

 

 
Figure 2.12.  

1
H NMR monitored cleavage of C10SAc (46 mM) by K2CO3 (46 

mM) in CD3OD. 
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Figure 2.13.  
1
H NMR monitored cleavage of C10SAc (46 mM) by KOH (58 mM) 

in CD3OD. 

 

Figure 2.14.  
1
H NMR monitored cleavage of C10SAc (46 mM) by DBU (58 mM) 

in CD3OD. 

Also, the extent of cleavage of decylthiolate was studied by NMR 

spectroscopy in THF-d8 by using NH4OH, Cs2CO3, and DBU to compare our 

results to those reported in the literatures.  However, we did not use the 

decylthioacetate solution in THF-d8 for the growth of SAM.  No cleavage was 
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observed in the case of decylthioacetate in THF-d8 solvent only over 48 h.  Similar 

result was observed when Cs2CO3 (46 mM) or NH4OH (58 mM) were used as 

cleaving agent for decylthioacetate over 48 h.  While lower extent of cleavage of 

decylthioacetate was observed with more concentrated NH4OH (173 mM) or DBU 

(58 mM) as compared to cleavage in methanol-d4 (29% and 72% cleavage at 24 h, 

respectively). 

2.3.4 STM Imaging of in situ Deprotected C10SAc 

SAM was grown by following the same procedure described above in this 

work (for the NH4OH cleaved SAMs) with different cleaving agents.  The SAMs 

produced this way were analyzed by taking their STM measurements.  Formation 

of SAM was repeated many times with those cleaving agents under identical 

condition and took hundreds of images.  However, only one image from each 

cleaving agents as a representative of that agents has been shown in Figure 2.15.  

As in alkanethiol SAMs, all samples contained Au(111) substrate steps and 

vacancy islands.  As expected, in the case of SAM produced by HCl-reacted 

thioacetate only small ordered regions could be observed as in NH4OH.  Our result 

of poor ordered monolayer was found to be consistent with the NMR data where 

we could see the low extent of cleavage of decylthioacetate with HCl as in NH4OH.  

Unsurprisingly, n-PrNH2 produced slightly better order SAM as the extent cleavage 

of thioacetate with amine was more than that of HCl.  Additionally, SAM produced 

by K2CO3-treated thioacetate was found to be more ordered whereas high degree of 

ordered SAMs were observed in DBU and KOH (Figure 2.15). 
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Qualitative molecular order can be visualized by looking at structural domain 

boundaries.  This is observed between the crystalline domain of different 

orientation and the position of substrate.  The well ordered SAM has lack of zigzag 

row and mostly with straight lines between the different domains and run in the Au 

(110) crystallographic directions.  Poor ordered domains do not have structural 

boundaries whereas well-ordered regions do have the crystalline islands which are 

surrounded by lower disordered regions. As the crystalline order increases to an 

intermediate level, the structural domain boundaries appear between neighbouring 

crystalline domains.  The disordered regions appear interstitial to some ordered 

regions, existing as connected areas and expanded domain boundaries.  A very 

well-ordered SAMs have a high degree of crystalline order and the entire surface is 

composed of domains with crystalline order directly separated by domain 

boundaries, but with little or no disordered regions. 
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Figure 2.15. STM images SAMs on Au(111) grown for 16 h in 2.5mMC10SAc in 

EtOH grown from a solution premixed for 1 h with 2.5mM of (A) HCl, (B) PrNH2, 

(C) K2CO3, (D) DBU, (E) KOH, and (F) Bu3P. Each sample was grown from 2.5 

mM each in ethanol (1 h premix, 16 h immersion of Au/mica). All STM images are 

100 nm X 100 nm. Tunneling conditions are Vsample = -1 V and itunnel = 1 pA. STM 

image provided courtesy of Daminda H. Dahanayaka. 

Also, we noticed that in a low to intermediate degree of order the disorder 

regions are lower than the crystalline regions while in a high degree of order the 

scattered or isolated disoredered regions appear higher. This effect was observed in 

the DBU STM image (Figure 2.15 D).  To gain more insight of this effect more 

characterization of the chemical composition of disordered regions could be 

needed.  
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2.3.5 Cleavage of Phenylthioacetates 

We also carried out the NMR measurement experiments for cleavage of 

arylthioacetate to aryl thiol with NH4OH, HCl, KOH, and DBU as the most of the 

literature reports are based on in situ cleavage of arylthioacetate. However growth 

of SAM with phenylthioacetate was not performed.  The extent of cleavage is 

similar as with C10SAc (Figure 2.16) and this NMR results are consistent with 

reports in literatures.
37

  UV analysis shows the complete cleavage of arythioacetate 

(0.5 mM) by NH4OH (37.5 mM) in acetone/MeOH after 30 min.
19b

  Furthermore, 

cyclic voltammetry studies demonstrate at least 1 h precleavage of arylthioacetate 

with strong base at low concentration (0.27 mM NaOH in EtOH) necessary for the 

saturated adsorption on the electrode.  When the levels of electrode passivation by 

adsorption were studied using cyclic voltammetry, it was found that more than an 

hour of precleavage was required for the adsorption rate to saturate when strong 

base at low concentrations (aryl thioacetate 0.1 mM with 0.27 mM NaOH in EtOH) 

was used.
20
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Figure 2.16. 
1
H NMR monitored cleavage of phenylthioacetate C6H5SAc (46 mM) 

by: A. NH4OH (58 mM), B. HCl (58 mM), C. KOH (58 mM), and D. DBU (58 

mM) in CD3OD. 

2.3.6 Effect of Added Tributylphosphine 

Our procedure for forming a well ordered SAM is technically simple as it can 

be done at ambient temperature in air.  We also noticed that on increasing the time 

the formation of amount of disulfide keep on increasing under more basic 

conditions which could change the molecular order of SAM.  It is well known that 

tributylphosphine (Bu3P) can reduce aryl or alkyl disulfides to their respective 

thiol.
39

  Thus we used Bu3P as a sacrificial reductant to convert disulfides to 

thiols.
40

  Initially we monitored the cleavage of C10SAc (46 mM) by DBU (58 

mM) in the presence of Bu3P (58 mM) by NMR spectroscopy.  As in the previous 

results, cleavage was almost complete within 15 min and was found to be complete 

by 2 h. As assumed no disulfide was observed even after 48 h (Figure 2.17).  The 
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SAM grown on gold nanoparticles (C10SAc 2.5 mM, DBU 2.5 mM, Bu3P 2.5 mM 

in ethanol, 1 h premixing, 16 h immersion) contains well-ordered domains (Figure 

2.18) as in DBU alone. STM experiments were carried out by Daminda H. 

Dahanayaka.  Furthermore, DBU and Bu3P were not interfering in the formation 

ordered monolayer. 

 

 

Figure 2.17. 
1
H NMR monitored cleavage of C10SAc (46 mM) by DBU (58 mM) 

and Bu3P (58 mM) in CD3OD.  

           

Figure 2.18. STM image of C10SAc + DBU + Bu3P (2.5 mM each in ethanol, 1 h  
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premix, 16 h immersion of Au/mica). Two scan sizes are shown: left 100 nm × 100 

nm, and right 50 nm × 50 nm.  STM image provided courtesy of Daminda H. 

Dahanayaka. 

The cleavage efficiency of Bu3P on C10SAc was examined in CD3OD by 

NMR spectroscopy.  No cleavage of C10SAc was observed within 48 h.  We 

propose two reasons for this result. First, Bu3P may not be able to deprotonate the 

methanol to provide enough methoxide to cause cleavage as it is a weak base.  

Secondly, Bu3P alone may not become so effective nucleophile to cleave 

thioacetate directly in methanol solution. 

Interestingly, when SAM was grown in C10SAc and Bu3P, as a cleaving 

agent, solution, a well-ordered SAM (Figure 2.15 F) was obtained.  The quality of 

molecular order of this SAM (Figure 2.15 F) was similar to the SAM produced 

from the strong bases DBU and KOH (Figure 2.15 D and E).  However, the sizes of 

the vacancy islands in the Bu3P SAM are significantly larger than in the other 

images.  Having larger size of vacancy islands is not the characteristic of the Bu3P 

but is unique for this particular sample.  

Though Bu3P alone is not able to cleave the acetyl-protected thiol, the 

formation of well-ordered SAM with this led us to think the mechanism of cleavage 

in the presence of gold.  Bu3P is a weak base but a good nucleophile.  The 

thioacetate can coordinate to the gold surface and activate the carbonyl.  

Nucleophilic addition of Bu3P to the activated carbonyl followed by the leaving of 
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acetylphophonium group leads to the formation of thiolate. Additionally, Bu3P can 

reduce the disulfide to thiols.  The trace disulfide present in our sample could 

produce poor order SAM from the mixture of disulfide and thioacetate or mixture 

of thiol, disulfide and thioacetate.  Complete conversion of disulfide to thiol may 

allow thiol to displace the any initially adsorbed thioacetate more effectively.  

While phosphines can also adsorb weakly on Au surfaces, they can be easily 

displaced by more strongly binding thiols that are responsible to give well-oredered 

monolayer.
41 

2.3.7 Click Chemistry on Gold Surface 

 After establishing a method for preparing well-ordered SAMs, we pursued our 

investigation towards the click reaction on SAMs. Excellent stereospecific and 

requirement of mild condition attracted us towards this reaction.
42

  The product, 10-

azido decanethioacetate was synthesized by following Scheme 2.2.  The compound, 

10-bromodecan-1-ol was obtained from the reaction of 1, 10-decanediol and 

hydrobromic acid.  Nucleophilic substitution on monobromodecanol with sodium 

azide followed by conversion of hydroxyl to mesylate and further converted to 10-

azido-decanethioacetate simply by nucleophilic substituition with potassium 

thioacetate. 
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Scheme 2.2.  Synthesis of 10-azido decanethioacetate.  

The crude product, 10-azido decanethioacetate was purified by column 

chromatography.  This compoumd and decylthioacetate (precleaved in KOH) was 

used to prepare binary SAMs with islands of a longer azide terminated SAMs 

surrounded by a shorter inert alkyl SAMs (Figure 2.19).  Mixed SAM preparation 

and STM experiments were carried out by Daminda H. Dahanayaka.  The click 

chemistry was performed with p-tolylacetylene in the presence of catalyst 

IMesCu(I)Br in 3:1 t-BuOH/H2O at 45 
o
C for 2 h.  The Cu (I) catalyzed alkyne-

azide reaction (click-reaction) was found to occur 4-10 times faster at the edges of 

these islands.  The bulky transition state could sterically prevent the reaction in the 

inner region.  Click chemistry was successfully achieved on well ordered SAMs 

without any damage on their molecular order. 
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Figure 2.19.  Binary SAMs. Image provided courtesy of Daminda H. Dahanayaka. 
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2.4  Chapter Summary 

We were able to establish a simple methodology for the formation of well-

ordered crystalline (√3 x √3)R30
o 

SAM on Au(111) under ambient benchtop 

condition.  The reagents that cleave decylthioacetate fast, as detected by means of 

NMR spectroscopy were found to produce well-ordered crystalline decanethiolate 

monolayers on Au(111) as determined by the STM measurements.  The results 

from the NMR measurements can be correlated to the STM measurements.  Poorly 

ordered SAM was obtained in the case of HCl, NH4OH, and propyl amine as these 

reagents were not able to provide high enough concentration of decanethiolate. 

These reactions were not completed within 48 h for the formation of well-ordered 

SAM whereas well-ordered SAM was produced with cleaving agents that cleave 

decylthioacetate completely within 2 h.  Addition Bu3P was also found to be 

beneficial as a sacrificial reductant for getting a well-ordered SAM.  The poor SAM 

molecular order produced in the presence of a large excess of uncleaved thioacetate 

is likely caused by initial physisorption of the thioacetate onto the surface in a way 

that inhibits highly ordered phases from forming.  In conclusion, ordinary pure 

thioacetates can give well-ordered monolayer like alkanethiol by precleaving the 

thioacetate with bases such as DBU, KOH etc.  Additionally, molecules of interest 

can be covalently attached on the gold nanoparticles by performing click chemistry 

without the destruction of the ordered SAM.   
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2.5  Experimental Section 

Br
S

O
Potassium 
thioacetate

ethanol@rt  

Preparation of C10SAc.  Following literature precedent, potassium thioacetate (2.0 

g, 17.5 mmol) was added to 1-bromodecane (2.0 g, 9.0 mmol) in absolute ethanol 

(50 mL) at room temperature under nitrogen.  After stirring for 24 h, the solvent 

was removed in vacuo.  The residue was partitioned between icecold water (100 

mL) and diethyl ether (3x50 mL).  The combined organic portion was washed with 

water (3x50 mL), dried (MgSO4), and the solvent removed by rotary evaporation.  

The crude C10SAc containing decanethiol (0.6%) and decanedisulfide (2%) as 

determined byGC-MS measurements was purified through two bulb-to-bulb 

distillation cycles under vacuum (0.2 mm) to give 1-decanethioacetate as a pale 

yellow liquid (1.09 g, 56% yield).  The 1H NMR spectrum matched that reported in 

the literature.
24

  GC-MS analysis of the purified decanethioacetate determined that 

trace decanethiol (0.04%) and decanedisulfide (0.01%) were present in the sample. 

1
H NMR Spectroscopic Monitoring of Thioacetate Cleavage.  Separate solutions of 

C10SAc (92 mM in methanol-d4) and the reagent to be investigated (typically 116 

mM in methanol-d4) were mixed in equal portions to give final concentrations of 46 

mM in C10SAc and typically 58 mM in reagent just prior to measuring the first 

NMR spectrum.  These samples in methanol-d4 were left in capped NMR tubes at 

room temperature and were periodically monitored by NMR spectroscopy. The 
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ratios of thioacetate, thiol, and disulfide were based on the integration of the 

methylene signals at 2.85, 2.48, and 2.67 ppm for these three compounds in 

CD3OD, respectively. 

Preparation of Samples for STM.  Separate solutions of C10SAc and the reagent to 

be investigated (KOH, DBU, K2CO3, aqueous concentrated HCl, aqueous 30% 

NH4OH, and DBU/Bu3P) were freshly prepared in absolute ethanol with initial 

concentrations at 7.5 mM.  The solutions of C10SAc and the reagent were mixed 

with additional ethanol to give final concentrations of 2.5 mM in each.  The 

mixture was allowed to stand for 1 h prior to use allowing time for cleavage to 

occur.  All solution work was carried out under benchtop (ambient) conditions, 

with no attempts to exclude oxygen.  H2 flame-annealed (cleaned) Au(111)/mica 

substrates were then immersed in this solution for 16 h.  They were then removed, 

rinsed in absolute EtOH, and blown dry with dry N2.  All sample preparation was 

performed at room temperature under ambient atmospheric conditions. STM 

measurements were conducted by Daminda H. Dahanayaka and Lloyd Bumm as 

described in reference 1 and Daminda H. Dahanayaka’s thesis. 
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SH  

 

Figure 2.20.  
1
H NMR spectrum of C10SH in CD3OD. 

S

O

 

Figure 2.21. 
1
H NMR spectrum of C10SAc in CD3OD. 
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Figure 2.22
.  1

H NMR spectrum of C10SAc (46 mM) sample mixture (K2CO3, 46 

mM) after 2 h in CD3OD. 

 

Figure 2.23.  
1
H NMR monitored cleavage of C10SAc (46 mM) by NH4OH (115 

mM) in CD3OD. 
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Figure 2.24.  
1
H NMR monitored cleavage of C10SAc (46 mM) by HCl (250 mM) 

in CD3OD. 

 

Figure 2.25.  
1
H NMR monitored cleavage of C10SAc (46 mM) by propylamine 

(70 mM) in CD3OD. 
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Figure 2.26.  
1
H NMR monitored cleavage of C10SAc (46 mM) by K2CO3 (46 

mM) in CD3OD. 

 

Figure 2.27a.  
1
H NMR monitored cleavage of C10SAc (46 mM) by KOH (58 

mM) in CD3OD. 
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Figure 2.27b.  
1
H NMR monitored cleavage of C10SAc (46 mM) by DBU (58 

mM) in CD3OD. 

 

Figure 2.28.  
1
H NMR monitored cleavage of C10SAc (46 mM) by DBU (58 mM) 

and Bu3P (58mM) in CD3OD.
 

Following STM images were obtained by Daminda Dahanayaka (reference 

1 and Daminda Dahanayaka’s thesis). 
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Figure 2.29. STM image of C10SAc (2.5 mM in ethanol, 16 h immersion of Au/ 

mica). Three scan sizes are shown : left 200 nm x 200 nm, center 100 nm x 100 nm, 

and right 50 nm x 50 nm.
   

                      

Figure 2.30. STM image of C10SAc + HCl (2.5 mM in ethanol, 16 h immersion of 

Au/ mica). Three scan sizes are shown : left 200 nm x 200 nm, center 100 nm x 100 

nm, and right 50 nm x 50 nm. 
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Figure 2.31.  STM image of C10SAc + K2CO3 (2.5 mM in ethanol, 16 h 

immersion of Au/ mica). Three scan sizes are shown: left 200 nm x 200 nm, center 

100 nm x 100 nm, and right 50 nm x 50 nm.
   

 
 

Figure 2.32. STM image of C10SAc + DBU (2.5 mM in ethanol, 16 h immersion 

of Au/ mica). Two scan sizes are shown : left 100 nm x 100 nm, and right 50 nm x 

50 nm.
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Figure 2.33.  STM image of C10SAc + KOH (2.5 mM in ethanol, 16 h immersion 

of Au/ mica). Three scan sizes are shown: left 200 nm x 200 nm, center 100 nm x 

100 nm, and right 50 nm x 50 nm.
 

 

HO
Br

HO
N3DMSO

@rt for 2d  

10-azido-1-decanol. To the solution of sodium azide (0.819 g, 12.6 mmol) and 

dimethyl sulfoxide(20 mL), 10-bromo-1-decanol (2 g, 8.4 mmol) was added stirred 

at room temperature for 2 days.  50 mL of distilled water was added and stirred it 

for 30 mintutes and extracted with dichloromethane (3×10 mL). The organic 

portion was combined and washed with water (2× 20 mL) and brine (20 mL). The 

organic phase was dried over anhydrous MgSO4, filtered and concentrated to obtain 

colorless oily liquid with 94% (1.7g) yield.  
1
H NMR (CDCl3, 300 MHz): δ 3.5 (t, 

2H, J = 6 Hz), 3.2 (t, 2H, J = 6 Hz), 2.2 (s, 1H), 1.4-1.6 (m, 4H), 1.2-1.4 (b, 12H); 

13
C NMR (CDCl3, 75 MHz): δ 62.75, 51.42, 32.68, 29.44, 29.37, 29.09, 28.77, 

26.65, 25.71.  MS (ESI) [M+Na]
+ 

calcd for C10H21N3ONa 222.28 ; found 222.2.  
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Figure 2.34a.  
1
H NMR spectrum of 10-azidodecan-1-ol. 

 

Figure 2.34b.  
13

C NMR spectrum of 10-azidodecan-1-ol. 
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Figure 2.34c.  Mass spectrum of 10-azidodecan-1-ol. 

OH
N3

OMs
N3

methanesulfonyl

chloride, Et3N

CH2Cl2, 0
oc for 

overnight  

10-azidodecane-1-mesylate. 10-Azido-1-decanol (1.6 g, 8.02 mmol), 

methanesulfonylchloride (2.348 g, 20.5 mmol) and dichloromethane (50 mL) were 

added to 250 mL reaction flask kept in icebath and stirred. The solution of 

triethylamine (2.8 mL, 20.5 mmol) in 1 mL of dichloromethane was added to the 

cooled reaction flask dropwise through syringe over 5 min and stirred it for 

overnight. The reaction was quenched by the addition of 50 mL of ice-cold water 

and stirred for 15 min. The organic phase was collected and the aqueous phase was 

taken for extraction with dichloromethane (2×20 mL). The organic portions were 

combined, washed with 1M HCl (1×25 mL), NaHCO3 (1×25 mL), brine (1×25 

mL), and water(2×25 mL), dried over anhydrous sodium sulfate, filtered, and 

evaporated the solvent via rotary evaporation to get pale yellow oily liquid (92% 

yield, 2.074 g). 
1
H NMR (CDCl3, 300 MHz): δ 4.2 (t, 2H, J = 6 Hz), 3.2 (t, 2H, J = 
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6 Hz), 3.0 (s, 3H), 1.7-1.8 (m, 2H), 1.6 (m, 2H), 1.2-1.4 (b, 12H); 
13

C NMR 

(CDCl3, 75 MHz): δ 70.22, 52.55, 51.43, 37.32, 29.31, 29.28, 29.06, 28.96, 28.80, 

26.65, 25.37.  MS (ESI) [M+Na]
+
calcd for C11H23N3O3SNa 300.37; found 299.2.      

 

Figure 2.35a.  
1
H

 
NMR spectrum of 10-azidodecane-1-mesylate. 

 

Figure 2.35b.  
13

C NMR spectrum of 10-azidodecane-1-mesylate. 
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Figure 2.35c.  Mass spectrum of 10-azidodecane-1-mesylate. 

OMs
N3

S
N3

O

potassiumthio
acetate, ethanol

@rt for 1d
 

10-azidodecane-1-thioacetate.  10-azidodecane-1-mesylate (3.68 g, 13.27 mmol), 

potassium thioacetate (3g, 26.54 mmol), and 75 mL of abs. ethanol were taken in a 

250 mL of reaction flask and stirred for 1 d at room temperature under nitrogen 

atmosphere. Ethanol was removed via rotary evaporation. 150 mL of ice-cold water 

was added to the raction flask and extracted with diethylether (3×50 mL). The 

combined organic portion was washed with water (3×50 mL) and dried over 

anhydrous MgSO4, filtered, and concentrated to obtain 2.5 g of 10-azidodecane-1-

thioacete. It was purified by column chromatography using 2 : 1 petroleum ether 

and dichloromethane as eluent to get yellow oily liquid (1.85 g, 54% yield). 
1
H 

NMR (CDCl3, 300 MHz): δ 3.2 (t, 2H, J = 6 Hz), 2.8 (t, 2H, J = 6 Hz), 2.3 (s, 3H), 

1.6 (m, 4H), 1.2-1.4 (b, 12H); 
13

C NMR (CDCl3, 75 MHz): δ 196.13, 51.49, 30.69, 
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29.52, 29.41, 29.37, 29.14, 29.09, 28.86, 28.82, 26.73.  MS (ESI) [M+Na]
+ 

calcd 

for C12H23N3OSNa 280.39; found 280.2. 

 

Figure 2.36a.  
1
H

 
NMR spectrum of 10-azidodecane-1-thioacetate. 

 

Figure 2.36b.  
13

C
 
NMR spectrum of 10-azidodecane-1-thioacetate. 
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Figure 2.36c.  Mass spectrum of 10-azidodecane-1-thioacetate. 

SH
N3

S
N3

O

KOH, MeOH

@rt for 50m

 

10-azido-decanethiol. 10-azidodecane-1-thioacetate (100 mg, 0.39 mmol), 

potassium hydroxide (26 mg, 0.47 mmol), and 5 mL of methanol were taken in a 

50 mL reaction flask and stirred it for 50 min under nitrogen at room temperature. 

10 mL of water was added to the reaction flask and extracted with diethylether 

(3×10 mL). The organic phase was washed with water (3×10 mL), dried over 

anhydrous MgSO4, and filtered. The solvent was removed via rotary evaporation. A 

colorless oily liquid was obtained (80 mg, 94% yield).  
1
H NMR (CDCl3, 300 

MHz): δ 3.2 (t, 2H, J = 6 Hz), 2.5 (q, 2 H, J = 9 Hz), 1.6 (m, 4H), 1.2-1.4 (b, 12H); 

13
C NMR (CDCl3, 75 MHz): δ 51.46, 34.02, 29.38, 29.11, 29.02, 28.82, 28.35, 

26.69, 24.65.  MS (ESI) [M+Na]
+ 

calcd for C10H21N3SNa 238.35; found 451.3. 
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Figure 2.37a.  
1
H

 
NMR spectrum of 10-azidodecane-1-thiol. 
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Figure 2.37b.  
13

C
 
NMR spectrum of 10-azidodecane-1-thiol. 

 

Figure 2.37c.  Mass spectrum of 10-azidodecane-1-thiol. 
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Chapter III: Synthesis of Various Ligand for Capping Gold 

Nanoparticles and Thioacetate Tethered Fluorescent Dyes to 

Attach with Gold Nanoparticles Surface 

3.1 Chapter Overview 

This chapter presents the synthesis of different ligands for coating the gold 

nanoparticles.  Derivatization of different cationic and neutral fluorophores is 

described so as to incorporate these on gold nanoparticles.  The main aim of this 

work was to achieve brighter fluorophore due to metal-enhanced fluorescence by 

keeping the fluorophore at hot spot on the gold nanoparticles.  Thus preliminary 

study of optical properties of fluorophore on gold surface was crucial.  In addition, 

information on place exchange of ligands on gold surface was required for 

providing more stable gold nanoparticles which could be compatible in different 

solvent system.  

3.2 Introduction 

Use of organic fluorophore in several areas such as electronic devices,
1
 

molecular sensors, labeling biomolecules
2
 for cell imaging makes them more 

invaluable. Their continuous growth is due to their versatility, sensitivity and 

quantitative capabilities. Unfortunately these properties are also coupled with 

undesirable aggregation, poor photostability, fluorescence blinking and 

photobleaching, and surface adsorption.
3,4

 A number approaches has been 
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attempted to improve the these issues such as protecting the fluorophore in 

inorganic matrix, such as zeolite,
5
 silica,

6
 supramolecular encapsulation.

7
 

Nau and coworkers reported the enhancement of brightness and 

fluorescence lifetimes because of  reduction of non-specific adsorption and 

aggregation when cucurbit[7]uril (abbreviated as CB7) was added to aqueous 

solutions of rhodamine 6G.
8
  Consistent to Nau’s finding our group also observed 

the two fold fluorescent enhancement of tethered rhodamine B dyad upon 

encapsulating in CB7 due to the unique solvation properties of the cucurbiturils 

nonpolarizing interior
9
, however, for the construction of biological probes and light 

harvesting devices a bright long-lived fluorescence probes are required.  The 

brightness of fluorophore could be enhanced by keeping it closer to metal 

nanoparticles such as silver and gold. 

3.2.1. Metal-Fluorophore Interactions 

When a fluorophore is kept proximate to the metal nanoparticles its spectral 

properties change distinctly due to the interactions of the surface plasmon 

resonance of the metal.
10

  These interactions are highly dependent on distance 

between the metal surface and the fluorophore.  Fluorophore placed within 5 nm 

from the metal surface exhibit quenching because of efficient electron transfer or 

energy transfer from excited fluorophore to metal (Figure 3.1).
11

  Quenching could 

also results from the intermolecular interactions of fluorohpores if fluorophores are 

tightly packed on the surface, however, dramatic fluorescence enhancement of 
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fluorophore could be achieved on placing the fluorophores away from quenching 

region (farther than 5 nm) of metal surface.
12
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3.2.2 Gold Nanoparticles 

Noble metal particles in the nanometer size scale show unique size 

dependent optical, electronic and chemical properties.
13

  Gold nanoparticles have 

gained much attention because of their high extinction coefficient and a broad 

absorption spectrum in the visible region that overlaps with the emission 

wavelength of usual energy donors.  Additionally, gold nanoparticles are stable 

under atmospheric conditions and their surface can be functionalized by using 

ligand having suitable functionality.
14

  More often ligands having functional 

groups, such as thiols, amines, or silanes are exploited to attach electroactive or 

photoactive molecules, dyes, to the gold surface.
15

  

           

Figure 3.1.  Excited-state deactivation processes in fluorophore-metal nanohybrids. 

Reprinted from reference 10. 

Highly fluorescent probes have been reported by the conjugation of 

rhodamine with gold nanoparticles.
16

 p-Mercaptophenol, gold has high affinity for 
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thiol, on gold surface was utilized  to immobilize rhodamine by the reaction of 

hydroxy group of p-mercaptophenol and sulfonyl chloride of rhodamine.  The 

immobilization of organic fluorophore can also be achieved after the derivatization 

of fluorophore with a thiol functionality.  Due to reactivity of thiol, acetylprotected 

thiol fluorophore is better as acetylprotected thiol can be cleaved in situ to provide 

parent thiol to attach the fluorophore on gold surface.  This is a well established 

method to achieve well-ordered monolayer on gold surface.
17

 

3.3   Results and Discussion 

Cationic fluorescent dyes, rosamine and malachite green, and neutral dye 

bodipy were tethered with acetyl protected decanethiol chain. Several ligands 

possessing acetyl protected thiol functionality were synthesized.   Thioacetate 

readily hydrolyzes to provide parent thiol in the presence of acid or base.  

Additionally, thiols have high affinity to gold surface and KOH cleaved acetyl 

protected thiol results well-ordered monolayer on gold surface.  These ligands and 

fluorophore were modified with acetyl protected thiol functionality.  Synthesized 

compounds were characterized by NMR spectroscopy.  

Following the literature precedent,
18

 10- thioacetyldecyltriethylene glycol 2 

was synthesized by following the scheme 3.1.  First mononucleophilic substitution 

on 1,10-dibromodecane was performed by using triethyleneglycol in the presence 

sodium hydride base in dimethyl formaldehyde (DMF) solvent.  Compound 1 was 

isolated from the crude through silica chromatography by using 20-50% ethyl 
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acetate/ hexane eluent.  This ligand was synthesized to cap the gold nanoparticles 

for better stability and compatibility of nanoparticles in water as it possesses 

hydrophilic glycol. 

 

Scheme 3.1. Synthetic routes for the synthesis of 10- thioacetyldecyltriethylene 

glycol 2. 

Bodipy dye was synthesized by following the literature procedure.
19

  As 

shown in scheme 3.2 first pyrole was reacted with 10-bromodecanoyl chloride to 

obtain bromo bodipyC9. This compound was isolated by column chromatography 

using petroleum  ether : methylene chloride (v/v 4/1 ) as an eluent. Finally 

nucleophilic substitution of bromine with potassium thiacetate provided 

bodipyC9thioacetate. This compound was isolated as an orange solid by column 

chromatography using petroleum ether : methylene chloride (v/v 4/1 ) as an eluent.  

Bodipy is a neutral dye with an absorbance and fluorescence emission maximum at 

521 nm and 530 nm (Figure 3.4) respectively.  The gold nanoparticles were 

synthesized and all the measurements with nanoparticles were carried out by Kalani 

Gunawardana.  Monodisperse gold nanoparticles were synthesized by reducing 
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HAuCl4 with trisodium citrate in boiling water.
20

 Thus synthesized gold 

nanoparticles were found to be 13 nm in size by transmission electron microscopy 

(TEM) measurements.  These gold nanoparticles were coated with negatively 

charged citrate so as to stabilize gold nanoparticles in water, preventing 

aggregation.  Gold nanoparticles suspended solution is known as sol. 

 

 

 

 

 

Scheme 3.2. Synthetic routes for the synthesis bodipyC9SAc. 

Bodipydecylthioacetate was precleaved with KOH before exposing to gold 

nanparticles for 30 minutes. Loosely bound citrate was successfully displaced by 

thiolate of decylbodipy on gold surface.  Poor solubility of bodipy in water resulted 

aggregation in the mixture of sol and dye therefore 95% ethanol was used as a 

solvent. However after few hours aggregation was observed in sol/dye mixture.  

Therefore, to further improve the stability of mixture and prevent aggregation a 

competing deprotonated ligand, 11-mercaptoundecanioc acid, was exploited.   

Introduction of this ligand was beneficial for regaining the stability of sol/dye 
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mixture as well as successfully attaching neutral dye to AuNP surface.    

 

Figure 3.4.  Normalized absorbance and emission of Bodipy decylthioacetate.  

Courtesy of Dr. Kalani Gunawardana. 

Spectral properties of dye loaded on gold surface were studied in the 

presence of 11- mercaptoundecanoic acid as a competing ligand.  As expected, 

emission of fluorophore was quenched as it is in quenching region.  Also, there was 

no distinct shift in fluorescence emission maxima of dye on gold surface.  We were 

interested in studying the molar fluorescence of dye on gold surface.  Molar 

fluorescence of dye remains constant in same solvent system at low concentration. 

However we found continuous decrease in molar fluorescence (Figure 3.5) on 

increasing the concentration dye on gold surface.  If gold was the only factor for 

quenching, the molar fluorescence would remain constant.  The decrease in molar 
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fluorescence could be due to dye-dye intermolecular interaction, resulted quenching 

at higher dye loading on gold nanoparticles surface.   

 

Figure 3.5.  Variation of relative molar fluorescence of the absorbed dye against 

the concentration of the dye absorbed dye on AuNP surface (0.1-0.3 μM).  Adapted 

from Kalani Gunawardana’s thesis. 

Furthermore, bodipy decylthioacetate was utilized to investigate the place 

exchange by 11- mercaptoundecanioc acid.  For this study, gold nanoparticles were 

precoated with bodipy followed by the introduction of 11- mercaptoundecanioc 

acid. 11-mercaptoundecanoic acid was able to exchange bodipy rapidly at higher 

concentration and slowly at lower concentration.  

After investigating the place exchange of bodipy by negatively charged 

mercaptodecanoic acid, neutral ligand, thiol tethered diethyleneglycol 2 was used 
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for place exchange study.  Additionally, use of ligand 2 in the case of rosamine
21

 or 

malachite green
22

 could cause aggregation due to electrostatic interaction between 

cations of dye and anions of ligands.  Therefore, we synthesized 10-thioacetyldecyl 

diethylene glycol ether 4 by following scheme 3.3.  Monosubstitution on 1, 10-

dibromodecane with diethylene glycol ether followed by nucleophilic substitution 

by potassium thioacetate provided acetyl protected decyl diethylene glycol ether 4 

(ether ligand).  Pure compound 4 was obtained through silica gel column 

chromatography by using 20-40% ethyl acetate and hexane solvent system. 

 

 

 

Scheme 3.3. Synthetic routes for the synthesis of S-10-[2-(2 

methoxyethoxy)ethoxy] decyl ethanethioate, 4. 

This ligand was also able to exchange bodipy dye.  Experiments for place 

exchange study of thiols by disulfide were also performed.  Compound, 11-(2-(11- 

aminoundecyl)disulfanyl)undecan-1-amine 5 (diaminoun decyl disulfide) was 

synthesized by following Scheme 3.4.  Ether capped gold nanoparticles were 

exposed with diamino decyl disulfide ligand.  Aggregation occurred at higher 

concentration of diamino decyl disulfide due to high affinity of gold for amine.  
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However, ammonium decyl disulfide was successfully and rapidly replaced ether 

on controlling the concentration of amine disulfide ligand.
23

 

 

 

 

 

 

Scheme 3.4.  Synthetic routes for the synthesis amineundecanedisulfide.
 

3.4 Chapter Summary 

In this chapter we have successfully synthesized several neutral and cationic 

dyes and derivatized with decylthioacetate functionality.  We were able to attach 

bodipy dye on gold surface.  Additionally, variation of the molar fluorescence of 

bodipy on gold surface was investigated. Several ligands were synthesized and 

investigated place exchange of thiol tethered bodipy with those ligands as well as 

11- mercaptoundecanioc acid.  This effort was crucial for the development of metal 

enhanced fluorescence probes. 
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3.5   Experimental 

General Procedure.  All the reactions were performed under nitrogen 

atmosphere in a Schlenk-line apparatus unless specified otherwise.  N,N-

dimethylaniline, formylbenzoic acid, dimethylaminopyridine, 1,10-decanediol, 10-

bromodecanoic acid, thionyl chloride, 3-ethyl 2,4-dimethylpyrrole, 

borontrifluoridediethyletherate and potassium thioacetate were purchased from 

Sigma-Aldrich Co.  Triehylamine was purchased from Fisher Scientific Co.  The 

NMR spectra were recorded on Varian Unity 300 MHz or 400 MHz instrument.  

Br Br O
Br

HO
O

O
OH

OOHO
+

NaH, DMF

@rt 17 h  

Synthesis of HO (CH2CH2O) 3(CH2)10Br; (10-bromodecyl) triethylene glycol.
24

  

To a solution of tri(ethylene glycol) (2.8 g, 18.48 mmol) in 50 mL of DMF, NaH 

(132 mg, 3.3 mmol) dispersed in mineral oil (60%) was added portion by portion.  

After stirring the mixture for 70 min., 1,10-dibromodecane (1 g, 3.3 mmol) was 

added.  The mixture was stirred for 17 h @ rt.  The mixture was diluted with 50 mL 

of water and 40 mL of diethyl ether and stirred for 15 min. The ether layer was 

separated and the aqueous portion was extracted with (4 x 20 mL) of diethyl ether.  

The organic portion was washed with water and dried over anhydrous sodium 

sulfate then concentrated.  The crude product was purified on silica gel column 

with 20-50% ethyl acetate/ hexane solvent system.  The desired fractions were 

cooled and concentrated to get the title product (223 mg, 18%) as an oily colorless 

liquid.  
1
H NMR (400 MHz, CDCl3):  δ 3.57–3.76 (m, 12H), 3.45 (t, 2H, J = 7.2 
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Hz), 3.41 (t, 2 H, J = 7.2 Hz,), 2.5 (t, 1 H, J = 6 Hz ) 1.84 (m, 2 H), 1.6 (m, 2 H), 

1.24-1.46 (m, 12H). 

 

Figure 3.8.
  1

H NMR of (10-bromodecyl) triethylene glycol.. 

O BrO
O

HO O
SO

O
HO

O

KSCOCH3

 

Synthesis of OH(CH2CH2O)3(CH2)10SCOCH3; (10–thioacetyldecyl) 

triethylene glycol).  To a 100 mL reaction flask, 10-bromodecyltriethylene glycol 

(223 mg, 0.603 mmol), potassium thioacetate (138 mg, 1.206 mmol) and 15 mL of 

abs. ethanol were taken and stirred for 2 d @ rt.  The ethanol was removed by 
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rotary evaporation. Then 15 mL of ice cold water was added to the reaction flask 

and stirred for 10 min.  After that 10 mL of diethyl ether was added and stirred for 

5 min. The organic portion was separated and two more times organic portion was 

extracted from aqueous portion. The organic portions were combined and washed 

with water three times and organic portion was dried over magnesium sulfate. The 

organic portion was concentrated and crude was purified on silica gel column with 

30-70% ethyl acetate and hexane solvent system.  The required fractions were 

cooled and concentrated to afford the product (105 mg, 48%) as a colorless oily 

liquid. 
1
H NMR (400 MHz, CDCl3): δ 3.57-3.75 (m, 12H), 3.45 (t, 2H , J = 7.2 

Hz), 2.86 (t, 2H , J =  7.2 Hz), 2.58 (b, 1H), 2.32 (s, 3H), 1.5-1.6 (m, 4H), 1.2-1.4 

(m, 12H). 

 

Figure 3.9. 
1
H NMR of (10 –thioacetyldecyl) triethylene glycol), 2. 
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HO
O

OBr
Br O BrOO+

NaH, DMF

@rt 17 h  

Synthesis of OCH3(CH2CH2O)2(CH2)10Br; (10-bromodecyl) diethylene 

glycolmonomethyl ether.
24

 To a solution of diethylene glycolmonomethyl ether 

(1g, 8.3 mmol) in 50 mL of DMF, NaH (432 mg, 10.7 mmol) dispersed in mineral 

oil (60%) was added  portion by portion. The mixture was stirred for 30 min. and 

then 1,10-dibromodecane was added.  The reaction mixture was stirred for 17 min 

@ rt.  After addition of 20 mL of water, the solution was extracted with (4 x 20 

mL) of diethyl ether and the organic phases were combined. Combined organic 

portion was washed with 20 mL of water for three times and dried over magnesium 

sulfate.  The organic portion was concentrated and the crude product was purified 

on silica gel by using 5-45% ethyl acetate and petroleum ether. The needed 

fractions were concentrated to obtain the expected product (600mg, 21%) as a 

colorless liquid.  
1
H NMR (400 MHz, CDCl3):  δ 3.62-3.65 (m, 4H), 3.53-3.59 (m, 

4H),  3.42 (t, J =  6.8 Hz, 2H), 3.38 (t, J = 6.8 Hz, 2H), 3.36 (s, 3H), 1.83 (m, 2H), 

1.56 (m, 2H),  1.4 (m, 2H), 1.26 (m, 10H); 
13

C NMR (100 MHz, CDCl3):  δ 71.89, 

71.38, 70.61, 70.48, 70.00, 58.89, 33.97, 32.77, 29.56, 29.41, 29.37, 29.32, 28.70, 

28.10, 26.01.  
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Figure 3.10a.  
1
H NMR of (10-bromodecyl) diethylene glycolmonomethyl ether. 

 

Figure 3.10b. 
13

C NMR of (10-bromodecyl) diethylene glycolmonomethyl ether. 
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O BrOO O
SO

O
O

KSCOCH3

abs. ethanol
@rt 2 d

 

Synthesis of OCH3(CH2CH2O)2(CH2)10SCOCH3 ; (10–thioacetyldecyl) 

diethylene glycolmonomethyl ether. (10-bromodecyl) diethylene 

glycolmonomethyl ether (600 mg, 1.77 mmol), potassium thioacetate (404 mg, 3.54 

mmol) and 25 mL of abs. ethanol were taken in a 100 mL reaction flask and stirred 

for 2 days @rt. The abs. ethanol was removed via rotary evaporation and 20 mL of 

ice cold water was added to the residue and stirred for 10 min. After that 20 mL of 

diethyl ether was added and stirred for the next 5 min. The organic phase was 

separated and again ether was used to extract two more times (2x20 mL) from the 

aqueous portion. The organic phases were combined and washed with water (3x20 

mL) and dried over anhydrous magnesium sulfate. The organic phase was 

concentrated and the crude product was purified on silica gel column by using 20-

40% ethyl acetate and hexane solvent system. The required fractions were 

concentrated to get the desired product (378 mg, 64%). 
1
H NMR (400 MHz, 

CDCl3):  δ 3.52-3.65 (m, 8H), 3.42 (t, J = 7.2 Hz, 2H), 3.35 (s, 3H), 2.83 (t, J = 8 

Hz), 2.29 (s, 3 H), 1.5 (m, 4 H), 1.2 (m, 12 H). ;
 13

C NMR (75 MHz, CDCl3):  δ 

195.92, 71.88, 71.43, 70.58, 70.46, 69.97, 58.95, 30.57, 29.53, 29.42, 29.36, 29.32, 

29.04, 28.72, 25.99.  MS (ESI) [M+Na]
+ 

calcd for C17H34O4SNa 357.2075; found 

357.2074. 
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Figure 3.11a.  
1
H NMR of (10–thioacetyldecyl) diethylene glycolmonomethyl 

ether. 

 

Figure 3.11b.  
13

C NMR of (10–thioacetyldecyl) diethylene glycolmonomethyl 

ether. 
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Figure 3.11c.  Mass spectra of (10–thioacetyldecyl) diethylene 

glycolmonomethyl ether. 

Br

O

Cl
SOCl2Br

O

OH
@rt
overnight  

Synthesis of 10-bromodecanoyl chloride.  A mixture of 10-

bromodecanoic acid (2.5 g, 9.95 mmol) and thionyl chloride (2.4 g, 19.9 mmol) 

was stirred under nitrogen at room temperature for overnight.  Excess of thionyl 

chloride was removed via vacuum evaporation to provide 10-bromodecanoyl 

chloride (1.9 g, 73%) as a colorless liquid.  
1 

H NMR (300 MHz, CDCl3): δ 3.4 

(2H, t, J = 6.9 Hz), 2.8 (2H, t, J = 7.2 Hz), 1.8-1.2 (15H, m ). 
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 Synthesis of bromo bodipyC9.
19

  To a 250 ml reaction flask 3-ethyl 2,4-

dimethyl pyrrole (0.99 g, 8 mmol), and  methylene chloride (45 mL) was added.  

The mixture was stirred under nitrogen at room temperature for 10 m.  Then 10-

bromodecanoyl chloride (1.08 g, 4 mmol) was added slowly to the flask through a 

syringe. The mixture was heated at 50 
o
C for 3 h under nitrogen with continuous 

stirring. Methylene chloride was removed via vacuum evaporation.  To the residue 

of toluene (95 mL), methylene chloride (5 mL), and triethylamine (1.94 g, 19 

mmol) were added to and the mixture was stirred under nitrogen at room 

temperature for 30 m.  After that boron trifluoride diethyl etherate (3.9 g, 27.5 

mmol) was added and heated at 50
0
C for 1.5 h.  The cooled mixture was washed 

with water (2 x 20 mL) and dried over anhydrous Na2SO4.  The crude product was 

purified via silica gel column chromatography (4:1 petroleum ether/methylene 

chloride) to give pure bromoundecylbodipy (122 mg, 6%) as an orange solid.  
1
H 

NMR ( 300 MHz, CDCl3 ): δ 3.4 ( 2 H, t, J =6.9 Hz), 3.0 (2 H, s ), 2.48 ( 6 H, s ), 

2.4 ( q, 4 H, J = 6 Hz ), 2.3 (6 H, s ), 1.6 (14 H, b), 1.01 (6 H, t, J =7.8 Hz); 
19

F 

NMR (300 MHz, CDCl3): δ -146 (2F, q). 
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Figure 3.12.  
1
H NMR of bromo bodipyC9. 
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Br

F F

N
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N
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thioacetate

abs ethanol 
@rt for 2d
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Synthesis of bodipyC9thioacetate.  A mixture of bodipyundecylbromide 

(111mg, 0.22mmol), absolute ethanol (20mL), and potassium thioacetate (50 mg, 

0.44mmol) was stirred under nitrogen at room temperature for 2 d. Ethanol was 

removed via vacuum evaporation.  To the residue ice-cold water (10mL) was added 

and then extracted with diethyl ether (3 × 10 mL).  The combined ether phase was 

washed with water (3 × 10 mL), dried over anhydrous MgSO4 , filtered via vacuum 

filtration, and concentrated via rotary evaporation. The crude product was purified 
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by silica gel column chromatography (4:1 petroleum ether /dichloromethane) to 

obtain orange solid (67mg, 60%).  
1
H NMR (CDCl3, 400MHz):  δ 2.9 (t, 2H, J = 4 

Hz), 2.78 (2H, t, J = 4 Hz), 2.4 (s, 6H), 2.3 (q, 4H, J = 8Hz), 2.26 (s, 9H), 1.5 (m, 

4H), 1.4 (m,2H) , 1.2-1.3 (b, 9H), 0.98 (t, 6H, J = 8Hz); 
13

C NMR (CDCl3, 

400MHz):  δ 196.09, 151.97, 144.94, 135.63, 132.49, 130.89, 31.8, 30.65, 30.32, 

29.47, 29.41, 29.35, 29.08, 29.03, 28.74, 28.53, 17.18, 14.86, 13.35, 12.39; 
19

F 

NMR( CDCl3, 300 MHz): δ -146 ( 2F, q). MS (ESI): calcd 527 for, found 527.3 

[M+K]
+
.  

 

Figure 3.13a. 
1
H NMR spectrum of bodipyC9Sac. 
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Figure 3.13b. 
13

C NMR spectrum of bodipyC9Sac. 

 

Figure 3.13c.  Mass spectrum of bodipyC9Sac. 
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(11-(2-(11-aminoundecyl)disulfanyl)undecan-1-amine).
24

 To a 250 mL reaction 

flask, 11-bromoundecanol (5 g, 20 mmol), sodium azide (4.2 g, 64 mmol), and 

DMSO (80 mL) were added and stirred for 24 h at room temperature . 200 ml of 

distilled water was added and stirred it for 30 mintutes and extracted with 

dichloromethane (3×20 mL). The organic portion was combined and washed with 

water (2× 20mL) and brine (1× 20 mL). The organic phase was dried over 

anhydrous MgSO4, filtered and concentrated to obtain pure 11-azidoundecanol (3.9 

g, 93%) as a colorless oily liquid. The NMR spectrum matched with literatue. To a 

250 mL reaction flask, 11- azidoundecanol (3.9 g, 18.3 mmol), methanesulfonyl 

chloride (5.5 g, 47.6 mmol), dichloromethane (50 mL) were added and stirred at 0 

o
C. The solution of triethylamine (4.9 g, 47.6 mmol) in 1 mL of dichloromethane 

was added to the cooled reaction flask dropwise through syringe over 5 min and 

stirred it for overnight at room temperature . The reaction was quenched by the 

adding ice-cold water (50 mL) and stirred for 15 min. The organic phase was 

separated and the aqueous phase was further extracted with dichloromethane (2×20 

mL). The organic portions were combined, washed with 1M HCl (1×20 mL), 

NaHCO3 (1×20 mL), brine (1×20 mL), and water (2×20 mL), dried over anhydrous 

sodium sulfate, filtered, and evaporated the solvent via rotary evaporation to 

provide pale yellow oily liquid(98% yield, 5.2 g). The obtained 1-
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azidoundecanemesylate (2 g, 6.7 mmol) was refluxed with thiourea (1 g, 13.4 

mmol), and ethanol (25 mL) for 4h. The flask was cooled and concentrated. The 

residue was treated with water (50 mL) and extracted with dichloromethane (3×20 

mL). The combined organic phase was dried over Na2SO4 and concentrated to 

obtain bis-(azidoundecane)disulfide (1.2 g, 20%) as a colorless liquid. 

Azidoundecanedisulfide (1.2 g, 2.63 mmol) was reduced to amine by stirring with 

triphenyl phosphine (6.9 g, 26.3 mmol) in THF (25 mL)/ water (1 mL) at room 

temperature for 24 h. Triethyl amine (1.5 g, 15 mmol) and ditertbutyldicarbonate 

(2.84 g, 13 mol) were added to the same flask and continued stirring at room 

temperature for more 18 h. The crude was extracted with ether (3×20 mL), and 

washed with water (2×20 mL). The combined organic phase was dried over MgSO4 

and concentrated via rotary evaporation.  The bocprotected aminedisulfide was 

purified through silica gel column chromatography (9:1 CH2Cl2/ MeOH) to provide 

pure compound (482 mg, 30%) as a colorless solid. Boc was deprotected by stirring 

boc proptected disulfide (0.482 g, 0.80 mmol) with TFA (5 mL) and 

dichloromethane (5 mL) at room temperature for more 0.5 h. The TFA was 

removed through vacuum evaporation in the presence of methanol couple of times 

to provide pure aminedisulfide ( .387 g, 77%) as a colorless oily liquid. 
1
H NMR 

(300 MHz, CD3OD):  δ 7.86 (b, 6H), 2.9 ( m, 4H), 2.7 (t, 4H, J = 7.35 Hz ), 1.66 

(m, 8H), 1.28 (m, 28 H).  
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Figure 3.14. 
1
H NMR of bis-(amineundecane)disulfide. 
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Chapter IV: Investigation of Fluorescence-on Efficacy of 

Benzylviologen Fluorophore Dyads 

4.1 Chapter Overview 

This chapter presents the fluorescence on response upon binding of 

cucurbit[7]uril (CB7) to a viologen guest to displace the quencher from the tethered 

fluorophore.  Bulk of prior research has been done on fluorescence off-on sensors 

for metal ion detection.  Initially fluorphore quenching would be attributed to 

photoinduced electron transfer from nonbonded electron receptor (such as nitrogen) 

to the fluorophore.  Binding of metal ions to the receptor lone pair shut off the 

transfer of electrons which turned on the fluorescence.  This procedure can be 

extended for sensing biomolecules where fluorescence switches on due to 

disruption of electron transfer from the excited fluorophore to the quencher upon 

binding of host to the quencher of a dyad.  This chapter describes our effort to 

design and synthesize novel fluorescence off-on pseudorotaxane for this purpose.  

The change in emission intensity, of dyads was measured by conducting UV-Vis 

absorbance and steady-state fluorescence titration experiments.  Collected data 

were further examined by curve fit modeling to determine the association constant.  

In addition, NMR titration experiments were perfomed to gain insight the binding 

mode of CB7 to dyads.  Portions of the work done for this chapter has been 

published.
1
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4.2 Introduction 

Advancement in fluorescence spectroscopy molecular fluorescence has 

gained extensive attention by chemists and biologists.
2,3

  Fluorescence sensing is 

highly sensitive, selective, and inexpensive
4 ,5,6,7 ,8  

and has been employed in ion 

sensing,
9
 detection of war-fare agent,

 10 
and also in biomolecule labeling for real 

time tracking.
11

  In biological imaging, biomolecules of interest are labeled by 

either natural fluorophore such as green fluorescent proteins or synthetic 

fluorophores to visualize the target using optical microscopy.
12,13

  However, this 

approach is limited to the cases where localized emission is stronger than the 

background due to the nonspecific adsorption of fluorophore.  For these cases 

fluorescence-on binding sensors could be designed in which emission of 

fluorophore is substantially quenched until the sensing event takes place to prevent 

the quenching.  Photoinduced electron transfer mechanism has been extensively 

applied to achieve fluorescence-on sensors.
14

  

Conventional fluorescent-on sensors contain three components: a 

fluorophore as a signal transduction unit (provides fluorescence signal before and 

after the recognition event takes place), a receptor responsible for complexation and 

decomplexation with analyte, and spacer that keeps fluorophore and receptor close 

to but separate from each other.  The electron transfer process is distance dependent 

and efficient electron transfer can be observed when fluorophore and receptor are at 

van der Waals contact.
15

 Quenching of fluorescence (fluorescence-off) of 
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fluorphore due to nonbonded electron transfer from receptor to the excited 

fluorophore could be switched to fluorescence-on by complexation of analyte to the 

receptor which results no longer electron transfer to the excited fluorophore as 

depicted in Figure 4.1a.
14

  

Extensive development of PET (photoinduced electron transfer) sensors for 

metal ions
16

 could be found such as BDA (Figure 4.2 a) for zinc,
17

 bodipy-based 

sensor (Figure 4.2b) for mercury.
18

  In each case fluorescence is initially off due to 

the nonbonded electron transfer from nitrogen to the excited fluorophore.  Once the 

metal comes into the system fluorescence turns on since transfer of electron shut 

off from nitrogen to the excited fluorophore as nonbonded electron of nitrogen 

coordinates to the metal.  Both sensors have been utilized in imaging of metals in 

living cell.  Though employment of this approach could be seen enormously for 

metal ion detection, following only this approach cannot be directly employed for 

macromolecular sensing.
19

 

 A more general approach of fluorescence-on could be achieved by 

disrupting the contact between fluorophore and quencher.  Although this approach 

has not been explored much, considerable effort has been done in detecting 

conformational changes in proteins that move away the quencher from the 

fluorophore or disrupt the aggregation of fluorophore-quencher.
20

  A novel and 

more general fluorescence-on response can be achieved by the disruption of 

quenched aggregate through the binding of host to guest quencher.  When the host 

is displaced from initial binding site to the new guest due to external stimuli, the 
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aggregation between quencher and fluorophore gets disrupted and turns the 

fluorescence on (Figure 4.1b).  This unique approach can be utilized to construct 

sensors that have one site for binding with analytes and another site responsible for 

the fluorescence signal.  The fluorescence signal unit is structurally independent 

with the binding unit and thus binding unit can be varied without any change in the 

signaling unit make this approach more attractive.  

 

Figure 4.1.  Mechanisms to disrupt fluorescence quenching. Diagram produced by 

Ronald L. Halterman. 
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Figure 4.2a.  (Left) BDA zinc sensor (Adapted from ref 8) and Figure 4.2b. 

(Right) Bodipy based mercury sensor (Adapted from ref 9). 

                         

Figure 4.3a. Rhodamine B                        Figure 4.3b. Bodipy. 

A well studied monocationic xanthaene dye, organic fluorophore, 

rhodamine B (Rh B) (Fig 4.3a ), has widely been used in lasers, solar cells, staining 

and labeling of biomolecules, and as a fluorescent probes due to its high quantum 

yield and excellent solubility in organic solvents as well as in water.
21  

Unlike 

rhodamine B, Bodipy (Fig 4.3b) is neutral dye and has sharp emission peaks as 

well as high quantum yield.
22

  This organic dye has been extensively employed in 

intracellular imaging, labeling of biomolecules, switches, sensors, and lasers.
23   
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Quenching of fluorescent dyes due to their homoaggregation in solution has been 

studied well and been reported its prevention by the inclusion of dye in macrocyclic 

hosts.
24

  

 Several studies on cone-shaped hosts such as cyclodextrin and calixarene 

included fluorescent dye are available.
25,26 

 Inclusion of fluorescent dyes in these 

host molecules results in increase in photostability of dye and also enhancement in 

emission. As reviewed in chapter one, recent development on convenient synthetic 

methodology of cucurbit[7]uril (abbreviated as CB7) has been gained more 

attraction.
27

  Its name originated from the Latin word cucurbitaceae as its shape is 

similar to pumpkin.  CB7 has electron rich carbonyl portals at two rims and inner 

hollow cavity is hydrophobic (Figure 4.4).  Due to this property binding of CB7 to 

cationic species, such as cationic fluorescent dyes, viologen, and ammonium 

compounds, is driven by hydrophobic interaction as well as ion-dipole 

interaction.
28

  Binding affinity of CB7 with several ammonium species is reported 

from a range of 10
4
 to 10

12 
.
29

 
 
Our group has reported the increse in emission 

intensity of tethered rhodamine B dyad upon CB7 binding by two fold due to 

disruption of less fluorescent H-dimers aggregates.
30

  This two fold change in 

intensity is too weak for the construction of sensors.  Therefore, we wanted to 

extend this complexation method to achieve higher change in emission intensity so 

that it can be utilized as a signal transduction unit in making biosensors.  For this 

purpose we aimed to construct pseudorotaxane dyad which turns the fluorescence 

of fluorophore on upon binding of CB7 to the quencher as shown in Figure 4.1b. 
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Figure 4.4. Line drawing of CB7, adapted from reference 30.  

Rhodamine B quenches due to the electron transfer from the excited dye to 

1, 4-dipyridinium viologen dications when these are present in the polymer 

matrix.
31

  Furthermore, the mode of binding and binding affinity of CB7 with 

viologen has been documented well.
32

  Recently our group has reported the 

formation and dissociation rate constants; k1 = 6.01x10
6
 M

-1
s

-1
 and k-1 = 52.7 s

-1
, 

respectively for 1:1 binding of viologen with CB7 adduct by performing stopped 

flow kinetic experiments.
33

  By combining such information we envisioned to 

design fluorescence-on signal upon addition of CB7 to the tethered viologen-

rhodamine (Figure 4.5a, b) and viologen-bodipy (Figure 4.5c). 
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                       Figure 4.5a and b.                                           Figure 4.5c.                                                                 

Figure 4.5a and b: tethered viologen-rhodamine (a.  R=CH3, b.  R=CH2C6H5 ) and 

4.5 c: tethered viologen-bodipy.  

4.3   Results and Discussion 

The three dyads, methylviologen-rhodamine B (Fig. 4.5a), benzylviologen-

rhodamine B (Fig. 4.5b), and benzylviologen-bodipy (Fig. 4.5c), were synthesized 

as shown in scheme 1.  One hydroxy group of resorcinol was alkylated with 2-

chloroethanol followed by second alkylation of another hydroxy functionality with 

1,2-dibromoethane.  Esterification was performed to couple rhodamine B with 

hydroxyl terminated alkylated resorcinol and another bromine terminated alkylated 

resorcinol was utilized to incorporate viologens.  Finally, the second pyridine 

molecule of monosubstituted dipyridyl complex was alkylated by using methyl 

iodide or benzyl bromide to provide the molecules as shown in Figures 4.5a and 

4.5b respectively.  All reactions were carried out under mild conditions because of 

cleavage of ester or benzylviologen under harsher conditions.   
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Scheme 1. Synthesis of methylviologen rhodamine B (3a), benzylviologen 

rhodamine B (3b), benzylviologen bodipy (4). 

The polycationic complex was purified through silica gel chromatography 

by using a mixture of methanol, nitromethane, and aqueous ammonium chloride 

eluent.
34

  Ammonium chloride was removed by dissolving the dyads in 

dichloromethane followed by filtration. Following literature precedent 

carboxybodipy
35

 and CB7
27, 30

 were synthesized.  Benzylviologen-bodipy 4.5c was 

synthesized with the similar set of reactions as shown in scheme 1.  The 

synthesized dyads were characterized by NMR spectroscopy and mass 
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spectrometry whereas efficiency of switching fluorescence was studied by 

measuring the absorbance and fluorescence by UV-visible and fluorescence 

spectroscopy. 

 

Figure 4.6. (a) PM3-optimized structure/electrostatic surface potential of 

compound as shown in Figure 4.5c before and (b) after binding with CB7.  Image 

provided courtesy of  Ronald L. Halterman. 

Semi-emperical calculations using spartan were run on benzylviologen-

bodipy to study the aggregation of viologen and bodipy. This calculation was 

performed by Ronald L. Halterman. Viologen and bodipy were both found to be 

close enough for the electron transfer in the absence of CB7 (Figure 4.6a). Presence 

of CB7 allows the disruption of viologen-bodipy as shown in Figure 4.6b. 

4.3.1   Spectroscopic Investigation of Methylviologenrhodamine B Dyad with 

Cucurbit[7]uril 

In order to examine the efficiency of fluorescent-on in the methylviologen 

rhodamine B dyad, spectroscopic titration experiments were performed in aqueous 
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solution.  No significant change in aborbance was for methylviologen rhodamine B 

observed in the absence and presence of cucurbit[7]uril (CB7) as indicated by the 

UV-Visible aborbance spectra (Figure 4.7).  Additionally, no detectable shift was 

observed for the λmax in the absence and presence of CB7.  

 

Figure 4.7.  UV-Vis absorption spectra of methylviologen rhodamine B dyads 

(5µM): CB7 (0 mM-8 mM). 

From the fluorescence titration curve (Figure 4.8) a continuous increase in 

intensity of methylviologen rhodamine B dyads with increasing concentration of 

CB7 was observed.  In the absence of CB7, a 10-fold decrease in fluorescence 

intensity of methylviologen rhodamine B was noticed over non- tethered 

rhodamine B.  Even though quenching was found to be very efficient due to the 

electron transfer from the excited rhodamine B to the viologen, only a three-fold 
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enhancement in intensity was observed upon CB7 binding.  Binding of CB7 with 

methyl viologen (Ka = 10
6
 M

-1
)
29,32 

has well been documented in the literature.     

However, we observed poor fluorescence recovery of the dyad 4.5a.  The 

lower hydrophobicity of the methyl group may not provide enough energy upon 

binding to CB7 to disrupt the viologen rhodamine B aggregates.  This poor binding 

of CB7 with methylviogen of dyad led to poor fluorescence recovery. 

 

Figure 4.8.  Fluorescence titration curve of methylviologenrhodamine B (5 µM) 

titrated with CB7 (0 mM to 8 mM) in water. 

In an attempt to acquire better insight on the nature of the complexation 

between methylviologen-rhodamine B and CB7, a series of 
1
H NMR titration 

experiments (Figure 3.9) were performed.  In these experiments, the concentration 

of the methylviologen-rhodamine B dyad was held constant while the concentration 
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of CB7 was varied from 0 to 2 mol equivalents.  At 0.5 equiv. of CB7, the α 

protons at 9 ppm in te 
1
H NMR spectrum slightly shifted upfield to 8.9 ppm 

whereas upfield shift of the β protons from 8.4 to 7.3 ppm.  This shift infers the 

formation of inclusion complexes between CB7 and viologen.
32

 At higher 

concentrations of 1.5 and 2 eq of CB7, splitting of methylene protons at 3.25 ppm 

of N,N-diethyl hydrogens of rhodamone B directed to the binding of CB7 with 

cationic rhodamine B.
36

  Limited amounts of CB7 led to binding with the viologen 

of dyad whereas excess CB7 concentration also resulted in binding with cationic 

rhodamine B of dyad.  NMR titration data indicated the binding of CB7 with 

viologen and rhodamine B of dyads. This two competing binding sites for CB7 on 

dyad 4.5a was further verified by performing curve fit with fluorescent titration 

data.  Curve fitting experiment was performed by Wai Tak Yip. The data was better 

fit with two binding sites model on dyad, the first binding site, viologen, has higher 

binding constant (k1 = 6.92 x 10
4  

M
-1

) and the second weaker site, rhodamine B, 

has lower binding constant (k2 = 9.14 x 10
2  

M
-1

). 
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Figure 4.9.   
1
H NMR spectra (300 MHz, D2O) of methylviologen-rhodamine B 

dyad (3.1 mM) with CB7 (0 to 2 equivalent). 

4.3.2   Spectroscopic Investigation of Benzylviologen-Rhodamine B Dyad 4.5b : 

Cucurbit[7]uril 

Since binding of CB7 to viologens strongly depends on the substituent on the 

viologen,
32

 the binding occurs due to the ion dipole interaction and hydrophobic 

interaction.  Benzyl viologen geometrically fits beter in CB7 and provides a huge 

hydrophobic interation than that of short alkyl chain viologen such as 

methylviologen.
32

 Therefore, we postulated that substituting the methyl with benzyl 



 

 

125 

 

group on viologen
 
would provide an efficient fluorescent- on dyad. This postulate 

led to the synthesis of benzylviologen-rhodamine B dyad 4.5b by following the 

Scheme 1. 

In order to obtain the efficacy of fluorescence off-on of benzylviologen-

rhodamine B dyad, as shown in Figure 4.5b, CB7 titration experiments were 

performed by UV-Vis aborbance and fluorescence spectroscopy.  An examination 

of aborbace spectra (Figure 3.10) shows no detectable change in aborbance and 

also no distinct shift for the λmax in the absence and presence of CB7.  

 

Figure 4.10.  UV-Vis absorption spectra of benzylviologen-rhodamine B dyads 

(5µM): CB7 (0 mM-8 mM). 

However, a fourteen-fold enhancement (Figure 4.11) was observed when 

benzylviologen-rhodamine dyad was titrated with CB7.  In addition, this benzyl 
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containing dyad 4.5b was not saturated even with 8 mM CB7.  This strong 

enhancement indicates the disruption of viologen-rhodamine B aggregates upon 

complexation of viologen with CB7.  In the absence of CB7 the fluorescence of 

dyad 3.5b quenches as in that in 3.5a by about 10 fold due to the electron transfer 

from excited rhodamine B to the dicationic viologen of dyad.  Addition of CB7 

results in complexation between CB7 and viologen and prevents the electron 

transfer from excited rhodamine B to viologen.  Thus fluorescence of rhodamine B 

increases or turns on from fluorescence off.  Analysis of fluorescence intensity 

depicts 88% recovery in fluorescence on comparing to rhodamine B ester, 2, 

(Figure3.12) with CB7.  CB7 binds strongly to the benzylviologen because it is 

geometrically more fitted in CB7 due to dipole-ion interaction of carbonyl portal of 

CB7 to cationic nitrogen of viologen and more especially, hydrophobic interaction 

of benzyl and inner part of CB7.  This strong binding enables to disrupt the 

interaction between viologen and rhodamine B which results in the prevention of 

the electron transfer from excited rhodmine B to viologen and switches the 

fluorescence-off to on. 
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Figure 4.11.  Fluorescence titration curve of benzylviologen- rhodamine B (5 µM) 

titrated with CB7 (0 mM to 8 mM) in water. 

 To improve our understanding of the nature of the complexation between 

CB7 and dyad 4.5b 
1
H NMR titration experiments were performed where 

concentration of benzylviologen-rhodamine was held constant and concentration of 

CB7 was varied from 0 to 2 molar equivalents.  The spectral analysis (Figure 4.13) 

shows binding of benzylviologen with CB7 up to 1 equivalent.  Splitting of two 

aromatic protons (9.05 ppm and 8.4 ppm) of viologen, into total four sets of distinct 

peaks indicates the slow exchange of included and free viologen of dyad.  The α 

(9.01 ppm) and β (8.4 ppm) protons of uncomplexed pyridine of viologen dyad 

remains unperturbed , however, α (9.01 ppm) protons of second pyridine found 

upfield shift (8.9 ppm) whereas β protons shifted to downfield (8.6 ppm).  

Moreover, upfield shift of benzyl protons (7.4 ppm) clearly indicates the complete 

inclusion of benzyl into the inner hydrophobic cavity of CB7 and ion dipole 

0

100

200

300

400

500

600

700

800

0 2 4 6 8 10

em
is

si
o

n
 i

n
te

n
si

ty
 @

5
8

4
 n

m
 

[CB7] mM 

fluorescence titration curve of benzylviogen-rhodamine B : CB7 

5 uM dyad



 

 

128 

 

interaction of ureidyl oxygens of the CB7 and one cationic pyridinium of viologen.  

Above 1 equivalent of CB7, splitting of signal of 3,6-bis(N,N-diethylanilino) of 

rhodamine at 3.5 ppm to two sets of broadened signal and upfield shift of peaks 

supports slow exchange between included and free rhodamine B of dyad. This 

NMR titration data clearly indicated binding of CB7 with viologen and also with 

rhodamine B at higher concentration of CB7.  

Dyads in Figure 4.5b possess two binding sites for CB7.  In order to 

confirm this finding and to calculate binding constant, the emission data was 

further analyzed by curve fitting.  The data fits better with two binding sites and a 

calculated  binding constant 1.16 x 10
5
 M

-1
, for the stronger binding with viologen  

and 1.57 x 10
3
 M

-1
 , for the second weekly binding site with rhodamine B. 

 

 

Figure 4.12.  Combined emission spectra of rhodamine B ester of 2-(3-(2- 

bromoethoxy)phenoxy)ethanol 2 (labeled as rhbester), methylviologen-rhodamine 
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B dyad 4.5a (labeled as mv), benylviologen-rhodamine B dyad 4.5b (labeled as 

bv): 5 µM dye and dyad without and and 8 mM CB7 in water. 

 

Figure 4.13.  
1
H NMR spectra (300 MHz, D2O) of benzylylviologen-rhodamine B 

dyad (2.9 mM) with CB7 (0 to 2 equivalent). 

4.3.3 Spectroscopic Investigation of Benzylviologen-Bodipy Dyad : 

Cucurbit[7]uril 

 Due to the cationic nature of rhodamine B, its binding with CB7 could not 

be avoided. Higher concentrations of CB7 were required to obtain higher emission 

intensity.  Therefore, we wanted to explore the fluorescence switching efficacy by 

incorporation of neutral dye, Bodipy instead of cationic rhodamine B.  Although 

binding of CB7 with neutral bodipy has not been reported, we thought binding CB7 

to bodipy would be negligible as it is not cationic.  On this basis, we postulated that 

dyad incorporating bodipy would produce a large enhancement in the presence of 
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CB7.  Scheme 1 was followed to synthesize the benzylviologen-bodipy dyad as in 

Figure 4.5c.  

In order to study the efficiency of switching fluorescence off to on by 

benzylviologen-bodipy dyad, UV-Vis absorbance and fluorescence measurements 

were taken.  Absorbance of dyad as in Figure 4.5c (Figure 4.14) shows no 

significant change in absorbance on the complexation of CB7 with dyads and free 

dyads.  Additionally, no distinct shift for the λmax was observed in the absence and 

presence of CB7.  

                                                                                                                                     

Figure 4.14.  UV-vis spectra of benzylviologen-bodipy dyads (5 µM): CB7 (0 

mM-8 mM). 
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Figure 4.15. Fluorescence titration curve of benzylviologen- bodipy (5 µM) titrated 

with CB7 (0 mM to 8 mM) in water. 

As anticipated, fluorescence titration curve analysis (Figure 4.15) shows 30 

fold fluorescence enhancement on the addition of CB7 to the dyad.  Emission data 

indicates the efficient quenching of dyad due to facilitation of electron transfer 

from the excited bodipy to proximate viologen in the absence of CB7.  On the 

subsequent addition of CB7 fluorescence switches from off to on because of 

complexation between viologen and CB7 result in the prevention of electron 

transfer from excied bodipy to viologen.  Efficient fluorescence recovery with low 

concentration CB7 (0.25 mM) indicates binding of CB7 with viologen only and 

negligible competitive binding with bodipy. 
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To gain more insight of nature of binding of CB7 with dyad as in Fig 4.5c, 

1
H NMR titration experiments were performed where the concentration of 

benzylviologen-bodipy was kept constant and varied the concentration of CB7 

from 0 to 2 molar equivalents in D2O.  Unlike the dyads 4.5a and 4.5 b, the 
1
H 

NMR spectral titration of the dyad 4.5c looked complicated.  Several unsuccessful 

attempts were performed by increasing the concentration of dyad, and increasing 

acquisitions. No improvement on the quality of spectra could be due to limited 

solubility of bodipy in water.  However, splitting of α and β protons of  viologen 

signals at 8.5 and 9.4 into four distinct sets of signals (Figure 4.16) clearly supports 

the binding of CB7 to one pyridinium, proximate to the benzyl group at 0.5 molar  

 

Figure 4.16.  
1
H NMR spectra (300 MHz, D2O) of benzylylviologen-bodipy dyad                 

( 3.9 mM) with CB7 (0 to 2 equivalent). 
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equiv. of  CB7.  This set of splitting signals indicates the slow exchange of 

included and free viologen of the dyad.  The sharp upfield signal of sharp benzyl, 

proximate to viologen, at 7.5 ppm also supports binding of CB7 to the 

benzylviologen as shown in Figure 4.17. 

Emission data of 4.5c dyad was employed in curve fitting.  The curve fits 

well with one binding site of dyad that is CB7 binds with only viologen and not 

with CB7.  Binding constant of complexes between dyad 3.5c and CB7 is 1.2 x 10
4
 

M
-1

. 

 

 Figure 4.17. Binding of CB7 with benzylviologen of dyads 4.5c. Diagram 

produced by Ronald L. Halterman. 

 This novel approach of tethering a fluorophore with a quencher can be 

utilized in the construction of sensors.   A sensor with two binding sites for CB7 

could be intially quenched due to electron transfer from an excited fluorophore to 

the proximate quencher. The recognition of analytes by receptor diminishes the 
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binding affinity of CB7 with its initial guest through external stimuli and results 

shuttling of CB7 to the second binding guest.  This shuttling of CB7 switches the 

fluorescence of fluorophore from off to on. This approach is more attractive as 

signal unit is electronically independent to the recognition unit. Thus recognition 

unit can be explored without any change in signal unit and vice-versa. Such an 

extension of the fluorescence-on signaling will be developed in the followimg 

chapters. 

4.4   Chapter Summary 

The efficacy of switching the fluorescence from off to on state of viologen-

fluorophore dyads upon addition of cucurbit[7]uril (CB7) was studied.  This 

chapter explains our effort to develop fluorescence off-on signal transduction 

component which could have potential use in the construction of sensors.  The 

three different dyads were successfully synthesized and characterized by 

performing NMR spectroscopy and mass spectrometry experiments.  The 

efficiency of fluorescence off-on of dyads was investigated by measuring 

absorbance and emission dyads.  The mode of binding of CB7 with dyads was 

examined by performing NMR titration experiments. The nature of complexes of 

dyad with CB7 was further investigated by curve fitting of emission data. Such 

curve fitting was also used to calculate the binding constant of CB7 and dyads. 

Benzylviologen-bodipy dyad exhibits superior fluorescence off-on 

performance. Addition of CB7 to this dyad increases the emission intensity by 30 



 

 

135 

 

fold. Benzylviologen-rhodamineB dyad shows 14 fold enhancement upon binding 

with CB7. Both dyads indicates the strong binding (K = 10
4 

M
-1

) order of 

benzylviologen with CB7.  Binding of CB7 with only viologen is around 10
6  

M
-1

 

which indicates the binding interaction between viologen and fluorophore of dyad  

is 10
2
 M

-1
 order.  NMR titration data are also consistent with binding of CB7 with 

benzylviologen of both dyads.  However, methylviologen-rhodamine B is able to 

enhance its fluorescence only by threefold. This could be due to lower viologen-

CB7 binding due to limited hydrophobicity of methyl compare to benzyl, allowing 

rhodamine B to efficiently compete for binding with CB7 over methylviologen. 

Moreove, curve fitting analysis also supports for two binding events in 

methylviologen-rhodamineB dyad for CB7.  

Finally, a highly efficient novel signal transduction unit was developed by 

employing a unique approach.  The quenching of fluorophore continues until the 

binding event takes place.  Since the signal unit is electronically independent to the 

recognition unit, recognition unit can be varied according to the analyte of interest 

without configuring the signal unit.  The signal unit can also be varied by using the 

wide range of other fluorophores and suitable quencher.  These features make this 

approach more promissing over classical photoinduced electron transfer sensors 

where fluorophore and receptors are electronically dependent. 
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4.5    Experimental  

4.5.1   Experimental Procedures and Spectral Characterization of Synthesized 

Compounds. 

 

3-(2-Hydroxyethoxy)phenol.  In a 250 mL reaction flask, resorcinol (16 g, 149 

mmol), 2-chloroethanol (10 g, 124 mmol), sodium hydroxide (5.96 g, 149 mmol) 

and 95% ethanol (80 mL) were added. The suspension was heated at reflux for 2 d. 

The flask was cooled to room temperature and ethanol was removed via vacuum 

evaporation. The residue was extracted with ether (5 x 15 mL). The combined 

organic portion was dried over anhydrous MgSO4.  After filtration the solvent was 

removed via vacuum evaporation.  The compound was purified by column 

chromatography (SiO2, 2:1 to 1:1 hexane / ethyl actetate) to provide 3-(2-

hydroxyethoxy)phenol (7.5 g, 39% yield) as a white solid.  
1
 H NMR (300 MHz, 

CD3COCD3,): δ 8.29 (b, 1H), 7.06 (t, 1H, J = 9 Hz), 6.04 (m, 3H), 4.00 (t, 2H, J = 

6 Hz), 3.80 (t, 2H, J = 3 Hz).
 13

C{
1
H} NMR (75 MHz, CD3OCD3): δ 160.47, 

158.5, 129.8, 107.7, 105.5, 101.8, 69.4, 60.4.  HRMS-ESI: m/z calcd for C8H9O3 

153.0551; found 153.0557 [M-H]
+
. 
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Figure 4.18a.  
1
H NMR spectrum of 3-(2-Hydroxyethoxy)phenol. 

 

Figure 4.18b.  
13

C NMR spectrum of 3-(2-Hydroxyethoxy)phenol. 
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Figure 4.18c.  Mass spectrum of 3-(2-Hydroxyethoxy)phenol.
 

 

2-(3-(2-Bromoethoxy)phenoxy)ethanol (1).  In a 100 mL reaction flask, 3-(2-

hydroxyethoxy)phenol (1.2 g, 7.8 mmol), 1,2-dibromoethane (11.7 g , 62.4 mmol), 

potassium carbonate (2.2 g , 15.6 mmol), 18-crown-6 ether (0.211 g, 0.8 mmol) and 

acetone (40 mL) were added. The suspension was heated under reflux for 3 d. The 

flask was cooled to room temperature and acetone was removed via vacuum 

evaporation. The residue was extracted with dichloromethane (3 x 10 mL). The 

combined organic portion was washed with water (3 x 10 mL) and dried over 

anhydrous MgSO4. After filtration the solvent was removed via vacuum 
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evaporation. The compound was purified by column chromatography (SiO2, 2:1 to 

1:1 hexane / ethyl acetate) to provide 2-(3-(2-bromoethoxy)phenoxy)ethanol (1.15 

g, 57% yield) as a colorless oily liquid. 
 1

 H NMR (300 MHz, CD3COCD3): δ 7.17 

(t, 1H, J = 8.7 Hz), 6.57-6.52 (m, 3H), 4.34 (t, 2H, J = 6 Hz), 4.05 (t, 2H, J = 6 

Hz), 3.80 (q, 2H, J = 6 Hz), 3.90 (t, 1H, J = 6 Hz), 3.70 (t, 2H, J = 6 Hz).
 13

C{
1
H} 

NMR (75 MHz, CD3OCD3): δ 160.4, 159.6, 129.9, 107.3, 106.7, 101.4, 69.6, 67.9, 

60.4, 30.1. HRMS-ESI: m/z calcd for C10H14BrO3 261.0126; found 261.0118 

[M+H]
+
.  

 

Figure 4.19a.  
1
H NMR spectrum of 2-(3-(2-Bromoethoxy)phenoxy)ethanol (1). 
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 Figure 4.19b.  
13

C NMR spectrum of 2-(3-(2-Bromoethoxy)phenoxy)ethanol (1). 

 

Figure 4.19c. Mass spectrum of 2-(3-(2-Bromoethoxy)phenoxy)ethanol (1). 
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Rhodamine-B ester, 2:  In a 100 mL reaction flask, rhodamine B (2.00 g, 4.2 

mmol), 2-(3-(2-bromoethoxy)phenoxy)ethanol (1.20 g, 4.6 mmol), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (1.2 g, 6.3 mmol), N.N-dimethylaminopyridine 

(77 mg, 0.63 mmol) and dichloromethane (20 mL) were added. The mixture was 

stirred for 3 d at room temperature. The solvent was removed via vacuum 

evaporation. The compound was purified by column chromatography (SiO2, 99:1 

CH2Cl2:CH3OH) to provide Rhodamine- B ester 2 (930 mg, 31% yield) as a purple 

colored solid.
 1

 H NMR (300 MHz , CDCl3): δ 8.3(dd, 1H, J = 7.8 Hz, 1.2 Hz), 

7.71-7.81 (m, 2H), 7.3 (dd, 1H, J = 7.8 Hz, 1.2 Hz), 7.1 (t, 1H, J 9 Hz), 7.0 (d, 2H, 

J9Hz ), 6.89(dd, 2H, J = 9.3 Hz, 2.1 Hz), 6.6 (d, 2H, J 3 Hz), 6.54 (dd, 1H, J = 7.8 

Hz, 1.8 Hz), 6.3 (m, 2H), 4.32 (t, 2H, J 3 Hz), 4.24 (t, 2H, J 6 Hz), 3.84 (t, 2H,  J 6 

Hz),3.80(t, 2 H, 3 Hz), 3.59( q, 8H, J 6Hz), 1.3 (t, 12H, J 6Hz). 
13

C NMR (75MHz , 

CDCl3 ): δ 165.11, 159.53, 159.33, 158.29, 157.59, 155.41, 133.39, 133.24, 131.66, 

131.27, 130.37, 130.20, 130.06, 129.67, 114.28, 113.54, 107.51, 106.91, 102.08, 

96.32, 68.24, 65.68, 63.94, 53.44, 46.18, 42.32, 12.7; HRMS-ESI: m/z calcd  for 

[C38H42BrN2O5 ]
+ 

685.2277; found 685.2251 ([M ]
+
 , 3%), 687.2246 ([M

+  
+ 2], 3 

%), 641.3 (100%).  
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 Figure 4.20a.  
1
H NMR spectrum of Rhodamine- B ester of 2-(3-(2-

Bromoethoxy)phenoxy)ethanol (2). 

Figure 4.20b.  
13

C NMR spectrum of Rhodamine- B ester of 2-(3-(2-

Bromoethoxy)phenoxy)ethanol (2).
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Figure 4.20c. Mass spectrum of Rhodamine- B ester of 2-(3-(2-    

Bromoethoxy)phenoxy)ethanol (2). 

 

Dipyridyl-rhodamine B ester. In a 100 mL reaction flask, rhodamine B ester (65 

mg, 0.09 mmol), 4, 4’ dipyridyl (112 mg, 0.72 mmol), potassium iodide (15 mg, 

0.09 mmol) and acetone (25 mL) were added.  The suspension was refluxed for 3 d. 

The flask was cooled and acetone was removed via vacuum evaporation. The 

compound was purified by column chromatography (SiO2, 9:1 to 8:2 CH2Cl2: 
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CH3OH) to provide dipyridyl-rhodamine- B ester (80 mg, 96% yield) as a purple 

colored waxy solid (counter ion not determined).
 1

 H NMR (300 MHz , CD3OD): δ 

9.2 (d, 2H, J = 6Hz), 8.8 (dd, 2H, J = 4.8 Hz, 1.8 Hz), 8.6 (d, 2H, J = 9Hz), 8.3(dd, 

1 H, J = 7.8 Hz, 1.8 Hz), 8.0 (dd, 2H, J  = 4.8 Hz, 1.8 Hz), 7.8 (m, 2H), 7.41(dd, 1H, 

J = 3Hz), 7.15(t, 1H, J = 9Hz), 7.1 (d, 2H, J = 9Hz), 7.0 (m, 2H), 6.8( 2H, d, J = 

3Hz), 6.6 (dd, 1H, J  = 8.4 Hz, 2.4 Hz), 6.37(t, 1H, J = 3Hz), 6.32(dd, 1H, J  = 8.4 

Hz, 2.4 Hz), 5.15 (t, 2H, J 6Hz), 4.58(t, 2H, J = 3Hz), 4.24( m, 2H), 3.7 (t, 2H, J = 

3Hz), 3.6 (q, 8H, J = 9 Hz), 1.2 (t, 12H, J =6Hz). 
 13

C NMR (75MHz, CD3OD): δ 

165.25, 159.73, 158.70, 158.37, 157.74, 155.53, 154.10, 150.4, 145.9, 142.12, 

133.39, 132.79, 131.07, 130.92, 130.2, 130.05, 129.79, 125.65, 122.23, 114.09, 

113.38, 108.13, 106.49, 101.19, 95.85,66.18, 65.73, 63.65,60.45, 45.45, 11.49. 

HRMS-ESI: m/z calcd for [C48H50N4O5]
++

 381.1890; found 381.1886 ( [M
2+

]
2+

, 

305.2( 22%), 261 (29%), 217(29%). 

 

Figure 4.21a.  
1
H NMR spectrum of Dipyridyl-rhodamine B ester, 2.
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Figure 4.21b.  
13

C NMR spectrum of Dipyridyl-rhodamine B ester, 2. 

 

Figure 4.21c. Mass spectrum of Dipyridyl-rhodamine B ester, 2. 
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Methylviologen-rhodamine dyad 4.5a. In a 100 mL reaction flask, dipyridyl-

rhodamine B ester (60 mg, 0.06 mmol), dimethyl sulfate (38 mg, 0.3 mmol) and 

DMF (4 mL) were added. The solution was heated at 50 
0
C for 2 d. The flask was 

cooled and DMF was removed via vacuum evaporation. The compound was 

purified by running  column chromatography (SiO2, 5:5  acetone: (7:2:1 Me 

OH:2MNH4Cl:CH3NO2) to provide methylviologen-rhodamine complex (40 mg, 

74% yield) as a purple waxy solid. 
1
 H NMR (300 MHz, CD3COCD3,): δ 9.3 (d, 

2H, J 9 Hz), 9.15 (d, 2H, J 6Hz), 8.7 (d, 2H, J = 6Hz), 8.6 (d, 2H, J = 9 Hz), 8.3 (d, 

1H, J = 6Hz), 7.7-7.8 (m, 2H ), 7.42 (dd, 1H, J = 7.8 Hz, 1.2 Hz), 7.15 (t, 1H, J = 

9Hz), 7.1(d, 2H, J = 9Hz), 6.9 (m, 2H), 6.82 (d, 2H, J = 3Hz), 6.59 (dd, 1H, J = 7.5 

Hz, 3 Hz), 6.3 (m, 2H), 5.2 (t, 2H, J = 3Hz), 4.56 (t, 2H, J = 6Hz), 4.52 (s, 3H), 

4.25 (t, 2H, J = 6Hz), 3.7 (t, 2H, J = 3Hz), 3.6 (q, 8H, J = 6Hz), 1.2 (t, 12H, J = 

6Hz). 
13

C NMR (75MHz, CD3OD): δ 165.19, 159.73, 158.67, 158.46, 157.77, 

155.58, 146.59, 146.41, 133.45, 132.82, 131.04, 130.9, 130.2, 130.08, 129.96, 

129.82, 126.7, 126.54, 114.02, 113.38, 107.95, 106.59, 101.13, 95.8, 80.48, 67.69, 

67.13, 66.03, 65.57, 63.65, 60.94, 45.42, 22.36, 11.45. HRMS-ESI: m/z   calcd for 

[C49H53N4O5]
+++

 259.1338; found 259.1344 ( [M
3+

], 100%),  388.7001 ([M
3+

]
2+

, 

63%), 404.2 (63%), 578.2774 (47%), 198.1 (58%), 171.1(58%). 



 

 

147 

 

 

Figure 4.22a.  
1
H NMR spectrum of Methylviologen-rhodamine dyad 4.5a. 

 

  Figure 4.22b.  
13

C NMR spectrum of Methylviologen-rhodamine dyad 4.5a. 
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Figure 4.22c.  Mass spectra of Methylviologen-rhodamine dyad 4.5a. 

 

Benzylviologen-rhodamine B dyad 4.5b: In a 100 mL reaction flask, dipyridyl-

rhodamine B ester (216 mg, 0.23 mmol), benzyl bromide (200 mg, 1.2 mmol) and 

DMF (8 mL) were added.  The mixture was heated at 60 
o
C for 4 d. The flask was 

cooled and DMF was removed via vacuum evaporation. After separation by 

column chromatography [SiO2, 5:5 acetone: (7 : 2 : 1 MeOH : 2M NH4Cl : 

CH3NO2)] and vacuum evaporation of the solvent, the residue was partially 

dissolved in dichloromethane to remove ammonium chloride. Evaporation of the 
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soluble portion provided benzylviologen-rhodamine dyad as a purple waxy solid 

(171 mg, 67% yield).
 1

H NMR (300 MHz, CD3COCD3): δ 9.4 (t, 4 H, J = 9 Hz), 

8.7 (t, 4 H, J = 9 Hz), 8.3 (dd, 1H, J = 1.2 Hz, 7.8 Hz), 7.80-7.87 (m, 2 H), 7.6(m, 2 

H), 7.4-7.5 (m, 3 H), 7.4 (d, 1 H, J = 6 Hz), 7.15 (t, 1, J = 6 Hz), 7.1(d, 2 H, J = 9 

Hz), 7.0 (dd, 2H, J = 9.3 Hz, 2.4 Hz), 6.82 (d, 2 H, J = 3Hz), 6.6 (dd, 1H, J = 8.4 

Hz, 1.8 Hz), 6.37 (t, 1H, J = 3 Hz), 6.32 (dd, 1H, J = 8.1 Hz, 1.8 Hz),  6.01 (s, 2 H), 

5.2 (b, 2 H), 4.6 (b, 2 H), 4.2 (b, 2 H), 3.7 (b, 2 H), 3.5 (q, 8 H, J = Hz), 1.2 (t, 12 

H, J = 9 Hz).
 13

C NMR (75 MHz, CD3OD): δ 165.24, 159.7, 158.69, 158.35, 

157.74, 155.55, 150.33, 150.16, 146.44, 145.66, 133.4, 133.01, 132.85, 131.07, 

130.92, 130.23, 130.097, 129.97, 129.79, 129.38, 129.12, 127.22, 126.83, 114.10, 

113.38, 108.077, 106.56, 101.13, 95.86, 66.12, 65.6, 64.4, 63.7, 60.95, 53.53, 

45.46, 11.54. HRMS-ESI: m/z calcd for [C48H50N4O5]
++ 

381.1890; found 381.1895 

( [ M
2+ 

- H]
2+

, 100%), 426.7 ( [M
3+

-H]
2+

, 33%), 259.1 ( [M
3+

], 39%), 578.2 (44%). 

 

     Figure 4.23a.  
1
H NMR spectrum of Benzylviologen-rhodamine dyad 4.5b. 
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Figure 4.23b.  
13

C NMR spectrum of Benzylviologen-rhodamine dyad 4.5b. 

 

Figure 4.23c. Mass spectra of Benzylviologen-rhodamine dyad 4.5b.
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(4-Carboxyphenyl)BODIPY.
1
  In a 250 mL reaction flask, 4-formylbenzoic acid 

(3.7 g, 24.7 mmol), 2,4 dimethylpyrrole (4.7 g, 49.4 mmol) and dichloromethane 

(35 mL) were added. The mixture was stirred for 20 min at room temperature under 

nitrogen. Trifluoroacetic acid (0.2 mL) was added and stirred overnight. To the 

reaction mixture chlorinal (12 g , 49.4 mmol) was added with continuous stirring. 

After 4 h, triethylamine (29 mL) was added and stirred for 30 min. Boron 

trifluoride (29 mL) was added and stirred for another 4 h. The mixture was diluted 

with water (50 mL) and extracted with dichloromethane (6 x 20 mL). The 

combined organic phase was dried over anhydrous Na2SO4 and filtered. The 

solvent of the filtrate was removed via vacuum evaporation. The compound was 

purified by column chromatography (SiO2, 3:1 hexane / ethyl acetate) to provide 

(4-carboxyphenyl)bodipy (2.807 g, 31% yield) as a brown colored solid. 
1
H NMR 

(300 MHz, CDCl3): δ 8.24 (d, 2H, J = 8.1 Hz), 7.46 (d, 2H, J = 8.1 Hz), 6.00 (s, 

2H), 2.57 (s, 6H), 1.37 (s, 6H). 
13

C{
1
H} NMR (75 MHz, CDCl3) δ 143.3, 130.9, 

128.5, 121.6, 118.7, 14.6. HRMS-ESI: m/z calcd for C20H20BF2N2O2 369.1584; 

found 369.1581 [M+H]
+
 ( 21% intensity), calcd for C20H19BF2N2O2  368.1874; 

found 368.1575 ( [M]
+ 

, 5% intensity), 349.2 ([M-F]
+
, 24%), 282.3 ( 22%), 116.1 

(100%), 144.1 ( 62%). 
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Figure 4.24a.  
1
H NMR spectrum of (4-Carboxyphenyl)BODIPY. 

 

Figure 4.24b.  
13

C NMR spectrum of (4-Carboxyphenyl)BODIPY. 
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Figure 4.24c. Mass spectra of (4-Carboxyphenyl)BODIPY.
 

 

BODIPY ester.  In a 100 mL reaction flask, (4-carboxyyphenyl)bodipy (500 mg, 

1.36 mmol), 2-(3-(2-bromoethoxy) phenoxy)ethanol (391 mg, 1.5 mmol), 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide (391 mg, 2.04  mmol), N,N-

dimethylaminopyridine (25 mg, 0.204 mmol) and dichloromethane (15 mL) were 

added. The mixture was stirred for 3 d at room temperature. The solvent was 

removed via vacuum evaporation. The compound was purified by column 

chromatography (SiO2, 3:1 hexane / EtOAc) to provide BODIPY ester (302 mg, 
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36% yield) as an orange solid.
 1

 H NMR (300 MHz, CDCl3): δ 8.20 (d, 2H, J = 8.1 

Hz), 7.40 (d, 2H, J = 8.1 Hz), 7.22 (t, 1H, J = 5.4 Hz), 6.50 (m, 3H), 5.95 (s, 2H), 

4.70 (t, 2H, J = 4.5 Hz), 4.30 (t, 2H, J = 3 Hz), 4.20 (m, 2H), 3.40 (t, 2H, J = 6 

Hz), 2.55 (s, 6H), 1.35 (s, 6H). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ 164.8, 158.6, 

158.13, 154.9, 141.8, 139.0, 138.9, 129.8, 129.4, 129.4, 129.2, 129.1, 120.4,127.3, 

106.4,106.3,106.2, 101.0,100.9, 67.5, 66.9, 64.8, 62.6, 13.5, 13.5. HRMS-ESI: m/z 

calcd for [C21 H21BF2N2O2 ] 
+ 

382.1664 ; found 382.1664
 
, ( 46%), 156.1 (93%) , 

124.0757 (100% ), 382.2 (46%). 

 

 Figure 4.25a.  
1
H NMR spectrum of BODIPY ester of 2-(3-(2-bromoethoxy) 

phenoxy)ethanol. 
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Figure 4.25b.  
13

C NMR spectrum of BODIPY ester of 2-(3-(2-bromoethoxy) 

phenoxy)ethanol. 
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Figure 4.25c. Mass spectrum of BODIPY ester of 2-(3-(2-bromoethoxy) 

phenoxy)ethanol.
 

 

Monocationic dipyridyl-BODIPY.  In a 100 mL reaction flask, BODIPY ester 

(302 mg, 0.5 mmol),  4, 4’-dipyridyl (390 mg, 2.5 mmol), potassium iodide (83 mg, 

0.5 mmol) and acetone (15 mL) were added.  The suspension was heated under 

reflux for 3 d. The flask was cooled to room temperature and solvent was removed 

via vacuum evaporation. The residue was purified by column chromatography 

(SiO2, 9:1 to 8:2 CH2Cl2 / CH3OH) to provide monocationic dipyridyl-BODIPY 

ester (179 mg, 47% yield) as an orange waxy solid (counter ion not determined).
 1
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H NMR (300 MHz, CD3OD): δ 9.24 (d, 2H, J = 9 Hz), 8.80 (d, 2H, J = 6 Hz), 8.50 

(d, 2H, J = 9 Hz), 8.17 (d, 2H, J = 9 Hz), 7.90 (2H, d, J = 6 Hz), 7.43 (d, 2H, J = 9 

Hz), 7.16 (t, 1H, J = 9 Hz), 6.65 - 6.53 (m, 3H), 6.07 (s, 2H), 5.14 (t, 2H, J = 6 

Hz), 4.67 (t, 2H, J = 6 Hz), 4.56 (t, 2H, J = 6 Hz), 4.36 (t, 2H, J = 6 Hz), 2.47 (s, 

6H), 1.34 (s, 6H). 
13

C{
1
H} NMR (75 MHz, CD3OD ): δ 165.7, 159.9, 158.8, 155.8, 

153.9, 150.3, 145.9, 142.9, 142.1, 139.7, 130.5, 130.2, 129.8, 128.4, 125.7, 122.3, 

121.1, 109.9, 107.9, 106.7, 101.6, 66.1, 66.1, 63.6, 60.5, 13.3, 13.2. HRMS-ESI: 

m/z calcd for [C40H38BF2N4O4 ]
+ 

687.2954; found 687.2948 [M]
+
 (100% intensity), 

688.3 ( [M+H]
+ 

, 40% intensity), 686.3 ([M-H]
+ 

,20% ), 130.1 (44%), 219.0 ( 28%), 

455.2 ( 18%). 

 

Figure 4.26a.  
1
H NMR spectrum of Monocationic dipyridyl-BODIPY. 
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Figure 4.26b.  
13

C NMR spectrum of Monocationic dipyridyl-BODIPY. 

Figure 4.26c. Mass spectrum of Monocationic dipyridyl-BODIPY. 
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Benzylviologen-BODIPY dyad 4.5c.  In a 100 mL reaction flask, monocationic 

dipyridyl-BODIPY (179 mg, 0.23 mmol), benzyl bromide (222 mg, 1.3 mmol) and 

DMF (8 mL) were added.  The mixture was heated at 60 °C for 4 d. The flask was 

cooled to room temperature and solvent was removed via high vacuum 

evaporation. The compound was purified by column chromatography [SiO2, 5:5 

acetone / (7:2:1 MeOH / 2M aq. NH4Cl / CH3NO2)] to provide benzylviologen-

BODIPY complex 4 (101 mg, 47% yield) as a purple waxy solid.
  1

 H NMR (400 

MHz, CD3OD): δ 9.30 (dd, 4H, J = 14.8 Hz, 7.2 Hz), 8.68 (dd, 4H, J = 9.6 Hz, 6.8 

Hz), 8.16 (d, 2H, J = 8.8  Hz), 7.58 (m, 2H), 7.48-7.42 (m, 5H), 7.16 (t, 1H, J = 8 

Hz), 6.60-6.50 (m, 3H), 6.06 (s, 1H), 5.96 (s, 2H), 5.17 (t, 2H, J = 4 Hz), 4.60 (t, 

2H, J = 4 Hz), 4.50 ( t, 2H, J =4 Hz), 4.30 (t, 2H, J = 4 Hz), 2.47 (s, 6H), 1.35 (s, 

6H).
 13

C{
1
H} NMR (100 MHz, CD3OD ): δ 165.6, 159.9, 158.7, 155.8, 150.3, 

150.2, 146.3, 145.6, 142.9, 140.6, 139.7, 132.8, 130.6, 130.2, 130.1, 129.9, 129.8, 

129.3, 128.9, 128.4, 127.1, 126.7, 121.1, 107.6, 106.7, 101.6, 65.9, 65.8, 64.5, 63.6, 

60.9, 13.3, 13.1. HRMS-ESI: m/z calculated for  C47H45BF2N4O4  778.3501; found 

778.3493 ([M
2+

]
+ 

, 28% intensity), calcd for   [C47H45BF2N4O4 ]
++

 389.1750 ; found 

389.1762 ([M ]
++  

, 100%), 320.1519 ([M
2+

- BF2]
+

 ,  30%). 
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Figure 4.27a.  
1
H NMR spectrum of Benzylviologen-BODIPY dyad 4.5c. 
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Figure 4.27b.  
13

C NMR spectrum of Benzylviologen-BODIPY dyad 4.5c. 

 

Figure 4.27c. Mass spectrum of Benzylviologen-BODIPY dyad 4.5c. 

Cucurbit[7]uril (CB[7]).
2
  Following the procedure of Day, et al, in a 300 mL 

beaker, glycouril (20 g, 140.7 mmol), paraformaldehyde (8.45 g, 281.5 mmol) and 

5 M HCl (150 mL) were added. The mixture was heated at 80 °C for 8 d. During 

this period, addition of 5 M HCl was continued to keep the volume constant. The 

reaction mixture was cooled to room temperature and filtered. To the filtrate, 400 

mL of methanol was added and settled for 1 d. The mixture was filtered and 

washed the solid with methanol (2 x 100 mL). Thus dried solid was dissolved in 

20% aq. glycerol (500 mL, v/v). The mixture was heated at 60-80 °C in open 

atmosphere for 3 h. The mixture was filtered. To the filtrate, methanol (400 mL) 
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was added and the mixture left undisturbed overnight. The mixture was filtered. 

The resulting solid was washed with methanol (3 x 100 mL) to obtain CB[7] (6.26 

g, 27% yield) as a white solid. 
1
 H NMR (300 MHz, D2O): δ 5.6 (d, 14 H, J = 15 

Hz), 5.37 (s, 14H), 4.06 (d, 14H, J = 15 Hz).
 13

C{
1
H} NMR (75 MHz, D2O ): δ 

156.5, 71.1, 52.4. HRMS-ESI: m/z calcd for [C6H6N4O2 ]7Na 1185.3333; found 

1185.3331 [M+Na]
+
. 

 

Figure 4.28a.  
1
H NMR spectrum of Cucurbit[7]uril (CB[7]. 
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Figure 4.28b.  
13

C NMR spectrum of Cucurbit[7]uril (CB[7]). 

 

Figure 4.28c. Mass spectrum of Cucurbit[7]uril (CB[7]). 

Procedure and spectra for absorbance and fluorescence measurements. 
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Absorbance measurements.  Absorbance measurements were done on Shimadzu 

Scientific Instruments UV-2101 PC UV-Vis scanning spectrophotometer. 

Measurement was performed in disposable polystyrene cuvettes of 10.0 

mm/10.0mm. The baseline was recorded with water in both sample and reference 

cuvettes. All the measurements were performed at ambient temperature in air. All 

the measurements were done on 4 mL sample. 

Fluorescence measurements. Fluorescence measurements were done on 

Shimadzu Scientific Instruments RF-5301 PC spectrofluorophotometer equipped 

with a xenon lamp of 150 W as an excitation source.  Measurement was performed 

in disposable polystyrene cuvettes of 10.0 mm/10.0mm. In all the measurements 

slit width was adjusted to 1.5.  All the measurements were performed at ambient 

temperature in air. All the measurements were done on 4 mL sample. 

Stock solution of methylviologenrhodamine.  A methylviologenrhodamine 

(C49H53N4O5
3+

SO4
2-

Cl
-
, FW = 909.48) stock solution (3.0 mM) was prepared by 

dissolving methylviologenrhodamine (70 mg, 0.0770 mmol) in 25 mL of deionized 

water (DI water). A portion of the stock solution (166 μL) was taken in a 50 mL 

volumetric flask and diluted up to 50 mL with DI water to prepare 10 μM solution. 

Stock solution of benzylviologenrhodamine.  A benzylviologenrhodamine 

[C55H57N4O5
3+ 

Cl
-
Br

-
 I

- 
; FW = 1096.22] stock solution (1.38 mM) was prepared in 

a 25 mL volumetric flask by dissolving benzylviologenrhodamine (38 mg, 0.0347 

mmol) in DI water.  A portion of the stock solution (0.360 mL) was taken in a 50 
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mL volumetric flask and diluted up to 50 mL with DI water to prepare 10 μM 

solution. 

Stock solution of rhodamine ester.  A rhodamine ester [C38H44BrN2O5
+ 

Cl
- 
; FW 

=722.11] stock solution (0.19 mM) was prepared by dissolving rhodamine ester (7 

mg, 0.0097mmol) in 50 mL of DI water with 4-5 drops of MeOH.  A portion of the 

stock solution (2.6 mL) was taken in a 50 mL volumetric flask and diluted with DI 

water to prepare 10 μM solution. 

Stock solution of benzylviologenbodipy.  A benzylviologenbodipy 

[C47H45BF2N4O4 
2+ 

Br 
-
I 

- 
, FW = 985.17] stock solution (3.8 mM) was prepared by 

dissolving benzylviologenbodipy (37 mg, 0.038 mmol) in a 10 mL volumetric flask 

with DI water. A portion of the stock solution (132 μL) was taken in a 50 mL 

volumetric flask and diluted up to 50 mL with DI water to prepare 10 μM solution. 

CB7 solution.  A CB7 solution (16 mM) was prepared by dissolving CB7 (93 mg, 

0.08 mmol) in DI water (5 mL). A portion of the CB7 solution (0.04 mL) was taken 

and diluted up to 4 mL with DI water to prepare 0.32 mM solution. 

Dilution of CB7 for measurement.  A CB7 solution (4 mL, 16 mM) was taken in 

a cuvette.  A portion of the CB7 solution (2 mL) was transferred to the second 

cuvette and DI water (2 mL) was added. The solution was mixed properly. A 

portion of this solution (2mL) was transferred to the third cuvette and again diluted 

with DI water (2mL). This way a series of CB7 dilution was done up to 0.0038 mM 

CB7.  After dilution, the dye complex (2 mL, 10 μM) was added to all the cuvettes. 
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The solution was mixed properly and then absorbance and fluorescence was 

measured.  To perform the second set of dilution, 0.32 mM CB7 was prepared from 

16 mM CB7, a series of dilution was done in the cuvettes from 0.16 up to 0.0006 

mM and then dye complex (2 mL) was added. After mixing, absorbance and 

fluorescence was measured. All the measurements were done three times and each 

time the experiment was performed on two sets. The excited wavelength was 562 

nm for rhodamine dye and 490 nm for bodipy. 

 

Figure 4.29. Absorbance spectra of methylviologen-rhodamine B dyad 4.5a 

(5µM in water + CB7). 
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Figure 4.30.  Emission spectra of methylviologen-rhodamine B dyad 4.5a (5 µM 

in water + CB7, excitation wave length 560 nm). 
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Figure 4.31.  Emission spectra titration curve of methylviologen-rhodamine B 

dyad 3.5a (5µM in water + CB7, excitation wave length 560 nm and two 

equilibrium curve fitting model): provided by courtesy of Wai Tak Yip. 

 

Figure 4.32.  
1
H NMR spectra of methylviologen-rhodamine B dyad 4.5a + CB7. 
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Figure 4.33. Absorbance spectra of benzylviologen-rhodamine B dyad 4.5b (5 

µM in water + CB7). 

Figure 4.34.  Emission spectra of benzylviologen-rhodamine B dyad 4.5b (5 µM 

in water + CB7, excitation wave length 560 nm). 
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Figure 4.35. Emission spectra titration curve of benzylviologen-rhodamine B 

dyad 3.5b (5 µM in water + CB7, excitation wave length 560 nm and two 

equilibrium curve fitting model): provided by courtesy of Wai Tak Yip. 
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Figure 4.36.  
1
H NMR spectra of methylviologen-rhodamine B dyad 4.5a + CB7. 

 

Figure 4.37.  Absorbance spectra of benzylviologen-bodipy 4.5c (5 µM in water + 

CB7). 
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Figure 4.38.  Emission spectra of benzylviologen-bodipy dyad 4.5c (5 µM in 

water + CB7, excitation wave length 490 nm. 

 

 

Figure 4.39.  Emission spectra titration curve of benzylviologen-bodipy dyad 4.5c 

(5 µM in water + CB7, excitation wave length 490 nm and single equilibrium 

constant curve fitting model): provided by courtesy of Wai Tak Yip. 
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Figure 4.40. Summary of absorbance and emission spectra of benzylviologen-

bodipy 4.5c (5 µM in water and without and with 1 mM CB7, excitation wave 

length 490 nm). 

 

Figure 4.41. Absorbance spectra of rhodamine B ester 2 (5 µM in water + CB7): 

control dye without tethered viologen. 
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Figure 4.42.  Emission spectra of rhodamine B ester 2 (5 µM in water + CB7, 

excitation wave length 560 nm):control dye without tethered viologen. 

 

Figure 4.43. Combined absorbance spectra of rhodamine B ester of 2-(3-(2- 

bromoethoxy)phenoxy)ethanol 2 (labeled as rhbester), methylviologen-
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rhodamine B. dyad 3.5a (labeled as mv), benylviologen-rhodamine B dyad 3.5b 

(labeled as bv) : 5 µM dye and dyad without and and 8 mM CB7 in water. 

 

Figure 4.44.  Combined emission spectra of rhodamine B ester of 2-(3-(2- 

bromoethoxy)phenoxy)ethanol 2 (labeled as rhbester), methylviologen-rhodamine 

B dyad 3.5a (labeled as mv), benylviologen-rhodamine B dyad 3.5b (labeled as bv) 

: 5 µM dye and dyad without and and 8 mM CB7 in water, excited wavelength 560 

nm. 
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Chapter V: Investigation of pH Responsive Fluorescence off-on 

Fluorophore-Viologen Dyads 

5.1 Chapter Overview 

This chapter presents the effects of cucurbit[7]uril (CB7) on the fluorescence 

off-on efficiency of fluorophore-viologen dyads in the presence of another 

competing guest molecules at different pH.  Shuttling of CB7 from one binding site 

to another on alteringpH has already been reported.  There are only few reports on 

switching fluorescence off-on due to displacement of CB7.  Since we were 

interested in construction of biosensor with a novel approach where recognition of 

target cause the CB7 shuttles from its intial binding station to another station and 

result switching the fluorescence –off to –on, we put our effort to investigate the 

fluorescence off-on mechanism in the presence of dyads and another competing 

guest for CB7 on varying pH of solution.  We also wanted to study the effect on the 

spectroscopic behavior of dyads on switching the position of substituent on 

viologen of dyads.  
1
H NMR, UV-Vis absorbance, fluorescence titration, and pH 

titration experiments were conducted to investigate the fluorescence off-on efficacy 

of dyads.  Data collected from fluorescence titration was further examined through 

curve fit to determine binding constant. 

5.2 Introduction 

Development of advanced techniques to monitor molecular or cellular 

processes in vivo for physicochemical alteration and theranostic application is a 
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current focus in cellular and materials research.
1
  In particular conversion of 

molecular signals into nanometer scale event for biorecognition process into a 

readable macroscopic property is a challenge.
2
  Fluorescence techniques have been 

becoming more promising to overcome these challenges as fluorescence sensing is 

highly sensitive, selective, and inexpensive, which detect the signals in the 

molecular level.
3
  The fluorescence-on sensors seem to be more advantageous 

because these could provide higher target to background ratio thereby reducing the 

noise significantly.
4
 

Switching a fluorescence-off biosensor to fluorescence-on could be based on 

shuttling of a host from its initial binding guest to second guest upon binding of 

recognition unit to target.   Shuttling of host from one station to another could be 

driven by varying external stimuli
5
 such as alternation of solvent,

6
 pH of solution, 

and various ionic strnegth.
7
  Herein we report control and selective fluorescent off-

on pseudorotaxane by employing a displacement property.  This model system 

study is crucial for the development of fluorescent off-on biosensor. Previously we 

have reported fluorescence-on dyads due to the disruption of aggregrate of 

fluorophore and quencher upon binding of cucurbit[7]uril (CB7) to the quencher 

shut off the  electron transfer from an excited fluorophore to viologen.
8
  The 

macrocyclic host CB7
9
 binds to the cationic species in broad range Ka from 10

4
 to 

10
12 

M
-1

.
10

  Because of the presence of carbonyl groups at the both portal ends and 

an inner hydrophobic pocket, CB7 binding with cationic species is driven by ion-

dipole interaction interaction and as well as hydrophobic interaction.
11  

Extensive 
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efforts towards the study of binding of CB7 with cationic fluorophore,
12

 viologen,
13

 

and ammonium species
10 

have been documented. Furthermore binding of CB7 is 

highly dependent on pH of solution and can be utilized in the construction of pH 

sensitive molecular shuttles.
14

 The displacement principle was exploited to displace 

dapoxyl fluorophore from CB7 on the addition of DBO as a competitive guest 

accompanied by deprotonation of dapoxyl fluorophore.
15

 

5.3    Results and Discussion  

In our previous report,8
 

we were able to develop highly efficient 

fluorescence off-on dyads which inspired us to pursue our research towards the 

development of biosensors.  A biosensor based on this approach would posessess 

two binding sites for CB7.  In the absence of target the fluorescence of fluorophore 

(rhodamine B or bodipy) will be quenched (or fluorescence-off) due to 

photoinduced electron transfer
16

 from the excited fluorophore (Figure 5.1) to the 

quencher (viologen).  In the presence of target CB7 will shuttle from initial binding 

station to the second binding station or viologen due to the change in external 

stimuli results the interuption of electron transfer and fluorescent enhancement 

(fluorescent-on) from fluorophore.  The two more dyads azidotetraethyleneglycol 

benzylviologen-rhodamine B (Figure 4.1a) and azidotetraethyleneglycol 

benzylviologen-bodipy (Figure 4.1b) were syntnesized to explore the efficiency of 

fluorescence off-on dyad on changing the position of benzyl group from top 

pyridinium to bottom pyridinum of viologen.  The current aim is to investigate the 

control fluorescent off-on efficiency of dyads at different pH solution in the 
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presence of competitive guest molecules as means to establish signaling through 

shuttling. 

 

Figure 5.1.  Binding of Y displaces host from initial binding site to another binding 

site to disrupt fluorophore aggregation. Diagram produced by Ronald L. Halterman. 

The azidotetraethyleneglycol benzylviologen-rhodamine B (Figure 5.1a) and 

azidotetraethyleneglycol benzylviologen-bodipy (Figure 5.1b) were synthesized by 

following scheme 5.5.  These two dyads are different in position of benzyl group 

than the dyads described in Chapter IV. The dyads that have benzyl positioning 

above viologen (Figure 5.2) needed higher concentration of CB7 to gain complete 

recovery because after complexation of benzyl pyridinium of viologen, the another 

pyridinium  could still in contact with fluorophore. Thus due to a perfect height 

match between viologen and fluorophore a stronger aggregate ( around K= 10
2
 M

-1
)
  

was formed in the case of benzyl positioning above viologen. Placing of benzyl 

group at the bottom of viologen (Figure 5.3) would change the fluorescence off-on 

efficiency since this group provides more flexibility compare to ethyl group. We 

posulated that this flexibility may be beneficial in terms of binding affinity with 

CB7 and faster recovery.  Thus we aimed to synthesize dyads that possess benzyl 

group below viologen to gain better understanding on binding of CB7 and 
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fluorescence-on efficiency. Above viologen azido terminated tetraethylene glycol 

was placed. The azido group was for tethering with alkyne terminated another CB7 

binding guest molecules via click chemistry to establish a rotaxane for the 

construction of biosensor.   

 

Figure 5.2. Binding of CB7 with benzylviologen of dyads 4.5c. Diagram produced 

by Ronald L. Halterman. 

 

 

 

 

 

 

 

 

Figure 5.3. Binding of CB7 with reverse benzylviologen of dyads 5.4b.  
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 One hydroxy group of resourcinol was alkylated with 2-bromoethanol and a 

second alkylation with p-xylene dibromide to obtain 2-( 3-( 4-( 

bromomethyl)benzyloxy)phenoxy) ethanol.  In both steps desire compound was 

isolated by column chromatography using hexane : ethyl acetate solvent as an 

eluent.  This compound was exploited to anchor fluorophore and viologen on each 

end.  

 

 

 

 

 

Figure 5.4a and b. Reverse benzyl azido tetraethylene glycol viologen-rhodamine 

B dyad (Left, Figure 5.4a) and Reverse benzyl aido tetraethylene glycol viologen-

bodipy dyad (Right, Figure 5.4b),  R = O
O

O
N3

 

EDC promoted  coupling  was utilized to attach carboxy fluorophore, 

rhodamine B or bodipy,  with hydroxy terminated dialkylated resourcinol to obtain 

rhodamine ester and bodipy ester respectively.  Rhodamine B ester was isolated by 

column chromatography using dicholoromethnae : methanol (v/v 98: 2) as an 

eluent. The eluting solvent composition  hexane : ethylacetate (v/v 3: 1) was used 
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to isolate bodipy ester. Tetraethylene glycol was ditosylated and one tosylate 

functionality was substituted by azido group.
17

 The resulting 

monoazidomonotosyltetraethylene glycol was utilized for the  monoalkylation of 

bipyridine.
18

  Thus prepared monocationic azidotetraethylene glycol viologen was 

tethered with rhodamine B or bodipy ester by nucleophilic substitution of bromine 

to produce fluorophore tethered dicationicviologen.  The polycationic dyads  
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Scheme 5.5. Synthesis of reverse benzyl azidotetraethylene glycol viologen bodipy 

and reverse benzyl azidotetraethylene glycol viologen rhodamine B. 

(Figure 5.4a and 5.4b) were purified through silica gel chromatography by using a 

mixture of acetone (50%) and methanol, nitromethane, and aqueous ammonium 
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chloride (50%, 7:2:1) as an eluent.
19

 The dyad was dissolved in dichloromethane 

leaving behind ammonium chloride. 
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5.3.1. Spectroscopic Investigation of Benzyllviologen-Rhodamine B Dyad 

(5.4a) with Cucurbit[7]uril 

Quenching and fluorescence recovery efficacy of dyad 5.4.a was 

investigated by performing a CB7 titration.  There was no significant spectral shift 

observed in the absorbance spectra in CB7 titration. Also no detectable change in 

absorbance was observed in the presence and absence of CB7.  However, the 

brightness of benzylviologen dyad was fivefold lower than free rhodamine B 

(without viologen).  Addition of CB7 resulted an efficient fluorescence recovery 

(ca. 88%), about eight fold enhancement, (Figure 5.6) due to the halting of electron 

transfer from excited rhodamine to the CB7 bound viologen.  Fluorescent titration 

data was analyzed further through curve fit and this experiment was performed by 

Wai Tak Yip. Thus fitted curve showed two binding site, one stronger for viologen 

guest (K1 = 1.47 x 10
5
 M

-1
) and second weaker could be for rhodamine B (K2 = 7.15 

x 10
4 

M
-1

). The two binding constants are very close. On the addition of CB7, CB7 

forms inclusion complex with bottom benzyl and lower cationic pyridinium of 

viologen (Figure 5.3). Also another molecule of CB7 can still bind with cationic 

rhodamine B due to the presence of more flexible benzyl group resulted height 

mismatch between viologen and rhodamine B.  

To further analyze regarding the binding site, NMR titration (Figure 5.7) was 

performed on constant concentration of dyad and varying concentration of CB7.  

The upfield shift of two α protons at 9 ppm of viologen and unshifting other two α 

protons at 8.9 ppm clearly indicated the binding of CB7 with one pyridinium of 
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viologen. Furthermore, benzyl peaks at 7.5 ppm shifted to 7.0 ppm which 

evidenced the inclusion of benzyl into CB7 host and at 1.5 equiv of CB7 complete 

dispperance of benzyl peaks also supported binding of CB7 to the lower pyridinum 

of viologen or pyridnium that is closer to benzyl group.
20

  Curve fit data showed 

two binding site for CB7 one for benzylviologen and another we assume for 

rhodamine B. Binding of CB7 with rhodamine B of dyad 5.4a could be possible 

due to its cationic behavior and also benzyl group keeps rhodamine B away from 

viologen so as to allow steric CB7 binding possible more efficiently than the dyads 

having benzyl group above viologen. Binding of CB7 with rhodamine B can easily 

be followed by observing perturbation of 3,6-bis(N,N-diethylanilino) signals.
21

 

Unavoidable binding of CB7 with rhodamine B evidenced the splitting of anilinium 

ethyl peak at 3.3 ppm and methyl pekas at 1.0 ppm into two sets of signals.  This 

two sets of signal indicated slow exchange between bound and free rhodamine B. 

 

Figure 5.6.  Fluorescence titration curve of 5.4a dyad (5 µM) titrated with CB7 (0 

mM, 8mM - 0.0019 mM, 0.16 mM- 0.0003 mM) in millipore water at 585 nm. 
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Figure 5.7.
  1

H NMR spectra (400 MHz, D2O) of 5.4a dyad (2.1 mM) with CB7 (0 

to 2 equivalent). 

5.3.2   Spectroscopic Investigation of Reverse Benzyl Azido Tetraethylene 

Glycol Viologen-Bodipy Dyad (5.4.b) with Cucurbit[7]uril 

Similar to dyad 5.4a, no significant spectral shift and change in absorbance 

was noticed in the absence and presence of CB7 in the case of benzyl azido 

tetraethylene glycol viologen-bodipy dyad .  Quenching was observed in the 

absence of CB7 while fluorescence titration with CB7 a large enhancement, 20 

fold, in emission intensity (Figure 5.8) was observed.  Fluorescence titration data 

was used for curve fitting and as expected curve was nicely fitted with one CB7 

binding mode. This curve fitting was also performed by Wai Tak Yip.  

Interestingly, strong binding constant was calculated (K = 2.72 x 10
6
 M

-1
) for 5.4b 

dyad which is comparable to the literature binding constant of free viologen.
13, 10
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This result is crucial large enhancement due to binding of CB7 with viologen only 

not as with efficient quenching when CB7 is on rhodamine B.       

 

Figure 5.8. Fluorescence titration curve of reverse benzylviologen- bodipy (5 µM) 

titrated with CB7 (0 mM, 8mM - 0.0019 mM, 0.16 mM- 0.0003 mM) in Millipore 

water. 

The mode of binding of CB7 with dyad 5.4b was further investigated by 

performing NMR titrations (Figure 5.9) with CB7. In this case also upfield shift 

two α protons around 9.1 ppm while no shift of two other α protons at 9.0 ppm, 

pyridinium tethered to tetraethylene glycol, of viologen indicated binding of CB7 

to the one of the pyridiniums of viologen.  Complete disappearance of benzyl peak 

at 7.5 supported binding of CB7 with one pyridinum and benzyl group.  
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Figure 5.9.  
1
H NMR spectra (400 MHz, D2O) of 5.4b dyad (2.95 mM) with CB7 

(0 to 2 equivalent). 

Dyads having benzyl group at the bottom of viologen showed very efficient 

fluorescent off-on in the absence and presence of CB7 respectively.  After this 

exciting result it was important to investigate the shuttling efficiency of CB7 from 

its initial binding station to quencher viologen binding station on changing external 

stimuli since working of our biosensor depends on shuttling of CB7.  Thus we 

pursue the research towards the examination of fluorescence off-on efficacy of 

dyads at different pH solutions with CB7. 

 



 

 

194 

 

5.3.3   Investigation of Efficacy of Control and Selective Fluorescence Off-On 

of 5.4a and 5.4b Dyads by Displacement Principle at Different pH. 

The main aim of this experiment was to observe the control fluorescence off-

on process. For this  p -xylyl diamine was selected as a competitor guest since its 

binding constant is higher than that of viologen.
10

  As expected at lower pH, CB7 

preferred to bind with protonated p-xylyldiamine and quenching of dyad was 

observed.  The pH titration performed from pH 2 to pH 8 and quenching was 

continued to pH 8.  It could be due to the higher pKa of amine (ca. 9)
22

 there was 

still protonated amine and CB7 prefers to bind with xylyl amine.  Also, at higher 

pH the system turned to complex because of higher ionic strength as well as 

cleavage of viologen and ester bond of dye.  

 

 

 

 

 

Figure 5.10.  Mechanism for fluorescence off-on at different pH. 

Thus we chose 1,4-diaminobenzene ( pKa 4-5)
22

 as it possesses a lower pKa . 

The binding of this amine and viologen is the same at the order of 10
6
 M

-1
.
10 
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amine and viologen of dyads.  As a control quenching could be observed in the 

absence of CB7 at all pH’s studied and also no effect on quenching was observed in 

the presence amine at all pH’s studied.  As the pH of solution increased dramatic 

increase in enhancement was noted (Figure 5.11 and 5.12) due to the displacement 

of deprotonated 1,4-diaminobenzene amine from CB7 and more binding of CB7 to 

the viologen ( Figure 5.10) of dyads.  At pH 6 complete recovery of fluorescence of 

dyads were observed as no CB7 prefers to bind with neutral amine and can 

completely bind viologen to disrupt quenching aggregation.  Therefore, 

fluorescence off-on could be controlled by using suitable guest on the basis of 

binding constant.  

 

Figure 5.11.  Emission spectra of reverse benzylviologen-rhodamine B dyad 

(5 µM dyad + 6.25 µM CB7 + 10 µM 1,4-diaminobenzene, D = dyad, A= 

diaminobenzene, C= CB7, excitation wavelength = 562 nm ). 
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Figure 5.12.  Emission spectra of reverse benzylviologen-BODIPY dyad (5 

µM dyad + 6.25 µM CB7 + 10 µM 1,4-diaminobenzene, D=dyad, A= 

diaminobenzene, C= CB7, excitation wavelength = 490 nm). 

In conclusion, we have developed two more new dyads that exhibit very 

efficient fluorescence off-on in the absence and presence of CB7 respectively.  

More importantly, we have demonstrated shuttling of CB7 from one station to 

another dyad employing displacement property of CB7.  This study was crucial 

before construction of biosensors.   
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5.4    Chapter Summary 

The displacement of  Cucurbit[7]uril (CB7) from one guest molecule, 1,4- 

diaminobenzene, to another, viologen of dyads, and its effect on fluorescence off-

on mechanism was studied.  
1
H NMR, UV-Vis absorbance, fluorescence titration, 

and pH titration experiments were conducted to investigate the effect on 

photophysical properties of the dyads on the displacement of CB7 and also to study 

the effect on photophysical properties of the dyads on changing the position of 

substituent on viologen of dyads .  Fluorescence titration data was utilized in curve 

fitting to determine binding contant and 
1
H NMR titration experiments were used 

to analyze the binding mode of CB7 to the dyads. 

On changing the position of benzyl group from terminal pyridinum of 

viologen to the bottom pyridinium, quenching was still in existence in the absence 

of CB7.  Addition of CB7 showed emission enhancement due to interruption 

electron transfer from excited fluorophore to the viologen of dyads.  Collected 

fluorescence titration data was further utilized to determine binding constant by 

curve fitting.  Binding was found to be higher around 10
6
 which was comparable to 

the binding contant of isolated viologen.  Furthermore, the curve was fitted well to 

two and single binding curve with viologen-rhodamine dyad and viologen-bodipy 

dyad respectively.  
1
H NMR titration data was consistent to the curve fitting data.  

As expected the pH titration data showed quenching of fluorescence due to binding 

of CB7 with protonated amine at lower pH.  However, complete recovery of 

fluorescence was found at higher pH.  This finding could be utilized to control 
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fluorescence off-on mechanism by varying pH solution.  This preliminary finding 

will be utilized in the construction of biosensor.  

5.5     Experimental  

HO
O

O
O

OH
TsO

O
O

O
OTs

KOH, TsCl

H2O, THF

 

Tetraethyleneglycol ditosylate .
17

  In a 250 mL reaction flask, tetraethylene glycol 

(2.2 mL, 12.87 mmol), tosyl chloride (7.36 g, 38.6 mmol), and THF (50 mL) were 

added.The mixture was cooled to 0
 o

C and then potassium hydroxide (5.05 g, 90.1 

mmol, 25 mL H2O) solution was added dropwise to the reaction mixture over 1 h. 

The mixturewas stirred for additional 2 h. The crude reaction mixture was poured 

into water/diethylether (50 mL/50 mL) and the organic layer was separted. The 

aqueous layer was extracted with diethylether (3 x 20 mL). The combined organic 

portion was washed with sat. ammonium chloride (1 x 20 mL) and water (3 x 20 

mL). The organic phase was dried over anhydrous MgSO4, filtered and removed 

solvent via vacuum evaporation to give 1 (5.969 g, 92% yield) as a colorless oily 

liquid. 
1
H NMR 7.78 (d, 4H, J = 9 Hz), 7.32 (d, 4H, J = 9 Hz), 4.15 (t, 4H, J = 6 

Hz) 3.68 (t, 4H, J = 6 Hz), 3.56 (s, 8H), 2.44 (s, 6H). 
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Figure 5.13.  
1
H NMR spectrum of Tetraethyleneglycol ditosylate. 
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 Azidotetraethyleneglycol tosylate.
17

 The tetraethyleneglycol ditosylate (4.185 g, 

8.3 mmol) was dissolved in DMSO (25 mL). To this solution was added NaN3 (182 

mg, 2.8 mmol) portion wise and the mixture was stirred overnight under nitrogen at 

room temperature. The reaction was quenched with H2O (50 mL) and stirred for 5 

min. The reaction mixture was extracted with diethyl ether (3 x 15 mL). The 

combined ether portion was washed with brine (1 x 15 mL) and water (3 x 15 mL).  

The ether portion was dried over anhydrous MgSO4 , filtered and concentrated 

under reduced pressure. The crude compound was purified by silica gel column 

chromatography (hexane/ethylacetate, 1:1) to give 2 (0.5 g, 48% yield) as a 

colorless oily liquid. 
1
H NMR (300 MHz, CDCl3) δ 7.80 (d, 2H, J = 9 Hz), 7.34 (d, 

2H, J = 9 Hz), 4.16 (t, 2H, J = 6 Hz) 3.64-3.70 (m, 8H), 3.60 (s, 4H), 3.38 (t, 2H, J 

= 6Hz), 2.45 (s, 3H). 
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Figure 5.14.  
1
H NMR spectrum of azidotetraethyleneglycol tosylate. 
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AzidoTetraethylene glycol viologen.  In a 100 mL reaction flask, 

azidotetraethyleneglycol tosylate (206 mg, 0.55 mmol), 4, 4’-dipyridyl (345 mg, 

2.2 mmol), potassium iodide (91 mg, 0.55 mmol), and acetone (20 mL) were 

added.  The suspension was heated under reflux for 4 d. The flask was cooled to 

room temperature and solvent was removed via vacuum evaporation. The residue 

was purified by column chromatography (SiO2, 9:1 to 8:2 CH2Cl2 / CH3OH) to 

provide 3 (95 mg, 36% yield) as a yellow oily liquid. 
1
 H NMR (300 MHz, CDCl3) 

δ 8.57 (2H, d, J = 6 Hz), 8.89 (2H, d, J = 6 Hz), 8.30 (2H, d, J = 6Hz), 7.7 (2H, d, 

J = 6 Hz), 5.24 ( 2H, t, J = 6Hz), 4.14  (2H, t, J = 6Hz), 3.6-3.7 ( 10 H, m), 3.42 ( 

2H, t, J = 6 Hz) 13C NMR (75MHz, CD3OD) δ 150.68, 145.78, 142.57, 125.06, 
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122.14, 70.18, 70.08, 69.57, 68.72, 50.34. MS-ESI:m/z calcd for [C18H24N5O3]
+ 

358.4167; found 358.1867 [M]
+
. 

 

Figure 5.15a.  
1
H NMR spectrum of azidotetraethylene glycol viologen.  

 

Figure 5.15b.  
13

C NMR spectrum of azidotetraethylene glycol viologen. 
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 Figure 5.15c.  Mass spectrum of AzidoTetraethylene glycol viologen.  

OHHO
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Br

Br

OO
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Br
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2-(3-(4-Bromomethyl)benzyloxy)phenoxy)ethanol.  In a 250 mL reaction flask, 

3-(2-hydroxyethoxy)phenol (1.86 g, 12.06 mmol), 1,4-bis(bromomethyl)benzene  

(19.11 g , 72.39 mmol), potassium carbonate (1.833 g , 13.26 mmol), 18-crown-6 

ether (0.319 g, 1.2 mmol), and acetone (100 mL) were added. The suspension was 

heated under reflux for 1 d. The flask was cooled to room temperature and acetone 

was removed via vacuum evaporation. Recrystallization of the crude product was 

performed to remove most of 1,4-bis(bromomethyl)benzene that separated by 
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filtration as a white crystals. The filtrate was concentrated and the crude product 

was purified by silica gel column chromatography (2:1 to 1:1 hexane / ethyl 

acetate) to provide 2-(3-(4-bromomethyl)benzyloxy)phenoxy)ethanol, 4 (2.845 g, 

70% yield) as a white solid. 
1
H NMR(300 MHz, CD3COCD3 )  7.49 (s, 4H), 7.17 (t, 

1H, J = 9 Hz), 6.51-6.61 (m, 3H), 5.12 (s, 2H), 4.67 (s, 2H), 4.04 (t, 2H, J = 6 Hz), 

3.8 (q, 2H, J = 5 Hz)  
13

C NMR (400 MHz, CD3COCD3) 160.47, 160.03, 137.85, 

129.83, 129.28, 127.77, 107.05, 101.71, 69.66, 69.08, 60.44, 33.20 
 
HRMS- ESI 

m/z  calculated  for [C16H17BrO3Na] 359.025; found 359.025 [ M + Na] and 

361.023  [M+2 + Na].  

Figure 5.16a.  
1
H NMR spectrum of 2-(3-

(Bromomethyl)benzyloxy)phenoxy)ethanol.  
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Figure 5.16b. 
13

C NMR spectrum of  2-(3-

(Bromomethyl)benzyloxy)phenoxy)ethanol. 
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Figure 5.16c. Mass spectrum of 2-(3-Bromomethyl)benzyloxy)phenoxy)ethanol.   
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Bodipy ester.  In a 50 mL reaction flask, (4-carboxyyphenyl)bodipy (189 mg, 0.5 

mmol), 2-(3-(2-bromomethyl)benzyloxy) phenoxy)ethanol (189 mg, 0.56 mmol), 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (148 mg, 0.77  mmol), N,N-

dimethylaminopyridine (10 mg, 0.08 mmol), and dichloromethane (15 mL) were 

added. The mixture was stirred for 3 d at room temperature. The solvent was 

removed via vacuum evaporation. The compound was purified by column 
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chromatography (SiO2, 3:1 hexane / EtOAc) to provide 5 (66 mg, 17% yield) as an 

orange solid. 
1
H NMR (300MHz CDCl3) 8.18 (d, 2H, J = 6 HZ), 7.4 (d, 2H, J = 6 

Hz),  7.41 (s, 4H),  7.21 (t, 1H, J = 6Hz), 6.56-6.62 (m, 3H), 5.99 (s, 2H), 5.05 (s, 

2H), 4.70 (t, 2H, J = 6Hz), 4.59 (s, 2H), 4.33 (t, 2H, J = 6 Hz) 2.56 (s, 6H), 1.35 (s, 

6H)  
13

C NMR (75MHz CDCl3) 165.89, 159.93, 159.73, 156.02, 142.88, 140.13, 

140.04, 137.25, 137.12, 130.54, 130.47, 130.09, 128.87, 128.38, 127.77, 121.50, 

107.46, 107.22, 102.15, 69.57, 69.94, 63.76, 45.90, 14.62 HRMS- ESI m/z 

calculated for [C36H34BBrF2N2O4] 686.1763 found; 687.1584 (M
 

+ H)
+
 and 

689.1828 for (M+2 + H)
+
.
 

 Figure 5.17a.  
1
H NMR spectrum of Bodipy ester. 
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Figure 5.17b.  
13

C NMR spectrum of Bodipy ester.   

  

Figure 5.17c. Mass spectrum of Bodipy ester.   
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Benzyl azidotetraethylene glycol viologen-BODIPY dyad 5.4b.  In a 100 mL 

reaction flask, bodipy ester (66 mg, 0.1 mmol), tetraethyleneglycol viologen (98 

mg, 0.2 mmol), and DMF (5 mL) were added.  The mixture was heated at 50 °C for 

4 d. The flask was cooled to room temperature and solvent was removed via high 

vacuum evaporation. The compound was purified by column chromatography 

[SiO2, 5:5 acetone / (7:2:1 MeOH / 2M aq. NH4Cl / CH3NO2)] to provide reverse 

benzylviologen-BODIPY dyad 1 (41 mg, 36% yield) as an orange solid.
  1

H NMR 

(CD3OD  400 MHz) δ 9.29 (m, 4H), 8.66 (b, 4H), 8.16 (d, 2H, J = 12 Hz),  7.57 (s, 

4H), 7.44 (d, 2H, 8 = Hz), 7.15 (t, 1H, J = 8 Hz), 6.56- 6.64 (m, 3H), 6.07 (s, 2H), 

5.96 (s, 2H), 5.11 (s, 2H), 4.93 (b, 2H), 4.66 (t, 2H, J = 4 Hz), 4.35 (t, 2H, J = 4 

Hz), 4.04 (b, 2H),  3.57- 3.68 (m, 10H), 3.34 (m, 2H), 2.48 (s, 6H), 1.36 (s, 6H) 
13

C 

NMR (100 MHz, CD3OD) δ 165.73, 160.01, 159.77, 155.80, 150.38, 150.01, 

146.36, 145.65, 143.00, 140.63, 139.82, 139.77,  132.27, 130.66, 130.20, 129.70, 

129.14, 128.46, 128.24, 127.12, 126.43, 121.10, 121.10, 107.22, 107.04, 101.92, 
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70.17, 70.06, 70.04, 69.99, 69.49, 68.69, 68.63, 65.85, 64.21, 63.78, 61.46, 50.33, 

49.30, 24.62, 22.57, 22.54, 13.31, 13.16 
19

F NMR -146.90 (q) HRMS- ESI m/z 

calculated for [C54H58BF2N7O7 ]
2+

  482.7229; found 482.7216 for [M/2]. 

 

Figure 5.18a.  
1
H NMR spectrum of benzyl azidotetraethylene glycol viologen-

Bodipy dyad 5.4b. 
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Figure 5.18b.  
13

C NMR spectrum of benzyl azidotetraethylene glycol viologen-

Bodipy dyad 5.4b. 

  

Figure 5.18a’.  
19

F NMR spectrum of Benzyl azidotetraethylene glycol viologen-

BODIPY dyad 5.4b. 
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Figure 5.18c.  Mass spectrum of Benzyl azidotetraethylene glycol viologen-

Bodipy dyad 5.4b. 
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Rhodamine- B ester.  To a 100 mL reaction flask, rhodamine B (1.25 g, 2.61 

mmol), 2-(3-(2-bromomethyl)benzyloxy)phenoxy)ethanol (.968 g, 2.87 mmol), 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.751 g, 3.92 mmol), N,N-

dimethylaminopyridine (48 mg, 0.39 mmol) and dichloromethane (20 mL) were 
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added. The mixture was stirred for 3 d at room temperature. The solvent was 

removed via vacuum evaporation. The compound was purified by column 

chromatography (SiO2, 98:2 CH2Cl2:CH3OH) to provide Rhodamine- B ester 2 

(717 mg, 34% yield) as a purple colored solid.
 1

 H NMR (400 MHz , CDCl3): δ 

8.31 (d, 1H,  J = 8 Hz), 7.81 (t, 1 H, J = 8 Hz), 7.72 (t, 1H, J = 8 Hz), 7.42 (s, 4H), 

7.30 (d, 1H, J = 8 Hz), 7.16 (t, 1H, J = 8 Hz), 7.06 (dd, 2H, J = 9.4 Hz, 1 Hz),   

6.88 ( m, 2H), 6.68 (d, 2H, J = 2.4 Hz), 6.6 (m, 1H,), 6.31- 6.36 (m, 2H), 5.04 (s, 

2H), 4.59 (s, 2H), 4.32 (t, 2H, J = 4 Hz), 3.81 (t, 2H, J = 4 Hz), 3.57 (q, 8H, J = 

7.2 Hz), 1.28 (t, 12H, J = 7 Hz) 
13

C NMR (100 MHz, CD3 COCD3) δ 164.99,  

159.93, 159.78, 158.52, 157.73, 155.63, 137.71, 133.48, 133.08, 131.29, 130.44, 

130.36, 130.13, 129.91, 128.93, 127.88, 114.44, 113.56, 107.17, 107.01, 101.95, 

95.99, 69.24, 65.68, 63.89, 45.68, 45.64, 11.95 HRMS- ESI m/z calculated 

for[C44H46BrN2O5 ]
+
 761.2590; found 761.2586,763.2577 for [M]

+ 
and [M+2]

+
. 
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Figure 5.19a.  
1
H NMR spectrum of Rhodamine B ester. 

 

Figure 5.19b.  
13

C NMR spectrum of Rhodamine B ester. 
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Figure 5.19c.  Mass spectrum of Rhodamine B ester. 
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Benzyl azidotetraethylene glycol viologen-Rhodamine B 5.4b dyad.  In a 100 mL 

reaction flask, azidotetraethylene glycol viologen (130 mg, 0.3 mmol), rhodamine 

B ester (45 mg, 0.06 mmol) and DMF (5 mL) were added.  The mixture was heated 

at 50 °C for 4 d. The flask was cooled to room temperature and solvent was 

removed via high vacuum evaporation. The compound was purified by column 
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chromatography [SiO2, 5:5 acetone / (7:2:1 MeOH / 2M aq. NH4Cl / CH3NO2)] to 

provide 4 (45 mg, 59% yield) as a purple waxy solid.
  1

 H NMR (300 MHz, 

CD3OD): δ 9.32 (m , 4H), 8.70 (m, 4H), 8.34 ( d, 1H, J = 5.7 Hz), 7.78-7.89 ( m, 

2H), 7.62 (m, 4H), 7.41(d, 1H, J = 5.7 Hz), 7.14 (m, 3H), 7.00 (m, 2H), 6.75 (s, 

2H), 6.63 (d, 1H, J = 6.3 Hz), 6.30 (m, 2H), 6.00 (s, 2H), 5.13 (s, 2H), 4.94 (b, 2H), 

4.24 (b, 2H), 4.05 (b, 2H), 3.61 (m, 20 H), 3.34 (m, 2H), 1.25 (t, 12H, J = 5.7 Hz) 

13
C NMR (100 MHz, CD3 OD) δ 165.33, 159.68, 159.61,158.40, 157.75, 155.56, 

150.39, 150.01, 146.37, 145.70, 139.62, 133.25, 132.75, 132.47, 131.10, 130.94, 

130.19, 130.06, 129.61, 129.24, 128.26, 127.15, 126.46, 114.04, 113.47, 107.07, 

106.68, 101.80, 95.83, 80.54, 70.18, 70.05, 70.00, 69.51, 68.81, 68.65,  65.49, 

64.16, 63.77,  61.46, 52.34, 52.01, 50.39, 49.35, 45.39, 29.58, 24.62, 22.42, 11.43. 

HRMS- ESI m/z calculated for [C62H69N7O8 ]
2+

 519.7603; found 519.7612 for 

[M/2-H]
2+

. 

Figure 5.20b.  
1
H NMR spectrum of Benzyl azidotetraethylene glycol viologen-

Rhodamine B 5.4a dyad. 
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Figure 5.20b.  
13

C NMR spectrum of Benzyl azidotetraethylene glycol viologen-

Rhodamine B 5.4a dyad. 

 

Figure 5.20c. Mass spectrum of Benzyl azidotetraethylene glycol viologen-

Rhodamine B 5.4a dyad. 
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Figure 5.21.   
1
H NMR spectra (400 MHz, D2O) of 5.4a dyad (2.1 mM) with CB7 

(0 to 2 equivalent). 

 

Figure 5.22.   
1
H NMR spectra (400 MHz, D2O) of 5.4b dyad (2.95 mM) with CB7 

(0 to 2 equivalent). 
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Procedure and spectra for absorbance and fluorescence measurements.  

Absorbance measurements.  Absorbance measurements were done on Shimadzu 

Scientific Instruments UV-2101 PC UV-Vis scanning spectrophotometer. 

Measurement was performed in disposable polystyrene cuvettes of 10.0 mm/10.0 

mm. The baseline was recorded with water in both sample and reference cuvettes. 

All the measurements were performed at ambient temperature in air. All the 

measurements were done on 4 mL sample. 

Fluorescence measurements.  Fluorescence measurements were done on 

Shimadzu Scientific Instruments RF-5301 PC spectrofluorophotometer equipped 

with a xenon lamp of 150 W as an excitation source. Measurement was performed 

in disposable polystyrene cuvettes of 10.0 mm/10.0mm. In all the measurements 

slit width was adjusted to 1.5. All the measurements were performed at ambient 

temperature in air.  All the measurements were done on 4 mL sample. 

Stock solution of 5.1a dyad.  A stock solution (2.367 mM) of  dyad 5.1a 

[C62H70N7O7
3+ 

Cl
-
Br

-
 I

- 
; FW = 1267.52 g/mol] was prepared by dissolving dyad 

5.1a (30 mg, 0.024 mmol) in deionized water (DI water, 25 mL). A portion of the 

stock solution (211 μL) was taken in a 50 mL volumetric flask and diluted up to 50 

mL with DI water to prepare 10 μM solution. 

Stock solution of 5.1b dyad.  A stock solution (4.6 mM) of dyad 5.1b  

[C54H58BF2N7O7
2+ 

Br
-
 I

- 
; FW = 1172.6973] was prepared by dissolving 5.1 b (27 

mg, 0.023 mmol) in DI water (10 mL).  A portion of the stock solution (109 μL) 
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was diluted up to 50 mL in 50 mL volumetric flask with DI  water to prepare 10 

μM solution. 

CB7 solution.  A CB7 solution (16 mM) was prepared by dissolving CB7 (93 mg, 

0.08 mmol) in DI water (5 mL). A portion of the CB7 solution (0.08 mL) was taken 

and diluted up to 4 mL with DI water to prepare 0.32 mM solution. 

Dilution of CB7 for measurement.  To a cuvette CB7 solution (4 mL, 16 mM) 

was added and then portion of the CB7 solution (2 mL) was transferred to the 

second cuvette and DI water (2 mL) was added to the second cuvette. After mixing 

the solution properly a portion of this solution (2mL) was transferred to the third 

cuvette and diluted with DI water (2 mL). Repeating the procedure a series of CB7 

dilution was carried out up to 0.0038 mM CB7.  Similarly by using stock CB7 

(0.32 mM) solution another series of diluted CB7 (0.16- 0.0003 mM)  solution was 

prepared.To the entire cuvettes of CB7 (2 mL)  the dyad  (2 mL, 10 μM) was 

added. The solution was mixed properly and then absorbance and fluorescence was 

measured.   The CB7 and dyad solution was mixed properly and then absorbance 

and fluorescence was measured. All the measurements were done three times and 

each time the experiment was performed on two sets. The excited wavelength was 

562 nm for rhodamine dye and 490 nm for bodipy. 

pH titration.  A stock solution of HCl (1M) was prepared by taking 2.066 mL HCl 

(12.1 M) and diluted up to 25 mL. A portion of this stock solution (1 mL) was 

taken in a 10 mL volumetric flask and diluted up to the mark to obtain pH 1 
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solution. A portion of pH 1 solution (1 mL) was taken in another 10 mL volumetric 

flask and diluted up to the mark. This way a series of different pH solutions was 

prepared from pH 1 to pH 6. A stock solution of KOH (0.5 M ) was prepared by 

dissolving it (0.701 g) in DI water (25 mL). pH 12 solution was prepared by 

diluting  stock  solution (0.2 mL)into 10 mL volumetric flask with DI water. A 

portion of pH 12 solution (1 mL) was transferred to another 10 mL volumetric flask 

and diluted with DI water.  In this way dilution was continued to get different pH 

solutions from pH 12 to pH 6.  The pH value was measured on a pH meter.   

A stock solution (18.5 mM) was prepared by dissolving 1,4-

diaminobenzene (10 mg, 0.092 mmol ) in DI water (5 mL). Measurement was 

performed with 2 (10 μM) equivalent of amine, 1.25 equivalents (6.25 μM) of CB7 

and 1 equivalent (5 μM) of dyad. The required concentration of amine, CB7 and 

dyad was obtained by dilution of stock solution of each. 

Absorbance and fluorescence measurement.  To the different pH solutions (4 

mL) in a 20 mL vial,  1,4-diaminobenzene (50 μL), CB7 (50 μL), and dyad (50 μL)  

were added respectively and mixed well. Finally total volume (5 mL) was obtained 

by the addition of suitable amount of respective pH solution.  In the solution the 

concentration of dyad, CB7 and 1,4-diaminobenzene was 5 μM, 6.25 μM and 10 

μM  respectively.  For the measurement of UV-absorbance and fluorescence, 4 mL 

of the solution was taken in a cuvette and the measurements were carried out. 
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Figure 5.23. Emission spectra of reverse benzyl azido tetraethylene glycol 

viologen-rhodamine B dyad 5.4a dyad  (5 µM dyad with CB7 (0 mM, 8mM - 

0.0019 mM, 0.16 mM- 0.0003 mM) in Millipore water, excitation wavelength = 

560 nm). 
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Figure 5.24.  UV-Vis absorption spectra of reverse benzyl azido tetraethylene 

glycol viologen-rhodamine B dyad (5 µM): CB7 (0 mM, 8mM - 0.0019 mM, 0.16 

mM- 0.0003 mM) in Millipore water. 

 

Figure 5.25.  UV-Vis absorption spectra of reverse benzyl azido tetraethylene 

glycol viologen-bodipy dyad (5 µM): CB7 (0 mM, 8mM - 0.0019 mM, 0.16 mM- 

0.0003 mM) in Millipore water. 
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Figure 5.26. Emission spectra of reverse benzyl azido tetraethylene glycol 

viologen-bodipy 5.4b dyad  (5 µM dyad with CB7 (0 mM, 8mM - 0.0019 mM, 0.16 

mM- 0.0003 mM) in Millipore water, excitation wavelength = 490 nm). 

                                                                                                                                 

Figure 5.27.  Absorbance spectra of reverse benzylviologen-rhodamine B dyad (5 
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µM dyad + 6.25 µM CB7 + 10 µM 1,4-diaminobenzene, D = dyad, A = 

diaminobenzene, C= CB7 ). 

 

Figure 5.28. Emission spectra of reverse benzylviologen-rhodamine B dyad (5 µM 

dyad + 6.25 µM CB7 + 10 µM 1,4-diaminobenzene, D =dyad, A= diaminobenzene, 

C = CB7,  excitation wavelength = 560 nm ). 
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Figure 5.29. Absorbance spectra of reverse benzylviologen-bodipy dyad (5 µM 

dyad + 6.25 µM CB7 + 10 µM 1,4-diaminobenzene, D=dyad, A= diaminobenzene, 

C= CB7 ). 

 

Figure 5.30.  Emission spectra of reverse benzylviologen-BODIPY 5.4b dyad (5 

µM dyad + 6.25 µM CB7 + 10 µM 1,4-diaminobenzene, D =dyad, A= 

diaminobenzene, C= CB7, excitation wavelength = 490 nm). 
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Figure 5.31.  Emission spectra titration curve of reverse benzylviologen-rhodamine 

B dyad 3.5b (5 µM in water + CB7, excitation wave length 562 nm and two 

equilibrium curve fitting model): curve provided by courtesy of Dr. Wai Tak Yip. 
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Figure 5.32.  Emission spectra titration curve of reverse benzylviologen-bodipy 

dyad 3.5c (5 µM in water + CB7, excitation wave length 490 nm and single 

equilibrium constant curve fitting model): curve provided by courtesy of Dr. Wai 

Tak Yip. 
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