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PREFACE 

Design of organic chromophores which selectnely respond to varrous 

analytes has attracted mde scientific and technological interests. A m n g  this. 

molecules which show distlnct optlcal responses with specif~c analytes are 

essential for developing molecular probes or the so called "chernasensors and 

chemodosirneters". Similarly, molecules which can be switched between two 

stable states, with respect to chemical inputs are capable of encoding binary 

dig~tal Inputs In a memory device Thus, molecular probes and molecular logic 

gates are the two sides of the same coln Therefore, molecules that act as 

swrtches and logic gates to process lnformatlon in molecular electronics or 

computing are Important. The present thes~s entitled "Design, Synthesis and 

Study of a few Donor-Acceptor-Donor (DA-D) Molecules as Molecular 

Probes and Logic Gates"embodies the result of our efforts to develop new 

molecular probes for the detection of biorelevant analytes as well as new 

fluorophores for molecular logic operations. 

The thesis is comprised of four chapters. The first chapter is an overview of 

molecular probes and logic gates where the optical and electronic propert~es 

of donor-acceptor-donor based systems are made use of. In this chapter, a 

general discussion on the basic concept of molecular probes and molecular 

logic gat- are provided The recent progress made in this area are 

hrghlighted with some of the ~mportant examples on molecular systems us& 

as probes for biorelevant analytes and logic gates emphasizing the various 

design strategies adopted. 

The second chapter describes a new strategy for the detectton of th~ols 

and thiol containing amino acids in human blood plasma using a NIR 

squaraine dye. The detection is based on the activation of fluorescence by 

thiol induced breaklng of conjugation In the squaratne backbone. The 

squaraine probe selectively responds to thiols and amlnoth~ols which allow 

their ratiometric detection due to the generation of new, non~nterfering 

absorption and emission bands. S~nce the detection IS based on absorption 

and emission changes due to the anatyte specific generation of new 



chromophores, other irnpurit~es do not Interfere wtth sensitivity. Applicatron of 

the probe is illustrated with the quantitatrve detwtion of the total arnrnothiol 

content in human blood plasma which has tremendous biological and clinical 

relevance. Using this probe, we have shown that the aminothiol content is 

high in the blood of heavy smokers which is responsible for many heart 

diseases. 

In the third chapter we discuss the synthes~s, biolog~cal as well as 

analytical applcat~on of two fluorescent bispyrrole derivatives. Pyrroie end 

capped 5, 5' d~vinyl 2, 2' b~pyridyl systems are excellent ratlometric probes for 

the specific detection of 2n2+. A bispyrrole derivatrve with glycol stde cham 

has been synthesized and used for ~maging Zn2' Eons In MCF-7 cell lines 

using ep~fluorescerrce moroscopy. A chiral side chain attached hspyrrole. 

exhibited high solid state lurn~nescence and hence could be used for the 

detection of Zn2+ tons in aqueous analyttcal solut~ons. The solid state 

fluorescence (Of = 0.462) of the ch~ral derivative was h~gh when compared to 

the one with an achlral side cham (Qli = 0.018). This property of chiral 

derivative is exploited for the preparation of a fluorescence "dipstick for the 

detection af Zn2+ ions in aqueous medium. Details of the synthes~s, optical 

properties and use rn the fabrication of reusable d~psttck fluorescence probe 

for the detection of Zn2" Ions are also described. 

A strongly fluorescent bipyridine based donor-acceptor-donor (D-A-Dj 

type receptor molecule which can perform multiple bas~c logic operatlons such 

as AND, INHtBIT, IMPLICATION and 3-~nput INHIBIT etc, with different 

chemical Inputs is discussed in the fourth chapter. The modulat~on of ICT 

(Intramolecular charge transfer) Induced rntrlns~c fluorescence property of the 

fluorophore, usrng three different chemical ~nputs, generating three different 

fluorescence states from the same molecular backbone is exploited for logic 

operatlons. Four different basic logic gates with different information outputs 

could be achieved uslng this simple strategy. A combined logic operation has 

been defined by using the full fluorescence response of this new molecule. 

Apart from the illustrat~on of the logic operations In solut~on, we have used a 



paper m~croflu~d~c technique to demonstrate the fluorescence changes and 

Icgic operations on a sohd substrate. 

In summary. In this thesls, a systernatlc lnvest~gat~on on the synthes~s 

and stud~es of a few donor-acceptor-donor (0-A-D) based molecules are 

described. The new molecules were used for the detect~on of varlous 

biorelevant analytes such as low molecular weight aminoth~ols and Zn2' Ions 

and tor the lrnaglng of b!ologrcaC cells. By making use of the fluorescence 

modutation with external ~nputs. a molecular logic gate was atso developed 

which can perform various logic operations. Thus, the present thesis attempts 

Zn brrdge between two Important areas namely, molecular probes and 

molecular logic gates with a few fluorescent molecules 
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Chapter 1 

Organic Chromophores as Molecular Probes and Logic 

Gates: An Overview 

1.1. Abstract 



1.2. Introduction 

Molecular probes or thc so called "chemoqenson and chemodosimcter\" 

are the molecules of synthelic orifin that are abie to bind selectively mil 

reversibly, an analyte of interest with a concomitant change in one: or more 

propenies such aq ahrorptsnn and/or emiss~on ch:irac~enstich.' I t  may alqo resul~ In 

changes of redax ptentialr, translocation of molecular Fragment w~lhtn the 

supramolecular assembly (which may also be asrouiated with change? ~n optical or 

etectr{~:hemical properties as well], chemical seaulivi ty , or magnetic properties. 

Among the different molecular probes. nuore\cence based probes have many 

advantages: fluorescence measurement5 are uruall y very sensitive single 

rnoEecule detection is possible), low cost. ea5ily performed, and vrr\a~iIe, clfferlng 

sub nanometer 5patial resolution with ~ubmicron visuali7,at1on and sub millisecond 

temporal re~olution.~ Funhermore, many oppnrtunilie5 exist for modular~ng I he 

photophysical pro~r t ieq  of a Lluorophore, such as the proton, energy and eleclron 

transfer processes, heavy atom effects, change? of electronic dens~ty, and the 

destabilization of a nonernisrive n-x* excited ~ t a i e . ~ ~ . '  T h i s  nffen, a wide range r r T  

possibilities for tailoring efficient luminewent chemasen5ors. 

nuorescen~ sensors can be either based on 'fluorogenic chelaring agenrq' or 

'fluoroionophores' with sepmle fluorophclrc and ionophore linked with or 

~ithout a spacer. They may undergu an analyte \pec~fic fluorcsccncc chaagc due 

to the modulation of exc~ted qtate physical propertie? vla photoinduced energy ur 



electron trwqfer. 'Fluoroionophore5' with an appropriate combination of !he 

fluomphore and ionophores are the rnosl wldely used strategy in probc design 

For one time detecl~on of an analyte. chemodos~me~ers; m u\ed which rhow 

imventble fluorehcence quenchinp or color bleach~ng. Be~ i rn  of fluorescent 

molecular probes by incorporating the following Lwo features enhances the 

efficiency of probes: (1) easily dictinguihhable fluorescent states before and after 

binding event. ( ~ i )  generation of ratlometric fluorercent rlg-naI5 

Many of the fluorescent chernosenson can he cun~~dered  a$ molecular 

sw~tches.~ Any chemical system that can exisi In at kart  two different form? wrlh 

distingu~?hable phy~ical propert~cc In a reverrihle tashion ir regarded ds rnoletular 

switches. They are moleculer or molecular systems thal can moduldte thc~r optical 

or electrical properties upon ~nteraclion with external \ ~ ~ r n u l ~  wch a5 anlons, 

cations, or neutral molecules. They are the s1mple3t tool\ that can tranqmlt 

information on events occurring at a molecular ~cale  to the macrowopic world In 

the case of fluorescence monitoring, the quanlum yield bhould changc [rum very 

small (0 <<I ) to high !@ 1 ), or vice versa. and the 5hiT~ (JF the crniAon hand 

should be larger than the correspond~ng hand halfw~dth I t  the change In the  

absorption ur emis~ion can be switched "on" and "off' in re%ponse 10 a chemical 

input, binary hgital logic operallons can be arJdre5sed with molccuEar sy\tem\. 

resulting in malecular log~c gater. Therefore, d e q n  of 1n1eI11gent functional 

organic fluorophorcs whlch re5pond to spec~tic analyte~ are ureful elther a\  



molecular probe\ for ~ h c  detection of a ~pecific analyte or ac inrurrnatjnn 

procesrinp channel.; for implementing future m~niaturired cumput~ng devlceq Tn 

the present chapter. the recent development? in the field nf mnlecular prubch are 

discusced w ~ t h  speclal empharir nn z ~ n c  ,on specific chrnmophores. Sub\equen~lp. 

an overview rrf ~quaraine dye based molecular probec i s  presented. F~nnlly. ~ h c  

concept of molecular logic eater and rnme recent development in th15 m a  i~ 

discuhbed. 

1.3. Molecular Pmbes for Zinc Ions 

Zinc i s  the second mtlc;t abundant transilicm metal ion tn the human body. 

where ~t ha? multiple roles in both intra- and extracellular ~unctions.~-'' A large 

number of protein5 and enzyme5 have been identified to contain 2n2+.  Zinc 15 

repned to he responsible ror neurological dirorden such as Alzheimer's d ~ s e a ~ e ,  

amyotropic lateral scleroyic (ALS), Parkinsnn'5 direase, and cpilep~y.l' 

Furthermore, sine plays a crucial role In insulin xcretion and aprlptosls. The 

World Health Organization ertlmates that more than 40% or the children In Al'rica 

and Asia have \runled growth associated w ~ t h  l irnited die~ary finc.'' The extent to 

which conditionq of zinc deficiency pessisi today I +  difficult to determine because 

of the lack of suitable biochcmical marker5 for 71nc ion?. Reside< p w l h .  

numerow body functlnnr are affected by ions, including ~ h c  immune, 

endocrine, and gas~oenterological systems. The huge ?cope Tcw the exploralion t r f  

the diverse phyhiological role5 of biological zinc demands sensiiive and 



noninvasive lechniques For real-~ime detec~iun and imaging. The relative 

concentratinn of free 2n2' within biological cell3 varie~ from I nM in the 

cytopla~rn of many cells to 1 mM in h e  vesicles of presynapt~c neuron5 in the 

human brain." AIthough. the total concentration of zinc ions in a cell i s  relatively 

high, the concentralion of free zinc, which i s  not strongly b u n d  to proteinr, I S  

extremely low. The estimation of free ~ i n c  has prnved to bc diI-ficult with clashical 

methods. 'Ihese concern', make i t  a tnp priority or chem~sts to devclop \elective 

and efficient pmbes for zinc ions. 

Thc growing cuntributions of dine horncostasir lo neurt~phys~nlogy ;md 

neuropathnlogy have pmrnpted interest in d e v l ~ i n p  new wayr to detect ~ n ? '  In 

biological and analytical harnple5. 7,n" i s  a difficul~ analyte to lnonilnr owing to 

itr clased shell 3dI04s0 eleclronic configuration and the ahrence of oxidation- 

reduction activ~ty within biological environmenls. AF S U C ~ ,  iconvent~onal 

techniques (e.g.. NMR, EPR, and electronic absorption ~pectroycnpy) are ldrgcly 

ineffective for this spectro~copicall y silent metal )on. Atomic absorption 

spectroscopy ( AA) provides a senhilive and <elective method for ~ i n c  detection 

and has k e n  used to track release of  ~ i n c  into extracellular fluid arter neuronal 

stirnulation.'~owever, this technique has limited spaiial rcsnlution and i 5  

desmctive to the sample. 

As zn2' is invisible to most analytical techniques, fluore~cence technique 

stands out a4 the methud of choice.'' This method ut~l~zes a p r o k  rnolec~~Ic that 



recognizes %n" and emits a specific wavelength upon binding, which in urn 

allows tracking of zinc ions in live cells with flunrexence micwhcnpy. A 

fFuoresucnt molecular prnk consists of a Huoroph,hort: attached to a chelaling agenl 

or an ionophore with or without a spacer AnaIyte htndinp rewlts In 

either enhancement or changc in the emission intensity of the pro&. 

Effective fluorescent p n h r  for ~maging metal Ion? in living cellular syqlcrnh 

must meet several strict requiremenls.l%~st i mponm~l y, the probc uhould he 

selective for a specific metal ion over other hiolopically iihundant cation\. 

including those that exist at much higher cellular concenlrationh (for exatnple. 

Nat, Kt, ktg'' and ca2" j. Principles r,f coordination cherni jtry , Enclud~ng preferred 

donor nurnberf and ligand field geome~ries, aq well as hard-soft acid-haqe 

considemtiom, arc critical for d e s i p n g  and ahtaming metal selective responses. 

A turn-on emisrirrn increase or shift in ~ h c  exc~tat~onlernifsion prulilc5 i x  preferred 

over a turn-off emission quenching responqe lo rnaximi~c spatial resolutinn u4ng 

light microscopy. Becauqe, a metal respon.;ive probe is ~nherently ~nvolvcd in 

complex equilibria with endogenouh ligands wrlhin the cell. p r o h  muFt he 

matched with disswiatinn conrtan 1s (Kd) appropriate to the system under sludy. 

Furthermore, high optical brightness values can lower the amount of dye needed 

for cellular applicationh, which min~mizes the potential for altering cndogenouf 

celkIar dis~ibudon. Dycs that have viqihle 11 ght excila~iun and cnilssion are 

desirable in order to minimize samplc damage and reduce auto tluorescence. 



Finally. probes musi slro he compattble with hlolr~gicnl $yslumr. tht'y rnurl he 

waler roluhlc, t l-iuy mu\t allow li~r exam~na~ion 01' cxlr;iccllul~~r. ~n~r ;~uel lu lx  or 

suhcellular region\. and they tnu5t be nontoxic. ( t t ~ c > ~ g h  potenti~l r o ~ i c ~ ~ }  1s :I 

difficul~ trait lo predtci) Aiidl.ess~ng the chnll~ngc of tiiectlng both chem~c:il and 

hiolugical ctlnstralnts 1s cr~tical dc\elup~np z1scTi11 ~r) r ) l \  Tclr czllul;ir iipplic;ilion\ 

Many Iluorcsccnl srnhoru utilix t l~e principle r)T plio~ointluct.~i elec~rt~n 

transfer (PET) Fnr the signal~r~p of thc billding pmucss.~' ' " ~ c t i i l  cuordi~~u~ir,n to 

Ihc receptor unit makes i~ n lcss cflicicnt clcclmn d r ~ n o r  lu ;in :i~rachcd 

fluorophorc. Thus. lhc 11;llivc lll~orc\cencc ur ~ h c  fl ucbrtbphorc i\ re51csrd. Tl~is 

signaling 15 hjglily celecttvt. f i r  tlit. anal ytc.. Sensors operating acct8rding to [hi\ 

principle are known as CHkl.' (chelaticln-crllinnccd ll~~orcsccncc) type sullwr\ 

('Figure I .  I ). I0 !r l  

fluorescent 
' h\.' 

Figure 1.1. Schematic representation of CHEF-type fluorescent sensor for metal ions. 

The amino nilrogen of di-2-pEicnylptuol yI:11111nc (L3PA) I~yind i \  ;I gc~r)rl 

electron donnr in PET procesq. [>PA based scnsor 1 ic, a typic:~l PET senwr for 

protons and poft tranfirion me~al ion? l iku n n c  (C'h:rt I .  I ).'I Upon binding ul" the 



metal ion, the quenching process is intempted and the fluorescence quantwm yield 

is increased, In order 10 shift the excitation wavelength to the visible region, 

fluorescien and its derivatives were used as fluornphores, Only the anionic form OF 

the flut~rascien emits strongly, which means that the pKn values are an important 

factor for the pH dependent performance. Attachment of electron withdrawing 

groups renders tener prformance in a much broader pH range. When the 

fluorophores are connected to DPA, the elecwon transfer from the DPA facilitates 

quenching of the fluores~ence?~ This process i s  intempted when the amino 

nitmgen coordinates with zn2*. A few examples of fluore~cent enhancement bared 

pmbes are shown below ( C h a  1. I ). 

W 1,1. A few examples of turn-on fluorescent probes for In?+. 



Fluorcsccncu inlunsily based probcs arc usel'ul Ct~r vi\u:llising uplakc. rclcacc 

and rcdistrihution uf %n" in many cellular applica~ions. Hr)wevt.r, poteririal 

varialic~ns in cxcita~ion in~ensily, salnplc. thiuhcss. pri)be cn~iccntt'atic~ri :wd 

arlefacb asstlcia~ed with [he Iwa l  ccllular cnvironnlerl!s can pl.ecIudc ruliahlc. 

quantitntivc nicasurcmciits. A strxlt'gy to avoid thehc i.;sucs is thr~wpli rariortietric 

,> 

irnuging w it11 c hunir~sv~isorh.~' A ral ioinelric prohu rcspunds upcln hintlitig to :in 

analyte with a st~iR ill it.: cmissir~n rnaxinium. which niay or  niay not he 

cunconiitant with an inurcnsc in umissic>n. This shift in ~ h c  crnission i i~axi ln i~r i i  

should hu cnough to dislinpuish coexisting ~ n ' ~ - r r u c  arid %TI"-hound spcclcs. 

allnwing the rario of thcir eniirsicm intunsi~ies. Tclge~hcr with ~ h c  known binding 

constant of the sensor. tlic. unknown zinc concentration can bu duri vcd. Assumir~p 

identical snlven t influences nf Ilur,rusuence of the %n"-frcc a id  %n" -buuncl 

species. a ratiotnctric sigial is in~ernally calibrated. l 'hc principle of 3. r i~~ io~nc~r i r :  

probe is shown in Figure 1.7.'' 

-re 1.2. Schematic representation of ratiornebic detection of metal ions 



FuraZin (9) and TnduZin I t O )  are raliometric zn2' sensors derived horn the 

cta~sic Fura and Indo ca2' probes and operate via m internal charge transfer (KT)  

mechanism. in which metal ion b~nding modulates the electron donaling propeflles 

of the electron rich seceplor in its photuexcited state (Chart 1.2)." 2n2+ 

complexation causes shift in the ahsorption band cjf 9 from 378 n m  to 330 nm with 

a constant emission centered at 5 10 nm. In contrast, 10 rnlunlalns a constant 

absorption maximum at 350 nm however exhibits a blue shift of 11s emission 

wavelength from 480 nm to 395 nm upon b~nding ~ n " .  9 and 10 havc moderate 

~ n "  affinities ( K d  - 3.0 pM) with goclod selectivity over ~ a "  and ~ g " ,  and the 

former has been used to show that rapid ~ i n c  uptake into cellular vacuoles. 12 and 

13 are a Fura-inspired pair of radometr~c ~ n "  sensors hearing DPA-type receptors 

lor specific zn2' detection. The elhy l ehter of 11 is cell permeable and can ~mage 

labile zn2* in RAW 264.7 macrophages." 

Chart 12. A few examples of ratiometric fluorescent probes far Zn2'. 
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Hcnary er uL2' and T;&i er at." have exploited lhe excited state 

intramolecular proton transfer (ESlFT) processes in henzimid=c)le and 

benzoxazole frameworks Tor the development of ~n~'-specific ratiometric 

fluorophores. When unbound. rhe receptor rnoie~y is involved in hydrogen 

bonding Letween heteroatorns of' the receptor. Upon coordination to 2n2'. thc 

disruption of  hydrogen bonding induces a &iFt In the ernisrinn and absorptir,n.'" 

The Zinbo senes of ratiometric 2n2' probex rely ~m this prtrpeny and ucc ii 

benzoxazole scaffold with a phenolic cornpnnenl to generate up to an 82-hlld 

change in ernissmn ratio upon inleracoon w ~ t h  %n2'.'?inh,-5 ( 13) ha5 been ured 

with two-photon excibtion lo record ratiometric images of real-ti me changes in 

intracellular ~ n "  concentration in fibrobtart cells. 

that, in it!, apo form, exhibiis ~ w o  abstrption (T .  = 503 nm and 539 nm) and 

emission (1 = 528 nrn and 604 nrn) hands in the visible region. 14 Forms a slrilng 

I:l  complex with ~ n "  (Kd = 0.55 nM) and displays a major emiscion hand 

centered at 624 nrn with a minor peak at 545 nm. The 1h2J52h ratio increases Urom 





with the donor-acceptor-donor charge iramfer. arc suitable far the decigrl ol 

molecular prohe\ Lor spec~fic analy ter. There dye5 pos\eh\ typically narrow and 

very intense nbsnsptinn handq (: > lo3) 211 the red end of the vlrible hpectral 

window and fluorescence hand5 nf a mirror image h a p c  with h jgh tlunrefcence 

quantum yield > 0.1 ). Binding of fubsuale\ can occur either to the oxygen 

atum of  the electrr~n defic~ent cyclobutene rine or to an it~nophore wh~ch is 

alrached to 'the dye which perturb5 the electronic property o f  the dye.  Thc hlndjng 

of the analylc 1% sipaled i n  the Form of a meihurahlc change In rhe ahsorpt~un. 

emission or redox properlie$. 

A large number or squaraine\ have been used aq chernosen\or~"-" mil 

chernodosirneter~"~'~ for the detectlo" of a variety or analye\ including alkali, 

alkaline, transition metal ions and low molecular weight aminothiolc u~ ing  vartnvs 

"probe reqponding" rnechanl~m~. For example, the amuruwn appended ~quaraineq 

18 and 19 are sensitive toward5 alkali and alkaline eanh rne~al cation\.".'" Thc I .  

2-bis (2'-aminophennxy )ethanetetraacelic a c ~ d  bdhed quarainc 20 is senvtive to 

ca2* ions." The 2, 3, 3-~rimethyl-311-indole denved ~quaraine dye 21 \bowed 

three levels of signals based on ~ h c  concen~ratirm of ~n'+ inns (Chart 1 3 )  " 
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response lo 1-i' revealing the crucial role of thc plysquarainc h ~ k  hone ~n  he 

signal arnplificalion prucesq. '? 'I 

Chart $ .4 

Squaraines arc known ta lorn "H" (blue \hi!'l) ant1 "J" Ired xhi i i )  type 

aggregarcs in appmpriatc solvenm. In rnainriry of' the cahck. they r';cvor thc hlitc 

shifted "IT agpregalus with strong quenching of r he erniwicn. This phcnr)mmt >n 

has been repfled to rhe dereclion of specilic ualinn such as ~ n ' "  and M~". Thc 

idea involves rhc induced folding nr Ihc ~quarainc dye 24 with GI?* or M$' li.'? ' 

Formation of a fnldcd qtructurc or thc sandwich d~mer r c w l t ~  in the rlmmat~c 

change of the speclral properlies oi the dye w h ~ c h  can he tollowcd vi<ualll: 

lhrougb colorimeuy or monitoring rhc change\ In the rmi\sit~n rpcctnlm of thc dye 

Figure 1.3 1. 



Chart 1.5 

Figure 1.3. Different cation binding modes of a bissquararne dye connected with a flex~ble 

polyether linker which operates based on cation dr~ven exciton interaction (a). The corresponding 

energy diagrams showing allowed and forbidden transitions (b), 



The hichromophores 24a-f (Chart 1.5) show strong prlurbatior~ in  rllr 

nhsorplion and cmirsion spucwa with high selectivity loward alkaliric: earth rneldl 

cations, panicularly to kip'- arid ('a'- Ions. Ilowcvcr. no r)p?icnl refponse wa? 

noticed apaln\i alkali metal ions. The hichrtlrnuphure 24 e with f ive  oxygen atoms 

in lhc pcdand chnin S ~ C I V V S  high \elcclivr~y to  ~ : n ' ~ .  The binding i s  visthlc [he 

nakcd eyc due lo thc color change from light hluc tcl dccp purple hlut: (Figure 1 4)  

i 'nm h 1 nrn , 

Flgure 1.4. Change in the a) absorption and b) emission (A, = 580 nm) spectra of 24 in-acetonitrile 

upon add~tion of Ca?' ions, Inset shows va~ble color change of the brchromophore (n = 5) In 

acetonitr~le upon addit~on of Ca2'; (1) in the absence of metal salts, (2)  Mgz', (3) Na', (4) K' and (5 )  
Ca2+, 

Thc change in thc optical properties i f  awoclated wilh the exciton inleract i r  )n 

Getween (he chomophores due to the cation stccred r~)lclirig of lhe tnoleculu and 

not due to a simplc rcorganiza~ion of the electronic struc~ure as a resull of thc 

cation binding. This is clear froin the fact that, although the monnchromnphnrcs 

25 a-c (Char1 1.5) hinds to cations, no change in ihe rrplicai propcrtics could hc 

noticed. Even Lhough lhese dyes show remarkahlc response Ivltards ~ a "  and 



M$' in acetonitrile, their practical applications is limitcd due to the ~endency of 

the dye lu aggregale under aqueous condi~ionh even in the absence of catims. 

Therefore, challenges rematn ~owards the development of quaraine based probes 

for any analytes which could be useful in  aqueous conditions w~thou~ selr- 

aggregation of the dye units. 

A new ratiometric nanocrystal based pH \ensur wa\ developed hy 

conjugating a squaraine dye wi~h  an equilibrium responqe trl itn analyte to the 

swface of CdSerZnS nanr~ryrtal (NC) . '~  Thc rensor wa3 constructed from a 

colloidal CdSe nanocryslili that Ir coated with an outer layer of ZnS. Phosphine 

oxide ligands are encapsulated with iin arnph~philic polymer upon which a pH 

sensitive squaraine dye 15 conjuga~ed. Upnn excitation, the CdSetZnS niintlcryctal 

may either fluoresce or transfer energy lo  he quaraine dye. The sensing acl~on of 

the NC-squaraine conjugate is imparted by the modulation of the FRET efficiency 

arising from the overtap of the pH sensitive dye ah~nrption spectrum with pJ1 

sensitive guanlum dnt emission (Figure 1.5). A raliometnc rerponye to pH was. 

observed owing to the modulat~on of FRET efficiency between the emirqi ve NC 

and dye conjugated to the nanocrystal surface. 



Figure 1.5. a) Schematrc d~agram show~ng a sensor constructed from collo~dal CdSe nanocryslal 

(NC) which is affixed w~th a pH sens~live squaralne dye b) The pH dependent absorpt~on profile of 

squaralne dye Shown In gray and black dashed C~nes are emlssrons of the dye and NC at pH 6 0 

Inset shows changes In the cr~bcal d~stance for FRET wlth pH 

as hnvinc rcrum alhumin (RSA) and Hepar~n, bawd on Ilur)rcscenct. 3s well ,I. 

colnrimetric changcc; 'l'hc \qitxrairlr: dye 26 h1nd5 to 13SA \elccuvuly i 4  it11 high 

associatiot~ constan1 (1.4 4 0. l x l l f  M !)." The s ~ t e  wlectivc h~nding can he 

vislralizcd lhrt~ugh dual niode recognl tlon o f  \ ~suitl ct,lt)r c t1;lnge fmm p ~ n  k~c;h 

[qquaraiue dye alone) to hluish in prchrnce of horrnc \c~.uni nlhumin IHS:2). Arl 

80-fold enliar1uenic111 in thc l l i~ore~ce~ice u ns nh?cl.! cd upon binding 1 0  HSA 

(Fipr t  1.6). 

OH OHHO 
I - 
- 
- 
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I- ll = 

OH O HO 



Figure 1.6. Changes In the absorbance and Iuorescence ~ntenslty of 26 (3 pM) w~th the add~tlon of 

BSA In phosphate buffer. Insets show v~sual color change and fluorescence change before and 

aRer the addit~on of BSA 

tn anorl~er repor(, thc hq~~:irairle dye 27 hiis beeti k h u u n  Lo hu ,I protrlrl 

indicalor. which nrmcovalently intcrLtcls wilh HSA and provides dramatic valor 

chungs liorn nrilngt. In deep purplc ( Ftpure 1.7 1. '" 

- ,- 
Dye 

?m 
Dye + BSA 

Rgure 1.7. a) Absorption spectra of 27, before and afler the addition of BSA, b) Photograph of 27 
in the absence and presence of BSA. 



A selective chromo-flucrrngcnic uunaor l i ~ r  thc de~culion o f  Ileparin wiIS 

developed hy using a squaraine dye and Kunc1ionali;lcd silica n :u i~~ i i r l i v l c s .~"  The 

new chrorno-tl~~or(>gcnic scnsing paradigm in this c a w  is shc>wr~ in Scherr~c. 1.2. 11 

involvcs rlic usc of- silica ~~al~opiir l iclcs ~lrct)r;~ted will) lwcl tlirfercni mtjie~ier;: ~ h i o l  

groups (R) and pcllyariiincs (HI. Thc rolc ul' thv proup K i s  lo reacl will1 the 

squaraine dye (D)  through the nuclenphilic ;ittack o f  ~ h c  ~ h i r ~ l  grtjup t o  ?he elec~r.on 

deficient. ccntri~l. four mcmher ring o f  thc squarninc scaffrdd. 'l'tiis i.; known lo 

resull in ~ h c  hle;~uhinp of tht: hlue sqtlasalnt. solution. Addi~ion:illy. 'I I ' i k  ;I 

suitable host Tc~r anion coordina~inn. 

Scheme 12, A colorimetric protocol for heparin signaling. a) Bifunctionalised nanoparticles N1 
without the presence of heparin are able to react with squaraine I ,  and b) heparin coordinated with 

he pdyamines on N1 inhibiting the thiol-squaraine reaction. 



Thus, the optical prclpertieh of squaraines are excellent for a w ~ d c  range of 

applications especially for the dcaipn of molecular probes for the xclective 

detection of analy tes. This is pafsi ble because, the optical properlies of' quarainex 

can be tuned to a great exten1 by S ~ N C I U ~ ~ ~  modification la ruit a specific 

application. Even though variour ~tra~egies have been adopled for ming squarainc 

dyes in the design of molecular probes for targeting differen1 biurelevant anal ytes, 

there is still a huge scope for this class ur dyes in the design of new molecular 

probes. 

1.5, Concept of Molecular Logic Operations: From Molecul;ar 
Probes to Logic Gates 

Molecular level information prwesring i s  a crlmmon reature oT numerous 

biological systems. All ol' the regulalory processex in living cells. cellular 

signaling. and or course all nf the neurohinlogiual activities need to process 

information at the rnolecuiar l e ~ e l . ~ "  Every hiochcmical bifurcate pathway 

undergoes Boolean logic rules a\ the rnotecular lcrel in a sensc that evev single 

molecule can follow only one reaction path. Moleculru recop~tion In biological 

systems. activation of enzymes hy small mulecules and signal tranhduction arc 

dso pmesscs hared on YES-NOT logic ~chernes.~'.~~.~' Although, the collective 

response of the complex chern~cal or biochemical 5ystern i s  continuou5 (or, in 

other words, highly linear) un a macroscopic level. un a molecular IcvcE. every 

single step i s  a dihcrete process and it:, apparent linearity results from a 
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combination (or averaging) of uncouaahbe individual dihcrete prwcwes  rjf 

Boolean character.'" 

Two philosophically different approacher have k e n  propjred i'nr 

information processing at  he rnr,lecular level.M The fin1 onc attempt< Ir, mimic 

the operational principles of solid state computers which are prcsenrly in we.  a1 

the nanometer scale wilh molecular \yaerns. Thic approach is based on mnlccular 

electronics, in which b t h  input and output signals are clcctronic tn nalure 

(electron fluxes). Molecular photonic~ bawd on photon fluxcl can he of help for 

this Line of rc5eart.h. The second approach, which takes, inspiralion from 

informa~ion pmceshing in living orgianisms. is based on chcmionicl;.'~in which 

mokcules and ion% can bc wed as inputloulput qignals to process inlorma~ion by 

using a molecalar suhstratc. Chemronics usually oprrates in ~oluzion and can he 

complerncnted by photonic~ since churnicnl and light input/outpub r i g a l s  urn be 

easily coupled. Within cauh aspect nT rntllccular elcctrnnic!,, pholonich or 

chemionics. information processing takes place ar logic gate\ and dara 

rnanipul'drion relies on the hinary digital (bit) nature or thew input anti uutpul 

signals that are elabonaed by means nf' the Roolcan logic. 

When considering molecules lo prrorm Roolean operalions, thc whulc 

spectrum of input and output data enctding channct* is rignilican~ EFigurc [ .R)." 

Classical elecmnic devicw use clecttic inpuu'clecrric output communicalinn but 

molecules cm perform operations with a combina~ion IIC inpulq and output\. 



input 
ooC~l-==-., 

I 

Figure 1.8. Input and output channels of molecular log~c dev~ces. These devtces can be based an 

classical electronics parad~gms (electric inpuVeIedr~c ou$ut) or ulil~ze any nonclassrcal 
inpuVoutput configurat~on. 

Among  lie varint~s rccortling rncdia for high dcnsi ty rlam \toragc.. trrgallrc 

materials haw h c n  cspcui;tll y :~ t t r i~ct ivr  in rrctni ycars hcc;kii.;c oz' thcir klw cr,\t. 

applicatic~n dcvclnpment. I n  prinuiplc. thc basic reyuircmcnrs Vor rccrrtlinp 

rnatcriah arc thal they ~;l~nuld pcascul; 32 Icahk ~ i v o  diktitlct \i:lhlc st:rw via ;ltl 

exlemal stimulu*. tvhcrc uauh .rtarc. car1 rcprcrclit - 'Ow or " 1 .' of  a rligirnl rncltlc. 

and ihe $talc\ c;hn he clearly dirtinguishcd during r ~ i ~ d - ~ ~ u l .  In prtriciple. miy 

chemical syhtcnl thar ciln cxist in rwt) quasi-stablc sta1c5 01' tlifii.rriri~ chcrniciil r lr 

phy~ical pmpcrties may lw rcgardcd ns ;i nicllccular switch (or 1nr~lcaul;~r logic 

garc). prnvidcd there are snmc phycical ur uhcrr~icnl 5r1rnul1 thal can (rcvcrhihly) 

change thu $talc of ~ h c  y r c n l .  The ciirlpEcsz cxamiplcu arc colorimetric pH 

indicators and  compound^ thnr c h a n p  color upon chanqt. in proton cc~nccnrrtllt ion. 



They function a\ 'YES" or "NOT'  lugic galcs, depending upun lhu property (lf thc 

indivtduitl ~nd~cator  :md the arsignmcnt of ~ r ~ p u t  iund outpui channel< ( e . ~ . .  pH 

valuc? ant1 colors). 

There itrc fom pqsihle cornbir~ation> of input aiirl oulpui valt~es I'nr nnc- 

input one-output logic patcs (I'ipure 1.9) ?IIC PASS 0 and PASS 1 gatcs yit lr l  

outputs "0" ruld "I " re~pectivcly. ~ndependciiily of the r i ipi~t value, Thc Y LS p t e  

follows the itlput wluc to the output. Thc y t c  runchrms es a qirnpiv cw~tch. hut i r ~  

Fact is v c q  useft11 for \ignaI n!nplifica~iun, conr~ec~inp varioltq device.;, and s~gnnl 

transduction. The inverter (NOT gate) perform!, i n~er f io r i  (c t~nip lc~ncr~ t a ~ i o n )  o f  

the input data. 11 chnnprs onc logic level into thc oppc>\i~c: lopic 0 ( a l w  called lhu 

low statc, cf. Figure 1.9) i \  canverted iniil logic I (the high \pule) and vrct. vc.rhLi. 

NOT is one of the princ~pal Boolean nperalion. and very [>I-ten. i l  i~ concrateria~cd 

with mul~ipll: input gates. 

a) 

Figure 1.9. a) Truth table for s~ngle hnput logic gates. The simplest electric circuits representhng the 

YES (b) and NOT (c) logic gates. Mov~ng the sw~tch (logical 1) turns on the lhght in the first system 

(YES gate), but turns it off m the second one (NOT gate) 



Apart from these two single input logic gates there are 16 various 

combinations of input and outpul signals for ~wo-input logic gates. 8 of which are 

commonly used in electronics (Table 1): basic OR. AND. and XOR, and gates 

concatenated with NOT: NOR, NAND, and XNOR. Usually, INHIBIT IWH) and 

NINH gates are regarded as simple logic gates as well. 

Table 1. TrYth tables for hve input logic gates. 

Furthermore. as an ideal recording media, several imponant perrormancc 

pameters are required for a memory device which include: I )  chemical stability; 

2) film Forming properties; 3) storage capacity; 4) transition rime la shun 

transition time between two slates is intrinsically indicative of a rast writing): 5 )  

retention ability (the ability to remain in the stored state is  necessary for stshle and 

smm recording); and 6)  the on-off ratio la high on-off ratio is crucial Tor memory 

devices in order to realize high-resolution and low-cmr-rakc data atorage). In 



addition, low power consumption. ease o f  fabrication. and competitive co\t  are 

also imponant far practical application. 

1.5.1. Chemically Driven Molecular Logic Gates 

Chemically driven molecular rwitches are usually comprised of three maln 

building blocks: receptor moiety, linker (spacer), and ~ h c  reporter mniety ." 

Receptor moieties are specially designed binding sites for triggering ions nr 

molecules. They should exhibit desirable qelectivity ant1 sensitivity loward 

selected wiggcrs. The linker. in turn. ~hould pmvide elecironic communication 

between the receptor and reported rnoietie~. There are three main ways ol- 

providing sufficien~ electronic communication: 4 i  ) bridge prtwiding nverl;tp of r- 

systems of both rnoie~iea, ( i i  ) rhon G-spacer enabling pho~u~nduced clcc~ron 

transfer, or (iii ) arrangement or receptor and reporter. using ~upramolzcular 

interactions 10 provide penurba~ion ol' electronic \lruclurc of the reponcd rncrie~~.''" 

The mporter moietieh in turn should signlficanily change thcir photopl~yhical. 

elecuochemical, magnetic, or chemical propenies lo yield an eaaily recopnirahle 

signal. The most common are the systems where the intcractton betwccn the 

aigger and the receptor results in the change or phatnphyrical propsle?: change? 

in absorption andlor emission characteristicr uf the reponer moiety. It may alcn 

result in changes of rednx potential\. trandocation of molecular trapment w~thin 

the supramolecular asscmhly (which may he alw arsnc~ated with changer in 



optical or elec~mhemical properties as wcH), chemical reacrivlly, or magnetic 

properties. 

Even though a large number of reprts were published before 1993 based 

on analyte induced change5 In (he properties of organic molecules, i~ was de Silva 

and coworkers who exploited the uqe of Boolean nperations lo rlcfine the relation? 

between chemical 1nput5 and readahle outputr, In Nalure magazine in the year 

1993, they have illuskated the use of a qirnplc PET hased anthracene fluomphorc 

(28) to define a rnotecular photonic two input AND gate with chemical inpuls ~ c h  

as and Nat for the fin[ time (Chart 1.6). 6" 

2 rnput AND qatr 

Ma' 

Chart 1.6. A molecular photonrc AND gate 28 and the mrrespond~ng log~c d~agram 

After this report. a large number of organic fluflrophores havc been 

repurted which can perform various Boolean operatiuns independenlly with 

respeci ta chemical inputshh2'" B~;lsic Boolean operations AND. OR, XDR. INH. 

NOR and NAND were demonstrated in molecules with differen1 inputs including 

chemical, elecrrochemfcal, photochemicaI and enzyme action etc. A few 



representat! vc example5 of molecule\ which can pertorn1 vanow Bnr dean 

opemttonh with respect to chem~ual Inputs xc d~hcus$ed below 

The rnolccular logic gate 29 respondr to vanouh Input5 b a d  on PET 

mechanism. The tricarboxylate receptor pu-i can succc\\fully h ~ n d  ma.meslum and 

calcium inns.'* Thn nonselect~v~ty con.rtituier the baus of OR nperaiion. When 

metal ionh b ~ n d  to the respecl~vc Iltes, the electrtn~c structure of the rnolccule 

rearrange and fluorescence ut the fluompknre 15  5wlrchecl on.  Sim~larl). in the cace 

of the monomole~ular europlum (TI[) cnmplexe 30, a wong  lluorercence wac 

observed w i t h   he p I l ranpe nf 4-7. Deprotona~~on of [he l~gand and or [he arn~de 

linker results in a change In phutochem~cal prupcrlle? of the complex. [nrtead o l  

efficient eleclrt~nlc energy tran~fer from phenanthrol~ne anlenna, an ele~iron 

transFer occurc and a nonnuorc\cent Eu(lT) ~ornplcx 15 formed ( C h d  1.7) '' 

30 / x ~ r t  gate 

Chart 1.7. Molecular photonic OR gate 29 and XOR gate 30 with corresponding logic diagrams. 



Figure 1.10. a) Truth tables for two ~nput INHIBIT logrc gate using 31. b) Logc representat~on of 
INHIBIT gate, c) Photograph of emission at 550 nm from 31 
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moiety undergoes ring owning, yielding thc colored merrxyanine fhrnl ti.,,,,, = 

590 nm). I! can funher react with ~ e ? '  ions to fomm a qtahlc complex charac~eri,.od 

by a stmng abhorption at 430 nm. The l i ~ a n d  32 reacts al\o with FC" ~n clowd 

spiropynn form which yield\ a colored calion radical. charav~cn7ed by a strong 

absorption at 51N) nm. Ahrorbance a! 430 nm, t h u h  corre~ponds lo ihc AND 

operation with UV Ilpht and FC'' as inpurs. while the abqorbance ar 550 nm 

(halfway between merocyamine and spiropyran ca~ion radical ) corrc<pnnd\ 10 r he 

XOR runction OF the same input d m .  

I" 

Figure 1.11. a) Interconversion network of four stales of 32 (SP: Spyorpyran, MC. Merocyan~n), b) 
Truth table for half-adder derived from 32. 



Akkaya el al., have reponed the ~wilchinp ot emicsicn l'rnm a HtJDIPY 

system to define a moleculiu half-~ub~riictor bawd on the combined eftect r>T 

emission modulation by PCT and PET (Figure 1,13,). A half-suhirdul~~r i\ a 

combination of XOK and WIIIBIT opcpcrations. The rnnlecuEe 32 under 

deprotonation of the phenolic 4 5 1  Froup tli\pl;ty a quenching in thc cmi-tnn 

maximum at 660 nm. The quenching in cmirxinn i \  due n a PET prcxew rrom the 

phenolate unit of 33. Additic~n of TFA (rrifluort)acetic ;~cid I gencritlcs a 

hypsochrnmic +hiti in hlth ah~orbance (-40 nm) and rmi\\ iun handi (-1(H) nlnr of 

33. This shift ir  due lo the modulat~on in ICT cm~c<ion due In thc pnj~ona~ion of 

the dialkyl amino moiety of 33. The three ernih\~on responw generated rrrm 33 

allow defining a half-suhtractar with recpecr to xhe chemical inpurf such ;I> x ~ d  

and base. 

A survcy ol thc reccnt literalure reveal\ thztl a varier? o i  fluclrophoreh have 

been synthesized and used ;ts either probc5 for analyto dctect~nn ur a\ lopu gate\. 

Analyte deiection and logic operation are rhercrurr thc twn side\ of the mrnc coin. 

Depending upon the requirurnents and nature nf thc fluorophnrea. clnc can use 

them as chemc)\en<nn or mnlecular \w~tche\ for lugic operatinn<. T h r k  area 

continue7 10 be intere\ting For chernillc and a< a rulul~ large nurnbcr 01 new 

rnoleculer arc k i n g  synlhesizetl and h~udied 



Figure t.12. a) Structure of the BODIPY denvatrve 33, b) Erniswon spectra of 33 In THF In 

presence of various chem~cal ~npuR. Inset shows the truth table for a half-subtractor, outputs are 

borrnw (B) and difference (D). c) Solut~on of 33 (5 x 10-6 M) In THF lllumlnated w~th a UV lamp at 
360 nm, d) Logic diagram of a half-subtractor. The difference and borrow outputs were collected at 

two different wavelengths at 660 nrn and 565 nm, 

1.6. Objectives of the Present Investigation 

Inspired hy the recenl prngte<x In  thc dcsign and study or runc~iorlal orgnrilc 

molecules. we have plarlned to cxplore the pussihili~y or  de5igning a tcw 

flunmphores for the devclclprncnt oT new nlolecular probe5 and logic p t c \ .  Thc 

flnorophorcs arc d c s i y e d  in such a way to havc thc drynor-x-~ccep~or-n-dc>nor (11- 

x-A-n-D) type ruucturc. Our fir51 aitn was to de~ign a n-cxtcndctl sqtlurairle dye of 

a fluorophore with qtrong ncar-IR absorption F13r the purposc ol. dclcc~in? 

biorelevan~ thiols. We havc choscn a 1.4 divinyl (aryl) hrldgcd h~c;pyrrolc l i ~ r  [he 

investigation Wac; to develop molecular prnhe? Ihr ~ 1 1 ' -  inns By incorpc~mtir~f a 



bipyridine receptor in the bihpyrrole qtructure, we anticipated [he rnodulatlon of 

fluorescence upon binding with a witable cation. Finally, we have planned Ihu 

design of a molecular logic gate wing a n-conjugated donor-acceptor-d{>nor iype 

molecule containing three receptor sites suitable for different external chemical 

inputs. Careful modulation of the photophysical propertrer of these moIeculch was 

expected to generate different outputs to addreqs molecular log~c operationh. The 

present thesis i s  a systematic investigation on the synthesis and ~ t u d y  of a Tew of 

D-R-A-n-D based moleculer as mentioned above and (her  u h e  as molecular prrlhe5 

and logic gates. 
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Chapter 2 

A Near Infrared (NIR) Squaraine Dye for the Detection 

of Aminothiol Content in Blood Plasma 





and promoting hloud clo~s.l '"~ The alhcrogenic properly of tobacco yrnoking ih 

connected with its influence on Hcy and thereby the tntal aminothinl conccnlratinn 

in mp, 19-21 Apart from this, glutathione which is the mort abundant intracellular 

nonprotein thiol (1-10 mM), has a pivotal role in maintaining the reducing 

environment in cells. Glutathione also acls as a redox regula~nr bccause cellular 

thiols exists ktween suithydryl and disulfide lbrrn~.?~~" Intracellular thiol levels 

change dramalically in response to oxidative ~mcsh.'~." Among (he reported 

methods for detecting thiols, the use or fluorescen~ probes h d  i ta apparenl 

advantages over other methods in sensitivity and. mocl imponantly , in imaging 

thiols in vivo, even in single l iv ing  cells. Al~huugh high-performance liquid 

chromatography (HPLC] combined with Ellman's reagent (DTNB) is widely used 

for delecting thiols  in  a chemical system,'x-"'  he method is inconvenient to uperate 

and unsuilable f o r  intracellular thiol detection. Therefore, detec~i(~n or thiol 

containing amino acids in biological Lluids a\ well as ccllular environmcn!s  is 

important. In this context, the dcvelopn~ent ot' new, simple and efficicnf methods 

for the determina~ion of the thiol containing amino acidr in physiological 

conditions has considerable significance. 

Huang and coworkern have reported a new strategy for the detec~ion of 

cysteine and homocysteine which ir bascd on colorimetric as well  a> fluorescence 

changes." Addirion of thiul cunrajning ~nolecules lo thc prtlhc 1 result\ in a rhiol 

adduct 2 with a charac~erisric grcen to red color chanpc followed by the  



enhanccmcnr irt lhc c.nlissic~rl ;I! h00 nr i l  (fig11r.c 2.1 ). 'I'hr 11r.ohc 1 w;l\ f u r ~ h c r  

' 4 .  

.. - - -  

-P - 0  

wammttr ~ m r ,  1Yhvrlanfi Inn1 

Figure 2.1. a) Absorpt~on spectral change of 1 (10 pM) uoon add~t~on of cyste~ne (0-330 pM) Insel 

shows photograph show~ng the color change In the absence and presence of amlrloac~ds and 

pephdes b) Fluorescence spectral changes of I upon addltlon of Hcy (0-200 pM) lnsel shows 

two-photon absorpt~on spectra of 1 upon add~t~on of 40 equivalents of Hcy 

of tliiol c r l t ~ ~ i ~ i l ~ i r l g  arninnnc.~cl\.' 'fhc I l u o r c \ c c ~ l c ~  01' thc prohc. j:. + irr l t~gl> 



Figure 2.2, a) React~on scheme show~ng tho1 detection b) Enhancement in the emlsslon lntenslty 

of 3 wrth increasing amounts of cysteine 

In a recenl rep{lrr. X I  ct al, have dc~cr~hcd the u~ or a coumnnn duri v~ttivc' 

5 for the dctcct~on of thin1 conlainins. ijminuaclds." '1-hcy haw dcnionqtrated rhe 

use of t h ~ s  prohc a< a h ~ g h  through put tlut~rescent ashay for glutnthlorle rci1uct;lse. 

The quenching of' thc etiii\5ion of 5 due lu PET w;ih prcventcd by tt~c Ihir>l 

addition tn the acceplor moicty. Thc cnhnnccd cmlrslon fiu1111 the coun~arin moiery 

cornsponds to h e  concen~ralir>n of thu thiol containing alnltw acids ill the sample.  

The methodology was furlher ulili/ed Tor ~nve\ t iga l ing  thc c:jt;iIytic ralc (7f 

glutathionc rcductasc etvyrne during N ATIP1 I rcducti un 01 glu~ath~,nr. holl~orl~rner 



Flgure 2.3. React~on scheme showing t h d  detection by PET a)  Fluorescence spectra of 5 (1 0 

pm) n tris-HCI (pH 7 4 ,  50 mM) buffer In the presence of d~fferenl concentrat~ons 01 GSH (0 2 ,  0.4. 

06, 0 8, t 0, 1 5 ,  and 2 0 pM). Inset fluorescence intensity at 465 nm as a funchon of GSH 

wncentratron b) Fluorescence photograph of 5 (10 1M) In the absence (left) and presence (right) 

of ~mercaptoethanol (1 0 pM) In tr~s-HCI buffer under ~rradlatron of a 365 nm 'UY lamp 

Rox-Lis ri  1 1 1 ,  have reported ~ h c  usu of N>N-L)ialkyl;ui i l  ine cleri vud ?il~ji~raint: 

dyes 7 311d 8 LIS dosilnulcrs lilr the rletect~on nt C'N ions." 7'hc s:irnc squar;ij~~us 

hovc hcun h u n d  ~lscful ns flur~ro- i~nd chrt,~nogcnic dosilnclc~.~ f o r  ~ h u  dclcc!ir)n of 

l i  
thioi containilig co~nlxiunda, parlicularly. hiclrt.levar11 thiols +,uch cysre~llc: In  

this srl.atcgy, squal.ai11c.s wcrc z~svr l  i is  rtiolecular pro1,t.s 1,y i1tili7.i11g I11c 

susceptibility nf thc clculrt>n cluficien~ ceritral cyclnhulcnc ring towards 

nuclcr,philic atlack. The electron defi'icn~ ucntrnl cyc.lohutcne riny o f  \quarni~ir: 

dyes is  vulncrahlu I'or nucleophilic attack which will hrcitk thu vunjt~pa~ion of thc 

dye. result~ng in drnftic changes In the r~ptrvdl prc1pzr1ie5 vl" thc d ) ~ '  (t:rp~lrc 2.4). 



Figure 2.4. a) Scheme show~ng the react~on of throl to squaralne dye b) Photograph show~ng the 

wlnr change in aceton~tnlehater, 20 80 vlv ,  at pH 6 (MES 0 Q l  mol dm of the squaralne 7 (PI 
t 21 x 10 5 mol dm 3) In presence of 10 equ~valents of certa~n amino ac~ds From left to r~ght and 

top to bottom no ammo acid, phenylalan~ne, threon~ne, arglnlne, hlstldlne, asparagrne leuane, 

alanme, prol~ne, val~ne, glyc~ne, lyane, glutamme, rnethton~ne, ~soleuctn, serlne. cystelne 

Qptophan, glutamrc ac~d, and asparbc aad 

the color nr decrease ill Ihe fluorcsct.ncc d thc dyc'. 1Ir)wuvcr. v n c e  ~ l l c  ;lhrrrrp~ion 

and e i i i ~ ~ ~ r o n  prnpertle? of \quamlnc d y c ~  arc \trr>ngIj inffllcncetl by acld~c not1 

is ~tahlc. and produce5 a stmnply nhcorhing o r  cni i l~ inp +pecies 111 11ic v i~ ih le lUIU 

reglon upon ul~tcractirjn with it spccilic anilly LC, rat her than thc uruall y u\cd color 

bleaching or llucse\cence rluenching slratcglcs. 

Tn thc prcsznt st i ldj.  we h : ~ v r  inve5t ignted thu I I \~  o f  n-cx~cndetl squariiinc 

aliphatic thlols and dclnonstrrilc i t s  applicalionc 111 [he tlctcctron of  low malccula~. 

weight arninuthiol5 such a\  cyhleinc. and h i ) ~ ~ i t ) c > ~ t e ~ ~ i c  in huiniin hlo(xl placrna 



2.3, Results and Discussion 

2.3.1, The Design Strategy 

Since the photophysical properties of most squaraine derivative\ are 

simngly influenced by acidic and basic impurifies, polarity and the pH uf ~ h c  

medium, specific sensing of an andyie using the fluorescence quenching of 

convendonal squaraine dyes is often difficult. Due to this reason, ii I:, dcsjrable ro 

design new dyes which are s~ahle and generate new emitting spcuiec; u p n  specific 

interaction of an analyte. We have choqen Hunrescenr bispyrroles a\ the mnnumerc 

for designing n-extended squaraine dyes, which strongly absorb in the near-TR 

region with weak emission. Upon a specific analylc attack ro the squaraine. the 

pmbe becomeb ~trongly fluorescent. We have exploited the vulnerability uf the 

squaraine cyclobute~~e ring for thiol atlack thereby breaking the cunjugation of the 

dye. Thus, the present strategy involves the chemical advation of a weakly 

fluorescent NIR probe through a conjugation break associated with ihe 

nucleophilic attack by a thiol to generate a strongly emitting fluorophnre. For this 

purpose, wc have prepared two hispyrrole appended squxaine dyes with different 

side chains Syla and Sqlh. The squaraine dye Sqlh  with plycol sidc chitin was 

prepared in order lo make il more compatible with the aqueou:, environments. 



Chart 2.1. Stnrcture of the squaraine derivatives Sqla and Sqlb. 

2.3.2. Synttresis of the Squaraine based Probes Sqla and Sqlb 

The squaralne bawd probes Sqla and Sql h here qynthe\i/ed from thc 

correspond~ng blspyrroles 15a md 15b whlch were prepared accord~ng to known 

procedures. The 1 ,  4 d~methoxybcn~ene (10) on hmmomethylat~on uung 

paraformaldehyde and HBr i n  acctlc a c ~ d  prov~ded the h~~hromomethyl  denva~i ve 

Ill) in W% y~eld. The b~rbromomethyl der~vat~ve rln reaction w ~ t h  trrethyi 

phosphate gave the corre3ponding b~spho\phonate 112) in #h%, yleld. Thc Wlttlg- 

Homer reaction of (he pyrrale carbaldehyder 14a,b wilh the h~sphosphonate 12 

using NaH in THF gave the blrpymles 1Sa,h in 58 and 63% yleldr, respecrlvcly 

(Scheme 2.1 ) 
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Scheme 2.t. Reagents and cond~trons, a3 Paraformaldehyde.33Sb HBr In acet~c aad, glc~al acetic 

a d ,  sonication 4 h (90%): b) P(OEt)l, ?OO°C, 12 h (90-95%): c) 1-bmmo-2-12-12- 
mehryethoxy)ethoxy ethane, polasslum 1-butoxlde, THF, 27% 21 h (78%). d) NaH. TWF. 70°C. 
12 h (45%). 

Rcac~ion elf thc rsqirired hispyrrules ISa or 1% ( 3  mrnol) with squiuir: acid 

gave the sguar;bint. dyer SqIa and Sy 1 h, rcspccllvely 1 Schcrnc 2.2) .  Thc progre\\ 

of the wac~inn waq monitored throuph I:V-vi\iblc ahqorprinn spectra st inlerv;ll\ 

of the reaction. The rcactinn wat 61oppcd when higher hornolugucs \tanetl 

appearinp. Repeated prccipi~iitron using paroleurn rther gave the dye Sqla and 

h 1 Sql h in 26-32 yields. 'She ccunpnund~ wcre chsraclerifed by '11 YMH. C 

NMR, IK and HRMS (FAR). Si~nifiuant amnun! c l t  pulymuric dye\ were a l ~ u  

formed which werc remnvccl hy prccipi~arion i ~ n d  column chromatography. Sqla 



and Sqlb rkowed strong peak between 1625- 1 620 cm-I region, which corre~pundx 

to the C-0  stretching frequency of the cyclobutcnediy1l1um-I-3-di~~Iate moiety. IH 

NMR spectra of the dyes hhuwed wong  trans coupling Tor the viny lic linkage?, 

which was in agreement with the structure assigned lo the dye. The N-CHI proton5 

were observed as triplets around S 4.8 and 4.1 ppm indicating strung resonance 

stabilization in the dyes. The -OCI13 protons or thc pheny l ring were observed at 6 

3.9 ppm as a multiplet along with N-CH2 protons. The - X H 1  proions of the 

glycol side chains appeared as a singlet at ij 3.3 ppm. 

Scheme 22. Synthesrs of Sqla and Sqlb. Reagents and cond~tions I )  Squanc acld {O 5 equtv ) 

(1:3 bubnollbenzene azeotroplc mixture), &O0C, 1 h. 

2.3.3 Absorption and Emission Spedtra of the Bispyrroles 15a and 

The absorption and emission spectra of 15a and 1% were recorded in 

acetonilt-ile. These hispyrrules showed ahqorpl~on maximum a1 414 n m  with a 

broad emission band at 482 rim. The fluorescence quantum yields nf 



and 15b c;linl~\ high qu3~1tl11ll YII'IL~ oi 0.43 iind 0.4. resp~'~t ivcIy FI'lit: 13~1ailcd 

phutr,pl~yhical ~~ roper~ i cs  o i  Sqla  311d Sql b arc ~I~FCLI~\L'CI in  the follrwing src t i rw .  

Wavelength (nrn) 

ngure 2.5, a) Absorption and b) emlsslon (A,, = 400 nm) spectra of 15a and 15b tn acetorr~tr~le (6  

: f lo"), Inset photograph shows the fluorescence of 15b In acetonltrlle (under 365 nm UV I~ght) 

F 

, Z3.4. Absorption and Emission Studies of Sqla and Sqlb  

.- 
$ The Sq la arirl Sq l b showcci i r ~ ~ c r ~ \ c  ; I ~ Y , ~ I . ~ I I O I I  h i i i i r i  ;~rr>t~ticl 750 11 rn 

This shouldur hand is colnmorl to rnany arlual.ainc. dye\ ;ind ct>ulrl he ;ittrihurud r t>  

the excitonic intcractior\. Thc cmissrt~n spectrum of Sq l a  ct~cnvcd ;I wcak t~ar~t l  in 

the range or 750-X5f IIIII will1 niax i IIILIIII CUIIICI-cd ; ~ t  X(H) 11 n1. IJctaile~I 

photophysical prcjpcr~ic~ of Sq l h wcrc invcsttgatetl in a 1 : 1 sol ver~t n ~ i  ~ ~ i l i - c  0 1 -  

acetonitrilc and walcr (CHI:S. hut'liir. O.OIM. pH g.6).  



Wavelength [nm) 

Flgure 2.6, a) Absorption and b) emission / h e ,  = 730 nm) spectra of Sqla in acetonitrile (6 x 10 

BM), tnset photograph shows the color of Sqla in acetonilrile. 

A b w ~ r i a n  ant1 erni\\ic,~~ \pcctr:i of Sqlb (6 x 10'' hZ) In  auc~onilrilc/~aler 

(1:I CHES hurfer. O.OIM, pH 9.6) r q  shuwn in Figurc 1.7. '1'11~ dye exhrhit* ;I 

strong ahsorption maxl muni aruuntl 7 7 0  11 r r ~  (E = I .8 x 1 c?) ant1 a 5hni1lder a1 363 

nm. The I'li~orc~ccncc ei11is5ion \peclrurn of Sqlb showed J broad band w ~ t h  a 

maximum at XOO nnl  ( F , ,  = 730 n ~ n )  'I'hc cfrcc~ of pH on ihc photophy\ical 

prop-tie6 or Sqlb mere ir~ve\tipnrcd by varying the pH frnrn 0.8-9.8. Thc 



absorption and emission properties of Sqlh did not show much change In thir pH 

window. The dye w a ~  fuund to be un~tahle below pH 6.8. 

Wave~~ngt? (nrr ) 

F5um 2.7 a)  Absorption and b) ernrsslon (A, = 
acetonitrilehater (1:l CHES buffer, 0.01M) at pH 9.6. 

0 0 
756 800 850 

Wzv~lengtP (nm) 

730 nm) spectra of Sqlb (6 K 10" M) In 

2.3.5. Thiol Detection 

11 is known that the electron deficient cyclohutene ring of squaraine dyes 

are amenable tor nucleoph~lic attack." For example, N, N-dral kyi an~line derived 

quamine dyes, upon additinn nf al kyl thiols undergo decnlnra~ion and 

fluorescence quenching due 10 the thiol addilion and conjugation break. In analogy 

to these reports, we speculated that aliphatic thiol5 may open u p  the double bond 

that connects the cyclobutene ring with the pyrrole moiety in Sql h. Tn such a care. 

the electronic communication between the !wo bispyrrnle moiet~es will k broken 

leading to significant changes in the optical propeflies of (he probe. In particular. 

Lhe fluorescence ernis~ion of the prnbc may bc cons~derably enhanced clue lo rhe 

formation o l  two dirferen~ chromophores as shown In  Scheme 2.3. 



HS-R 

7 OH 

Regenerated 
Ruomphon 

1 7  ,A,:% ,+' '- I' ',<- - .  - 
I ]  H?C'< R I"',- ""I 

R H T C n ,  x <-  R 
Sq7 b-thiol adduct < \  , 

7-t{ 
Strong fluorescence c -,+ ' 

Scheme 2.3. Chemical activation of weak tluorophote Sqlb to an active fluorophore through th~ol 

group attack, The background wlor indicates the fluorescence color of the molecules. 

The ahove hypu~hesis wirr, estahli\hetl hy the :lddilir~n of' aliphatic thlols or 

a ihiol containing cl-amino auld. cystclnc (0 - 3.9 x 10 '  M) to Sqlh (6 x l n "  M) 

in I:? accton~trilelwatc.r (CHW huffer. pH 0.6) which reyul~ed in a rcducticu~ in 

the intensity UF thc ah5orptic~n hand a1 750 nm. wilh conct~rnitani fhrmation or n 

new hand at 440 nm. Thc corresponding uhallgc in thc ahmrption spectrum ir 

shown in Ftgurr 2.8a. The tliiol interact~on can he visually rcdlowccl hy ;1 utlIor 

change from green 10 lipht ycllow (Figlire 2.Xu insets) 



- .- 
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Figure 2.8. a) UVNls spectra of Sql b (6 x 10. M) before (---j  and afler (-) addtt~on of cystetne In 

aeeton~tr~lelwater (1.1, CHES buffer (0.01 MI, pH (Inset shows the photograph of the vls~ble color 

change of Sqlb wtth and w~thout the addrt~on of cyshne) b) Ratlornelr~c plot based on the change 
In he absorphon spectrum of Sql b at 440 nrn and 750 nm aga~nst concentrat~on of cystelne 

The cnil$\lnn prt~pcrlic\ of Sqlb ct i~wcd i~ Jranlat~c change uprln sririi~icm oi 

cysteine. When rxcitcd :i1 410 nnl. Sqlb exh~hltcd a new h:ind a! 502 nni nit11 a 

dccrcssu in thc ~nrensl ly of thc mcak ?lR rmi5\ion XOO nm with ~ncrca\ ing 

cunccntraliun oT cycteine I\ 1lt7~trved ( I  'igi~rt' 2 0 ). Thew changes in 111r :thr;o~~~lt lr~ 

and erni\sion \prctra :trc iittrihutcd lo ['tie ndd~lion td thc thiol group 10 the 

cyclnhu~ene ring, rc\i~ltirig In ncw IJV-Vi'; ithcorlwng chrr,rllc>plir~rc.s n i th  qtro!~g 

flunrescence. 



Wavelength (nm] 

rqure 2.9 a) Emiss~on spectra of Sqlb (6 * 10c M} before (--I and aRer (-) add~t~on of cystelne 

in acetonltrilelwater (1 1. CHES buffer (0 01 M), pH, when exc~ted at 730 nm, b) Em~ss~on spectra 

of Sqlb-cyste~ne adduct wben exctted at 410 nrn (Inset shows the photograph of the visrble 

fluwemnoe of the Sql b-cysteine addvct when ~llurnlnated in a 365 nm UV l~ght) 

Varia~irnl; in I ~ L '  c t i i i ~ s i o t ~  at 502 nut and X(H) nrn agil i l ist thc C~I ICCI I IT : I~~~I~  

wavelength cxc~ti~lion 111nlu rhc Sql h 3 unique ra~ir l~nctr~c prohu ( I  I p r c  2 .  I Oh) 



Figure 2.10. a) Changes in the emission spectra of Sqlb (6 x 106 M) at 592 nm and 805 nm 

upon add~t~on of cyste~ne (04  9 x lO4M) in 1 1 aceton~trilelwater solut~on buffered at pH 9 6 

(CHES 0 01M) b) A ratrometric plot of the emisaon ~ntensrty changes at 592 nrn and 806 nm 

aganst the concentration of cyste~ne 

The changes in the absorption and erllission spectra c~f S q l a  and Sql b 

could be d i ~ u  to the addition or thiol ~ r ~ o i e ~ y  lo ~ h r  prohc resulting i r ~  [he Ibrmstion 

spectmrcopy { I  IKMS) analpsi5 or Sqla o f  c r  thc n d d ~ r i n n  of hulanr ~hiu l .  l h c  dye- 

thiol adduct was prepi~rcd by stirritig SqFa and hu~anc  lliiol in nct.tonirrilrlwalcr 

9:l mixture buffered H I  pII Y.h tor 15 rtlinu~ec. The klrmntiun nt' Sqla-thiol drfduut 

was confirmed hy I!V-NTR spectral uhnnges. The resulling ycllot~ solutint~ N , I ~  

analyzed using IIRMS. A maqs corrtspundlng to Sqla-thtnl adduc~ was rh~a ined  

a t d ~  1033.33 (Fiyiirc 2.1 1). 





emission at two different excitation wavelengths exlend the cmpe of Sql h a? a 

suitable ratiometric probe for the detection of thiul containing amino acids i n  

biological samples especially in human blood plasma (HBP) 

w 
U 
C i:: 
w 
0 <n 

Figure 2.12. Plots of the response of Sqlb (6 106M) to different amino acids and to a tripeptide 

g'lutathbne (GSH), The em~ssion ~ntensrty is monitored at 592 nrn in 1: l  acetonltrilelwater solut~on 
W r e d  at pH 9.6 (CHES O.OlM). Am~na acids w i t h ~ l  a thid mOrety as well as cystene (two 

wteine molecules joined by disulphide bond) did not show any response. 

2.3.6. Human Blood Plasma Analysis 

The thiol cmtaining aminn acids such as cysteine and honocysleine in 

humm blood plasma IHBP) are in the disulphide form, b u n d  either to the 

proteins or to low molecular mass thiols. Es~imalion of rhc arninothio! lcvel in 

blood plasma is  cs5ential for understanding the role or these groups in the 



pathogenesis of v a m ~ l a r  diseases. In thi\ context. we have invext~pated the me ul 

Sqlb in the evaluation of the total content of arninothiolr under different 

conditions. Frech human blood samples ( 5  mL) with added ethylenr: diamrne teira 

acetic acid (EDTA) were centril'uged in n vacutalncr tuhe at 3000 rpm for 15 mln. 

The supernatant solution (plasma), whlch contains proteins and amino ac~df. was 

collected and used a$ buch for tunher studres. Fur a healthy human aduli, blood I \  

composed of about 43-56% blord plasma. 500 it!, of the collec~ed plaktna wa5 

reduced uring dilute HCI in the presence of triphenylphosphine ac the cataly\l 

Proteins present in ihe sample afier reduction were preclpitated by thc addition oC 

acetonilrile, rolluwed by centrifugation If1000 rpm) of the sample for 20 mrn. The 

supernatant liquid which contained aminoth~ols in bluod plasma was filtered 

through a nylon filter and diluted to 2 mL with waterkdceton~trile ( 1 : I )  and used a:, 

such for analysis. 

Addition of aliquot5 (10. 20, 30 and 40 ~ L L )  o f  the reduced IIBP to Sql b ( ~ n  

waterJacetonitr~le I : 1 ,  pH 9) rcwlted in the dccreare of the absorption hand at 750 

nrn with the rormat~on of new band at 440 nm. Conrequently, the intenqity or thc 

emission band at 6M1 nrn (Figure 2.13) is enhanced, whlch indicated the pre\ence 

offtee amjnotbinlr that form flunre~cent adducts with the prohe. 
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Figure 2.13. Increase tn the emission ~ntens~b of Sqlb (6 r 106 IJ; at 6Dg nm /A, = 410 nm) 

upon addlhon of al~quots (0.20.30.40 p l )  of human blood plasma after reduct~on 

Mlcro tea asr;ay experiments for the delect~un of  ~ h ~ o l  conta~ning amino 

acid!, and low molecular welght aminothlols In H R P  were conducted In rnicrnwell 

containers, each filled with 200 !IL of a wlution of Sqlh  i n  water /acetianitrile 

( 1 : l )  a1 pl-l 9.0 (CHES buffer (0.OIM). Equal vulumes or diCfesenr aminv a c ~ d s  

were ~epararely added to the well< (A-C) The wrnplch In thc rnicrowcllc wcrc 

illuminated from underneath by 365 nrn LV Eight in a gei documentadon 

apparatus. In~ereslinglq, only '-cys~eine (C I ) and the rcduccd glutalhiunc (C3 

exhibited Intense emihsion (orangc) a1 6QO n m  (Figure 2 14). The lnurth rnw (9)  

S ~ O W S  the responpe clt Sql b to alsquot\ of IlBP under dirt'erenl condit~oni. The 

bright orange emif~ion ind~catlng the prewncc uf aminutkicrl\ wac obtained only 

in micmwellx D5-DX, which conta~ned differen1 I IHP sample\ a k r  reductint~. 



Figure 2.14 Detect~on of am~noth~ols in human blood plasma uslng a m~cro we!l test assay 

Contents of wells (each conta~n Sqlb) Well A1 (blank, Sql alone). A2 (phenylaianlne). A3 

(lhreon~ne). A4 (arg~n~ne), A5 (h~st~d~ne). A6 (asparag~ne), A7 (leuc~ne) A8 (alan~ne), 61 (prol~ne). 

02 (val~ne), 03 (glycrne). 04 (lyctne), 85 (senne j. B6 (rneth~on~ne) 87 (~soleuc~ne). 08 (glulam~ne). 

C1 (L-cyste~nej. C2 (cyst~ne). C3 (glutathtone), C4 (tryptophan), C5 (glutamlc acld), C6 (aspartlc 

acid), C7 (aqueous buffer a l  pH 61, C8 (aqueous buffer at pH above 1 O), D l  (Sql alone), D2 (20 DL 
HBP before reduction), 05-08 (d~fferent HBP samples after reduct~on). 

es!imstion of n~ninotliiol\ in I IHP. 11 is k r ~ l ~ ~ t l  t l ~ n ~  tlic total iuninothir~l vonlcnl in 

during fasting arid al'tc.r li>c>d i s  known to vary \igriificantly. Si r t l j  lat.l\. the lol:t1 

aminnthiol coriler~l it1 thc l>lr>ocl of' chain sn~chktlrh a1.e ktujwn to hc. very hiyh. 

which is rlnc of rhc. rcii\ons for ~ h r  I ~ a l t h  r . 1 ~ 6  3s';ociatcd wilh l h ~ '  I ~ ~ C A C I ~ ~ T I ~  01' t t ~  

placnla i s  ol' pre;ll ~~na ly r  ical irt~pr,rt:uicc. 



A n a l y ~ ~ r  OF H R P  \ample\ collected under three d~flerent phy$lolog~cal 

condltlonr revealed significan~ variat~nn in the aminothiol cnntent. The unknown 

concenuatlanq of arnlnath~nI\ were dctermrncd by the standard add~tlon rneihrxl 

using cyrteint: XT the 5tandard. To 300 111. of the unknowr~ plasma sample, known 

concentrations of the aqueous w l u t ~ o n  of cysteine were addcd and prepared the 

solution to a definite volume ( I m L )  In \eparatc rtartdard flafk5 A hl'ink war, 

prepared using 300 ILL plasma by dilut~ng lo ImL. Equal volume (60 !rL) from 

each 5tand.ard flask? were added lo Sqlb ( h  x 10 MI. In 1 1 ( v l v )  

aceton~tr~lelwater mixture buffered dt pH 9.6 and the ernl$\icln wa'r mon~torcd at 

600 nm. A graph war plulted u r ~ n g  concentratlor of known arnounl r ~ t  cqstelne In 

h e  x-axi5 and ertuhslon a1 h(X) nrn In the 4-axis Concen~rat~on of the unknown 

aminothiol~ In  300 111, of the plahrna 5ample was calculated from h c  slope of the 

straigh! line t,b\a~nerl 

For comparlron of the tutal aminoth~ol concentrillon in variarion wlth 

dietary in~ake, hlood 5arnples of d healthy perron wa\ collected before breakfdsl 

(BBF) and after breakfast (ABF) and maty7ed by the htandard addition melhod 

(Fipre 2.1 5).-''To 5~udy  the erfect of tobacco qmoking on amlnothtol p r d u c ~ l o n .  

a lhird sample was %a ken frnrn a perwn who rmoke\ 8- I0 cigiarenes per day (AS) 

figure 2.16). MRP collected bcfore hreakfart whlih waq taken as the rtandard lor 

comparison w i ~ h  the other samples after reduction nf the protein hound 

am~nothiols 



Conc of cyste~ne Conc, of cysteine 

Figure 2.15. Standard add~t~on plots for the determinatton of am~nothlol concentratlon In human 

blood plasma a) from an overn~ght fastrng person (BBF) b) from the same person after breakfast 

(ABF) Sqlb (6 x 10" M) was taken m 1:l (vlv) waterlaceton~trlle mrxture buffered at a baslc pH 

Idensity of enhanced em~ssion at 600 nm was plotted agalnst concentration of the known amount 

of the cystelne added Unknown concentratlon was determined from h e  slope of the stralghl Ilnes 

Conc. of cysteine 

Figure 2.16. Standard additlon plot for the determlnahon of arninoth!ol concentratlon ~n the blood 

plasma of a person wha smokes 8-10 cbgaretles per day. Sql  b (6 x 104 M) was taken In I:1 (vlv) 

waterlacetonltr~le mixture buffered at a base pH. lntens~ty of enhanced emission at 600 nm was 

plotted against concentration of known amount of cyste~ne added Unknown concentratron was 

detem~ned from the slope of the stra~ght l~nes 



Table 2.1. Summary of the determined arninothrol concentrations us14 Sqlb In human blood 
phsma at three different conditions. BBF (before breakfast), ABF ( a k r  breakfast), AS (afler 
smoking). R m v e r y  (%) can be calculated usrng the equation R = (QM- QEIQA) x 100, where QM is 
the amount of unknown with added standard (cysteine), QE IS he amount of unknown without the 
add& standard and Qn IS the amount of standad add4 to the unknown. 

HBP Samples 

- -- 

BBF 

Amount of 
arnrnothrok 

determ~ned In 1 0 '  
g:L 

-- - 

I AS 1 '4' 

I 
Amount of cystetne I Recovery. Ok 

added rn 10 '. giL 

Analysk ot reduced I-IBP using Sqlh revealed that the amount of tola1 

aminolhiol concen~ra~ion in plasma varnple hefore breakfasl is 245 11@ w d  I \  

high in   he HBP after breakrdst (352 p&). The higher concentrarion of lhird after 

breakfast arises from the physiological processes a s s ~ i a t e d  wl th dietary intake 

(Table 2.1 ) which will he decreased with time. However, the pliihma sarnple ( 3 0  

pL) obtained after smoking showed very high arninothiol content of 545 1idL 

(Figure 2.17). This level or aminothiol~ may remain high in the case of chain 



smokers who smoke at ~nrervalh wh~ch could he the reason tor hieher n\k uf 

coronary hean discascs. 

,% 500 
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E 200 
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Plasma samples 

Flure 2-17 Plot showing the vanation In the amount of total aminothd concentrabons In 300 pL 

HBP obtarned at three d~fferent cond~t~ons. BBF (HBP from a person after breakfast). ABF (HBP 

from a person after breakfast), and AS (HBP horn a person after smokng) 

Thus. the ulility c~f 541 h a? a ~u l t ab le  molecular prohe for the detecuon and 

estimation o l  the total am~noth~ol  level in IIBP i \  clearly dernon5trated. 

2,4. Conclusions 

We have demonstrated a novel strategy for the cle~cclion of low moiecular 

welght arninnlhiols wing a K-extended xquaralne dye thal cxh~b~t s  a NlKNls 

electronic h-ans~t~on. Sqlh  i s  a novel raliomelnc probe wh~ch i s  diftererll from 

other known probes, rince the detect~un 1s haled on the generanon of d new 

fluorophore l h a ~  emits at a different wavelenah through an analyte induced 



breaking of T-conjugation. This is particularly important in hiolahel~ng and 

imaging applications since the presence of any unchanged probe does not  ~ntetiere 

with the ~neasurcment as the native dye i s  nearly nonfluoreuxnt. The presenl 

system is also reliable as a chromogenic probe because the analyte interac~ivn 

leads to a color [ormation rather than a color bleaching. The probc war 

successfully used for the detection and e~timalion uf aminathiols in human blood 

p h m a  and confirmed the prerence of ~ h c  increased level r ~ f  amrnnthiol\ in blood 

plasma of chain smokers. Due to [he crucial role of free arninothiol6 present in 

blood plasma to the development of coronary heart drseases. ~troke and peripheral 

vascular diseases. the current fluorescence bawd technique ha!, 5ignifrcant 

biological and clinical relevance. 

2.5. Experimental Section 

2.5.1. Synthesis and characterization 

U n I e s ~  otherwise btated, all staning malerials and reagents were purchased 

frvm commercial rupplien and uhed without runher purifical~on. The <oIvanlq and 

the reagenth were purified and d r ~ e d  by uwal method5 prior to uqe. Melling polnt5 

were dctermlned with a Mel-Temp-ll melting pnint apparatus. ' H  and ''c: NMR 

spectra wcre recorded on a 300 MHz Bruker Avdnce DPX Spectrornercr. Fligh 

Re~nlution Mass Spectra were recorded wing JEOL JMS600. ET-IR spectra were 

recorded on a Shimad7u IR Presligc-2 1 Fourier Tram form Infrared 



Spectrophotomeler. Elcctmnic absorption spectra were recorded on a Shirnarlzu 

W-3101 PC NTR Scanning spectropht~tornc~er and the tmisrion rpcutra were 

measured on a SPEX-Flunrolog F'J 12X speart)fluorimcrer. Microle\~ asyay 

experiments werc performed using a pel documentation apparaluc; 

2.5.2, Preparation of 1,4-bis(bromomethyl)-2,5-dimethoxybenxene 

Iril 

To a sur~nsiun or the appropriate hydrquinone dialkyl aher. 10 ( 10 rnmnll in 

glacial acetic acid (35 rnL), paraformaldehyde (30.25 mmol) wa\ added ;nd 

snnicated for 10 min. To rh ig  rnix~urc. 33% ol' 1FRr in acetic acid (31. I? mmoI) 

was added and sonicafed rr)r 3 h. After a lurthcr addition of 5 ml. ;bcetic acid 

Followed hy w~nication fur 311 min. the reaction mixture waf poured into cold 

waler The precipitated pnlducl was liltercd and dr~ed. 

Yield 92%; my 207-204 "C: 'H NMR (CnClq, 30/3 MHL) K cppm): h.81 (5 ,  211. 

aroma~ic), 4.60 (5.4H, CHLRr), 3.80 ( 5 .  611, OClIr); "c: t\lMK (CLIC17. 7 5 . 4  MHz) 

6 (ppm): 150.72. 127.51, 1 14.62, 56.20, 29.65. 

2.5,3. Preparation of tetraethyl {2-methoxy-5-methyl-1,4- 

phenylene)biqmethylene)diphosphonate (12) 

The birphosphonate ( 12) wits prcparetl by thc reac~ion ol' the bishrumomethy l 

dwivalive 111) (643 mg, 2 mmol) with 3 m1. ol'lriethyl phohphite at 80-85 "C for 

10-1 2 h ralInwed by the remnval of Iht: unrcacted triethyl phohph~~e untlcr 



vacuum. Yield 90-95%; 'H NMR (CDCl?, 300 MMHr., 6 (pprn): h.7 t2H, artlrnatic], 

4.19 (m, 8EL, OCH2), 3.83 (s, 6H, OCH3), 3.03 (5, 4H,  CHIP). 

2.5.4. General proadurn for the preparation of Sbutyl(14a) and M 

glycol (14b) pyrrole-2-carbaldehflw 

To a solulion of po~ahsium [err-butoxide ( l I g, 100 rnmol) In 100 mL dry TIIF. 

pymole-2-carbaldehyde (13) (9 g, 95 mrnall was added and rrirred at 30 'C tor 3 h 

To the potaqsium pyrrole solullon. 18-crown-6 19 rnmol) was added and ~tirred tor 

15 min. To the reaction mixture, l-bromoalky l (24 g. 108 rnmol} waf added drnp 

wise and the stirring was cont~nued for 1 X h. The precipitated inorganic wit was 

filtered off and the solvent was removed under reduced preswre. The residue war 

extracted with dichloromc~hane. The combined organic exlractr: were wa~hed with 

brinc followed by water and dried over sodium sulFale. The soIven& were 

removed and the crude produa wa\ purified by column chromatography over 

silica gel using petroleum ether to give the pure p r~duc ts  14a and 14h. Details or 

h e  characterization data are given helrjw. 

14a, Yield 70%; 'H NMR (COC13, 300 MHz) 6 (ppm): 9.5 Is, 1 H. aldehyde], 6.8 

(m, 2 H ,  aromatic), 6.1 (I, 2 f 1 ,  aromat~c), 4.2 (t, 2H, NCH2), I. 1 - 1  .X (m. 4H.  CHI), 

0.7-0.9 (t, 3H, CH3); I3c NMR (CDCI?, 75.4 MHt,) 6 (ppm): 179.10, 1 3 1.8, 1 3 1.0, 

124.6, 11 1.30, 71.6,70.6, 59.3. 
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14b, Yield 58%'; 'H NMR (CDCI?, 300 MHz) 6 (pprn): 9.5 (s, 1 H, aldehyde), 6.8 

(m, 2H, aromalic), 6.1 (I, 1H, arornatlc), 4.2 (1, 211, NCI-12), 3.54 Im, XH, CH2). 3.3 

It, 3H, -GCH3): "C W R  (CnCl,, 75.4 MHz) 6 (ppm): 179 10. 1 3 1 .X, 13 1 .O, 

124.6, 111.30,71.6,70.b, 59.3. 

2.5.5. General procedure far the preparation of bispymles (lSa,b) 

Asuspenqion of sndiurn hydride (720 mg, 30 mmol) in THF was added $lowly to a 

solution of the corresponding bisphorphonate (2 g. 5 mmol) and the respective N- 

dkyl or glycolated pyrrole-2-carlxlxaldehyde (2 4 g, 10 mmot) in THF. Atter 

refluxing for 10 h, the reaction mixturc wax cooled and THF wa\ removed under 

reduced pressure to give a pafly residue. The midue was suspended in warer and 

extracted w ~ t h  dichloromeshane. The organic layer was washed w i ~ h  brine, &led 

over Na2S04 and concentrated to g ive  the crude product. Funher puntication was 

done either by precipita~ion using methanol from a dichlorornethane solut~on or by 

column chromatography over silica gel using 5% ethyl acetate-petroleum ether 

mixture. 

15a. Yield 63%; mp 14 1 "C; 'H NMR (3H) MHz, CDC13) f i  (ppm): 7.08 (d, 2H,  

vinylic, J = 16.26 Hz), 7.00 (d, 2H. v~nyl ic ,  J = 16.30 Hz), 6.91 (b, ZH, aromaticj, 

6.56 ( 5 ,  2H, aromat~c), 6.42 (m, 2H. ammatic), 6.09 (1. 2H, aromatic). 4.2 (t, 2H. 

NCHl), 1.1 - 1.8 (rn, 4H, CH2), 0.7-11.9 (1, 3H, CH3); "C NMR (75.4 MI-IL. CDCl?) 

6 (ppm): 150.93, 132.87. 126.56, 123.44, 121.46, 117.56, 110.95, 108.23. 106.63, 

69.12, 34.15, 31.66, 19.47, 13.91; Ill (KBr) v,,,: 2949, 2868. 1462. 1417, 1327, 



1I97, 1039, 1012, 954, 707 cm"; HRMS calcd for C1RH~J4Z02 (M*): 432.27, 

found 432.27. 

15b, Yield 58%; rnp 14 1 "C; ' H  NMR (300 MHz, CDC17) 6 Ippm): 7.08 (d, 2H. 

vinylic, 5= 16.28 Hz), 7.00 (d, 2H, vinylic, S = 16.20 Hz), 6.9 1 (5, 2M, aromatic), 

6.56 Is, 2H, aromatic), 6.42 (m, 2H, aromat~c), 6.09 (t, 2H, aromatic), 4.1 (t, 4H, - 

NCHd, 3.3(s, 6H. -OCH3), 2.8 (5, 6H); "C C R  (75.4 MHr. CDC13) 6 (ppm): 

150.93, 132.87, 126.56, 123.44, 121.46, 317.56, 110.95, 108.23. 106.63, 69.12, 

34.15, 31.66, 19.47, 13.91; IR (KBr) v,,: 2949, 2868. 1462, 1417, 1327, 1197, 

1039, 1012, 954, 707 ern-I; HRMS calcd for C28f13&202 (Mtf:  61 2.75. found 

612.34. 

2,5.6. Generel p W u n z  for the syntheses of squaraine derivatives 

Sqla and Sqlb 

The sguaraine dyes Sqla and Sqlh were ~ynthesrzed by condensing the 

corresponding dialkyloxy benzene bridged bispyrroles 15a or 15b (4 mmcll} with 

squaric acid (0.2 g, 2 rnrnol) in 1 :3 butanoknzene mixture (80 mI,) under 

azeotropic conditions (Scheme 2.2). The progress of the reaaion was fo!lowed by 

recording the absorption spectra at interval o l  the reaction. The reaction war 

stopped when higher homologues started appearing. Repeated precipitation us~ng  

petroleum ether gave Sqla and Sqlh in moderate yields. Significant amount of 

polymeric dyes were also formed which were removed by precip~tat~on and 



column chromatograph) in Silica Gel using c h l o r t ~ l i ~ r n l l n i e ~ h a ~ ~ ~ ~ l  (X:2) rolbenl 

mixture. 

Sqla Yicld 26%)- ' 1 1  

NMR (300 M l L .  

rT1('Il) 8 (ppnll:  7.84 

( 2H. a r o t i ~ n ~ i c ) .  

7.53 (d. 2H. vlnylic. J = 15 l)l H7). 7.19 (ni, hH. v~ny l i c  t aromatic). 7.M fin. O f f .  

vinylic + aromatic). h 94 (m. 2H. arc~matic). 6.77 (5. 2H. art,mi~tic). 6.17 ( 5 .  2H. 

ammatic). 4.83 (5. 4H .  -NCI12). 3.g4 (m, I OH. OCHl+NTI-I~). l .h3 (in, RH, CH:). 

0.94 (m, 12H , CH.,). "C NMR (75 MHz. CIICI,) 6 (pprn): 193.67, 174.07. 

149.67. 135.11. 134.74, 134.40. 132.44, 130.05, 120.71, 179.33, 124.16. 128.96. 

128.86, 12X.80, 128.05. 128.36. 9h.37. 83.76. 77.65. 76.80. 28.41. 28.37. 28.09 

Fl-IK (KHr)  v ,,,,. 704. 956. 1093. 1206. 1 384. 1502. 1620. 295.1 cm-' . HRMS- 

FAB calod for C'(,UH7,1N40, (M": 942.53 found: 942.30. 

Sqlb: Yield 32%, 

' 1 1  NMR (300 MH7.  

I 6 (pprn). 

7.6td. 211, vinylic. .I 

= 15.82 HA). 7.15 

(m, 51-1, r i n y l ~ c  + arc~rnatic). 7.01 (ni. SH, vinyliu + aromatic). 6.7h (r;. 211, 

aromatic), h.55 (s. 211. aromatic), h.17 (s. 2H. arornatlc), 4.1 (1. 811, -NCH2), 3.3 



(s, 12H, -OCH>), 2.8 Is, 12H); "C NMR (75 MHz, CDCI?) 6 (pprn): 178.61 1,  

176.83, 152.12, 148.24, 131.91, 129.53, 120.36. 110.67, 106.69. 70.64. 70.34, 

58.83,58.f 3, 56.13,46.59,29.52; FT-IF! (KBr) v,,: 954, 11134. 1094, 1207, I238, 

1382, 1465, 1497, 1618, 1742, 2851, 2923 cm": HRMS-FAB calcd for 

CnHwN401R IM*): 1302.66 Found: 1302.53. 

25.7. Details of Blood Plasma Analysis 

Fresh human blood samples ( 5  rnL] containing added EDTA wcn. 

centrifuged in a vacutainer tube at 3W0 rprn for IS rnin. The supmatant c;oiution 

called 'pla~ma' which contains proteins and amino acids was cvllcctcd and uacd as 

such for further studies. Blood sample? were collected from different volunteers 

for analysis. For the cornpariron nf variation in the total aminothiol oonlenk hefore 

and after dietary intake. Mood ~amples From  he same person were analyzed before 

and after breakfast. In order lo study the effect of tobacco smoke on the level 01' 

arniwthiols, blood samples were collected from a volunteer who hmokeh 8- 10 

cigarezles per day. Each collected samples were reduced using similar procedure 

a5 explaind. In zhc c a x  o i  a healthy adult, 5 mL of the blood i s  composed ot' 

about 43-56% human blood plasma. 500 ~ d -  of the collected pIasmn was reducccl 

using dilute HCI in presence of triphenylphosphine as a catalyqt. Proteins prehent 

in the sample aher reduction was precipi~ated u$ng aceton~tr~le whlch wah 

followed by cemrifugarion (60(H) rpm) of the sample for 20 rnrnutea. Thc 

supernatan1 liquid which contains arninoth~sls in blood was filtered through a 



nylon filter and diluted 10 2 aL with waterlacetonilrile and used a$ xuch For 

analysis. Aliquot of the plasma .rample was added to hulutiona of Sql h [h x I 0.' 

M) in 1 : 1 acetonitrilelwater (CHES bu tfer 0.0 I M, pll 9.6) and the emihsiun a1 ti(>() 

nm were determined. The unknown amount or aminolhinls was estimated uqing 

the standard addition method 
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Chapter 3 

Bipyridine based Fluorophores for the Detection of Zinc 

Ions under Cellular and Aqueous Environments 

3,1. Abstract 



3,2. Introduction 

Dctect~rln of heavy metal catton3 rr 4 topic o f  numemu\ \ludic\ mot~vated b) 

human health relaled prohlen~, a? wcll ar envlronmen~al concerns ' 1n thic, cnntcxt, 

organw molecular probe\ that exhibit metal ion induced chwger in pkr)lophy\~tal 

properlie5 eyxcially, changes in flur~rer~cnce are very atrract i ve due to h~gh  

senritivrly ol dctecuon a1 a low analyte ut)ncenLriitlon.- Fluore\crn~ probe\ 

dkplaylng "urn-on" ratwrnelnc flu(>re\~ent rignullng are pilnlculdrlr. vd!u,ibI~ 

~ i n c e  the r ~ g n a l  trdnkdu~lion i \  Ee\\ likely lo he hla\ed h, non\vciLc Irlter<tcllun\ 

with backgilund impurir1e5 dnd nffcr an irnprrlvcd k~gnal tu ncllke r,jtio ' Arnrlng 

the dirferen t hcnvy metal cat1on5, detectitrn \ ~ ~ l r l > \ ~ O p l ~ i t l ! ~  \ i  len~ %n2+ ,on\ ir 

4 6 R  signlficantl I mportanl. In  the usual caw, a ~ n "  rpeclfic chcrnnwn\or ccln\lq\ 

of a rnul~r-clenddte ligand telhered to a fluorophnre For example. 1, 2 '  hi\(2- 

picolyl) amlno dcrlvalive\ (DPA) iittachcd to varinur, chrornnphurec drc thc 

ligand~ of choicc tor zn2' '"Although. highly effcctlve, such scnwrx ot'ten rcquirc 

laboriou4 rnult~\tep organlc synthetic prtltocol lor their awernbly Therefore. 

synthesir of  n e b  fluore\cenr molecular prohr\ lor the \elevtlvc. de~cctlon and 

imaging nf %nZt ha, heen 01 continued rntzres(\ 10 chernt ctc.' "' 

A wide range or reporl, are avallahle Tor detecung 7n'\lon\ In ~cllular 

environrnenl\." Mo\t  or the rcp~ned molecule< rely on thc \pecilic h~nclinp 

amnity of ~ n ' '  t o  dip~coly l iimine dcnvat~ve., I,ippard and coworker\ have n u d e  

significant contribuilnn\ lo the development of zn'' prohc, I"' Thc) h d ~ c  



synthesized a nvmber of ratiometric ~n'' probes by attaching DPA-chelat~ng 

p u p s  to different chmmophorec. An intcrcsting cafe ir,  he nclvcl two- 

fluorophore approach with coumazin- 1 I1 j, which is a nonlluore\cent prorensnr 

containing a ~ n "  lnsensitivc cournarln derivaiive atlached to a ~ . n ' +  sensit~ve 

fluomscein rnoiely. " The two fluorophoreh. when conjugaled rhrrlugh an errer 

linkage, hecome nonfluorescent. This nonfluorescen~ compound can be 

hydrolyzed by esterase (Scheme 3.1), thus qeparatlng the zn2' bcnvtive 

fluorehce~n chemosensor from the coumann piirt, both of' which arc iluorercen~. 

Coumazin- l i s  a cell-permeable laten1 fluorophore u~e fu l  for the biulog~cal rar lo 

imaging of zn2' (Figure 3.1 1. When 11 is injected Into cells, the ester Linkage ir 

cleaved by estcrase, and the fluorophores are activated. As borh fluorophore~ have 

characteristic excitation and emission propcrhes, they can be prohed 

ratiometrically. Excitation of the cnumarin at 445 nm and meafurernenl of the 

ernissinn ~n~ensity at 4RR nm provides lnfonnat~on about the cleaved sensor 

Excita~ion of the fluorescein part at 505 nrn and monltorlng of h e  emi~sinn 

in~enslly at 534 nm gives information aboul the amount of zlnc presenl. In the 

absence of ~ n " ,  [he ratio of the ernisqion intensit~es 151d1411R W ~ F  0.5, which 

increased to 4.0 upon ~aturalion with ~ n " .  



Scheme 3.1. Proposed mechan~sm of activation of coumazin-2 

Figure 3.1. Phase contrast (left) and fluorescence (middle, right) microscopy images of HeLa cells 

incubated for 6 h w~th I (5 mrn), without (top) and wtth (bottom) the additjon of ZnCl? (5 mm) and 

sodium pyrithione (45 mm). Fluorescence images were acquired with exc~tatron at 400-440 nm, 

band pass of 475 nm (rnrddle) or with exc~tatron at 46C-500 nm, band pass of510-560 nrn (right). 

Kcccntlv. L~ppard and co-worker? have rcpr)rted u fluorcsccin derivarive 2 

which resporrtls tn ~ 1 1 ' -  ~n two diffrrunl ways dependitrg on [he hind! ng a1 dl Ffcrcnt 

which i> Ihz re\ult of the fiormation ot' two stepwise cr~mplexe\ (Figure 3.7).  The 



p m k  2 w a s  Ihcn i~cud for Imnplnp %n" ions in Minh. ;111 i r ~ \ u l ~ n  cell F~nc that 

Figure 3.2. A zinc Ion selective probe 2 and the stepwlse equll~br~a showing blndrng events a) 

Changes in the fluorescence response of 2 (5 pM) upon the addlt~on of Zn2' (A) and fluorescence 

tlhahon of Zn2' (5 pM) upon stepwlse additlon of 2 (B) 

Figure 3.3. Live Min6 cells were incubated with 2 (green channel), and cell nucle~ were stained 

w~th Hoechst 33258 (blue channel) a) DIC Image, fluorescence Images of b) before and c) after 

addit~on of TPEN, Bars are 25 pm. 



The development of a practical colorimetric or fluorescence based sen for ic 

largely dependent upon unique: optical s~gnal transdnction resulting from a given 

analyte.'* Tn addition to b~nding a variety of metal iunh rntlrc or less 

indiscriminately, a chemo~ensor based on a derivatized hipyrrdyl ligand 'I.' may 

undergo an optical respnnse upnn formation or an L-M" complex. However, the 

interpreta~ion of sensor rerpnqe can be complicated when two or more I. unitr 

bind tu a aingle metal ion, producing equilibrium mixture5 of L, Mn' , L M, !n'. 

etc., each of which will exhibil it\ r l w n  opt~cal qignature. Consequen~ly. 

chemosensors rend to employ receptors designed to prov~de ~eleclive binding OF 

the k a r p ~  analyte rn a I :  1 ratio through an appropriate cornhination of slzelshape 

and electronic charmer. 

Bipyridyl derivatives are one or the widely used ligands In co-ordination 

c h c r n i ~ t r ~ . ' ~  The widespread ulilily oF these lipnds ?tern\ from thelr facile 

prepwatiodfunctionalization, stability and ah~lity to bind a wide array of d- and I- 

block elernenls. Smith and coworkers havc mcently reported a mnlecule 3 having 

a ~terically crowded 5, 5' distyryl bipyridyl moiety that enforce\ 1 . 1  rneial-lo- 

lieand ratirl allowing a ?elective turn on sensing of zn2' in lie and  in din^ of %n2' 

to the qtencally crowded bipyridyl moiety significanlly cnhancer the fluorescence 

at 500 nln (Figure 3.4). 



Figure 3.4. Changes In the a) absorption and b) emlsston spectra of 3 wrth lncreaslng amounts of 

Zn7+ ~ons in THF. Inset shows the correspond~ng fluorescence change 

Liu el i d .  have repcrrtetl a 5. 5' hipyridrne haled Iluro~onr>phnre 4 (Ii~gurc 

3.5) which e x h ~ h i ~ \  fluorescence cliangcs hascd on holh photorntluced charge 

~ransfcr (PCT) and phntninduccd ulcctron ~rr-tnqfer ( PPYl') nicchanism~." The 

molecule 4 i \  nr,nHuc~rcscen~ {ufn In thc ah~cnce  of ~ n "  ions. Rlnding of %n2- to 

the high affinily dipicolylnrnir~e site prtvcnls PET, thereby generating a 

wuvelenpth. Co-c>rclir~at~on of  %n2' with the hipyridinc s i~c  occurs a l  a +uTTicren~lp 

high concenlrarion. whcru planuiznlion of I>ipyr~dinc ~riggcrh the intrma2 c tiargr 

tr~insfcr process (ICT) which i~ltirnatcly results in bathochrrrniic shifi to guncriitu a 

new crnission hand 
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Figure 3.5. Changes In the a) absorption and b) emiss~on spectra of 4 with increas~ng equivalents 

of Zn2+ ions in THF 

A wide range of reprts on efficient ~ n ? '  sclcctive tluorchcent molecular 

probes either by fluorescent enhancement or by fluorescence shift. which can be 

effectivety applied in imaging Llnc ions in cellular envimnrnents, are available in 

the lile~ature.~-~" However, attempts to develop practical strategies ~u l h t  deteolion 

of zn2+ under aqueous condition5 are nnt many. For example, analytical lesl \trip\ 

for heavy metal ions can prnvide vrnple and convenient procedures for the n n ~  te 

analysis and daily monitoring of water quality without i~r ing co\tly in~trument5 

From this view point, Suzuki and coworken have developed volor-imetric 

analytical test rtripr fnr zinc ion detection in ppm range (Figure 3.6)." Thih wa\ 

obtained by filtering the dispersion of the hydrophubic indicator a m  dyes, 1-12- 

pyridylayoj-?-naphthol ( 5 )  in  the furm of nanoparticles or nanofiber~ through 



cellulost. errcr ~iicrnhr:~nc f111et-s. w h ~ c h  ga\c 3. uniform CO~IIIII~ 01' tlic Jyc on ~ h c  

surface. Prefrncc 01-%n" ct~i i ld  be defcctcd by a culor changc frum !,elLr,w to p~nk .  

I r 

I 0.. 

r:. 

Figure 3.6. a) SEM image of nanofibers of 5 on a flat plycarbonate membrane, b) Change ~n the 

reflectance spectra of a I w a t e d  membrane upon drpptng tnto h2+ solut~on of various 
wflcentratlon at pH 8.4, c) Photograph show~ng detection of Zn2' by W a d e d  membrane by the 
d ~ p  and filtrat~on methods 

In  tie prcscnl \tudy, we du~c~.ihe the synthcsih anrl npplicaliun or t \ v c ~  

fluorccccnt mrlluci~lar prohcr CBP ,~nrl CBP fur ~ h r  deleotion and intagtng ot /,I]:' 

u11dc.r ccl lul i~r :lncl aqueo~~s condi~ion?;. Thc pyrrule end-cappcd 5. 5'-divin y I-?. 2'-  

bipyritlyl cy Ercln dcsuribrd herc is an excellent mtiomrtric ptuhc for rllt: cpec~ frc 

~ C I C C ( ~ ~ ~ I  0(.  %II'~. 1 icrc. ~ h r  tietcroaroma~ic pyrr011: moieiq acts as Ihc donor part 

and the h ~ p y r i d ~ t ~ t :  oiotuIy acl4 a5 nn accuplor as &ell as ~ h c  metal I on  chclalrjr. The 

hispyrrole derivative w i ~ h  glycol side chain (GBP) i s  wed lilr irnasirig %t i2 '  ions 

it1 MCF-7 ccll line5 using tluorcaccnct. microwopy. The qecond dcriiattve hav~ng 



the chiraE side chain (CBP) exhibits suong solid slate Iluorewence which i s  ureful 

fur the detection of znZ' in ayueou, cnnditionr. For compari<rm of the 

fluorescence p r o ~ r t i e s  an achiral derivative BPI was a l w  prepared. Detai l5 or 

lhese studies are presented, 

3.3. Results and Discussion 

3.3.1. Synthesis of 2nZ+ Probes 

The bispyrrole!, BPI. CBP and GRP were prepared as rhown in Scheme 

3.2. Rrornination of 5, 5'-dimethyl-2. 2'-hipyridine (6) war carried oul wilh N- 

bromnsuccin~mide. The hiqhromomethy l derivat~ve 7 wa.s converted lo the 

comsp~nding hisph(~sphonate ester (8) by Michael~s-Arbu7,ov reactim in 70-80% 

yields. The Wittig-Homer-Emmona olcfination reaction of the biqphorphonate 

ester 8 with the correqponding N-alky lpyrrole-2-carhoxaIdehydc~ Ins-c provided 

 he bispyrrolec BPI, CBP and GRP in 40-50% yields. The cnmpc~undk were 

purified by column chromatography and charau~crizcd by FT-IR. NMR and marc 



~ t u o ~ s c e n t  %6er for ZnE' wnr X i  

spectral analyses. The all rran,r configuration of the bispyrroles were confirmed 

from the coupling comtants ( J  = 16- 17 HL) obtained rrom thcir ' E I NMR yxclra. 

Et? OEt - .  Y a - N -  Br b - N- F 
.-. - -  > -  -- - - <- 

EtO 
- 0 

-N - Br --N - N 

6 7 E:C 0 
8 

Scheme 3.2. Reagents and cond~t~ons, a) NBS, CCla, 18 h, b) P(OEt)3, 100 OC, 12 h; c) I-Bromo 

atkyl chain, potasslum 2-butoxide, THF, 27 "C, 21 h, d) NaH, THF, 70 "C, 10 h. 

3.3.2. Optical Properties 

In polar xnlventr, the hihpyrroleh exhibited broad absorption around 350- 

450 nm withou~ noliceable difference in spectral shape from each other. The 

absorption maxima in the range or 390-430 n m  showed rninnr shift with pnlarity 

of  the ho lven~ ,  wherear the emihsion spectra showed considerable solvatochromic 

~ h ~ f t .  Ar representativr examples, the solvent dependent ahsorp~irm and ernisc~on 

propenier of GRP and CRP are shown in Figure 3.7 and 3.8, reqpec~ively For 

example, in toluene, GBP showed an abhorplion maximum at 41 2 nm. Change of  



the solvent from toluene to acetrmi~rile rcsulred in a mere blue khiT1 of 5 nrn w ~ t h  

absorption maximum around 407 nm (F~gure 3.7a) Thc fluorescence erni\\ior\ 

spectra of the bispyrrdes BPI, CRP and GBP showed Intense emiwon wirh high 

fluorescence quantum yield\. Ar the rolvent i s  changed from toluene to 

aceton~hle, the erni~sion became broad with a red qhift, For example. in toluene. 

GBP ~ h o w e d  a structured erniqrlon w~th two max~ma at 463 rim and 490 nm In 

chloroform the abqorption is red shifted and a new rnaxlmum at 503 n m  

observed. When the solvent i \  changed to acetonilriIe, (he ernrs+~on red hifted 

to 537 nm (Figure 3.7b). 
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Figure 3.7, a) Absorption and b) emission specha of GBP in toluene, chloroform and acetonitrile (G 
6 K 10hM,Lex=415nrn). 

The spectral property of  CRP is more ur less sirnilx lo thuhe of GBP. In 

thee dii'fcrent solvents ranging frnm toluene to acetonitrile. only a \mall blue shih 

of 3 nm was obxerved for the absorption maxima of CBP around 40C) nrn (Figure 



3.8). AF the pnlari~y c ~ f  [he snlvcnt is incrcnscd from ~ r d u c ~ t r  Lo ncclonitsilc. 41 rlm 

red shrf~ it1 the rrniwlnn rnnxrma 1 %  ohscrved. 'lhc CBP dcr~vatlvc cxhrhltcd at1 

absorption ~ n a x i m ~ ~ ~ i ~  at 40X nrn ( rr-T" ~r;~nsitirm. r: = 4.8 1 x 1 O4 M - .  cm- '  ) and iui 

400  500 

Wavelength (nm) Wavelength (nm) 

Figure 3.8, a) Absorption and b) emlssion spectra of CBP in varlous solvents l~ke toluene, 

chloroform and aceton~lr~le (c = 6 x 10 E M, t.,, = 41 5 nm) 

lntcrehtingly. ~ h c  hispymolt: dzriva~ike CBl' appended with c h ~ r a l  side cl-iains 

sbowcd strtulg grccn cmi\\irrn in the colid Ttatc (I:~gurc 3.9 and 'l'ahlc 3 I ). This 

nhscrva~ic~n 1 5  i n  conIra\( lo the ~lropertics r ~ f  BPI and GBP which did nut shuw 

ohserverl in inany other cascs. 1:or cxumplc, cnhanced \olid wate flunrexcence ha% 

;~n,ulc hctwccn thc long ~ X C S  of  he trilnxiltion dipnlc. of adjaccnl n ~ r ~ l c c u l c ~  In thc 

solid stale i s  responcihle for the cnhanucd cmic\ion in [hew rrlolecuIer In \ lew of 



this obrcrvnt~on. thc unllanced d i d  \Law fluorcscmcc of CBP ct~ i~ lc l  hc. c~>c.r~bccl 

to thc :~ryriirrietric carbon iriituccd hcllcnt I W I ~ I .  rc5ulting rn ~ h c  C ~ ~ r ~ n n l ~ o n  r b l  

emiwive agrqzlrcr .  Ilrtailed citt km hi riding prr,pt.rl ic\ of UBP \vr.l.u uondirctvll 11, 

1 1  

acclo~~ilrilr and I'nund ihnt CBY i\ highly sclrci iw t u  %II-' ion\: Thc high \t)litl 

Ftalc luminc\cer~cc of CBP rc ndvnn~:iget~u~ Ibr thc I~~VC~O~~IIIL'III o f  3 T C L I S B ~ ~ C  

scnw l i ~ r  ~ h c  practical dc~ecl io~i  of %n" t~n t l t r  :tquvrltr\ contl~tlon+. 

Wavelength (nm) 

Figure 3.9, a) Solid state emission spectra of CBP (-1 and BPt ( .) I;.,, = 440 nn), b) 

Photograph showing so11d state fluorescence of CBP and BPI. 

chloroform and in :~ccrtmiirile wcrc Jetcrm~ncd using cliiiiiinc rulfa;llc s\ i l ~ c  

standard. 'lhu @! value la ~olucne i~ l i ru~id I(> 1w h~ghcr [ha11 thal In uhlnrt~ti>rm iu i~ l  

acclonilrilu. A l l  thc hirpyrrt~lt.\ untler 'itudy showed qunnlum y ~ c l d \  ahovc 0.4 In 

accc)n~~rile. Thc tlizurcucencc l i fcf~nie rncahurerncnts In ncelon~trile +lrtrwc.tl n 

monnexponcntial Jccay in all ca5t.s. I'ht. exeitetl ?tala lirctimus ( T I  of BPI. CBP 

and GBP arc liluntl lo kc high in aceioni~rilr ( T  = 1 .Oh. 1.94. I .X6 n\. w\pcctivclyk. 



Fftiotesrent for Zn2' ion.$ Y I 

when compared to thore value< in toluene. The rjptical characterlhtic\ or ~ h c  

bispyrroles under 51udy are listed in Table 3.1. 

Table 3.1. Photophysical parameters of BPI, CBP and GBP in acetonitrile solution and in the sohd 
state. 

la] Determined in spectroscope grade acetonrtrile. p] Fluorescence quantum yields (f 5% error) 

were deten~ned using quinine sulphate as the standard (@I = 0.546 In 1 N H~SOI) [c] So11d:state 

emission (+ 20h error) was recorded using a combination of speckofluonmeter and ~ntegrated 

sphere. [dj Quantum yleld measured ustng equation 1. [el No detectable emlssm. 

3.3.3. Solid State Quantum Yield Measurements of CBP 

Solid state quilnlum yield of CBP was calculated by Horiha Johin YVUR 

Quantum Yield Calcula~or using equalion 1 .28'''' 

QlllWlid = &(X)-(I-A)FdIII) C[.,.(iL)A... . ... .. . .. . ... .. . .. ( I 1 

{ A  (film c~bsnthonce) = L(i.)-l,,(i.~n,(i.)E 



wlicrc I<,(j.) arid Il,,O.) arc rtfpctiucly, thc iiitcgr31cd lu t~ i i i i~<c~ncc ;L rc~t111 ~ r l '  

1 1 1 ~  dircc.1 cxcitaiion ()I' (hi- fil111 ;uld ~ c ' c o I I I ~ ~ ~ ! .  c.rc.ital ion. I, I i.) I .,(;.! arc. 

intcpr;~~ctl cxcirnt~tm\ whets thc rxcikctl light diwctty hits lhc kpttcrc.. it111 ~vhcn I ~ C  

I'ilrn is directly cxcitctf. 1 . , ( I , )  i h  thc i n t e ~ c ~ ~ r t l  exctt:ttion prtrfilc lilr :in cnlpiy 

Figure 3.10. a) hqagn~hcatm of excitat~on l~nes Red solid Ine glves to parameter (integrated 

enatation when !he light directly h~ts the sphere In tile absence of sample film) Dashed l~ne glves 

LI parameter (Integrated exc~tation when the sample hlm is drrectly excited). b) Photolurn~nescence 

of CBP n PMMA matrix The fluorescence quantum yield of Ihe emissfon lo the film state rs 

calculated as described above. 
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3,3.4, Circular Dichroism Studies of CBP 

As disc~rhscd cnrlicr, tht chirnT ccntcr in the side chain of  CRP can indi~cc. 
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chirnli~y tn the atiachutl chromopliorc\ in the aggrcgarccl \ralc. Tlic ct~t inr~ccd \c~ l~ t l  

b) q35nrn 

cpclnr\cop> ir a u\;uf'ul tool Snr ihc Jctcuiit~n 01' chiml indz~ctir~i atid hclicnl 
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organi7ation of chromophores in the aggregated stale. In order to confirm this. we 

conducted circular dichroism measurements in the \r,lution as well af in the solid 

TldtC. 

Wavelength {nm) Wavelength (nm) 

Figure 3.11. a) Circular dichro~sm spectra of CBP In the solid state (-) and in acetonitrile (-1 (5 w 

10" M) and b) the wrresponding abswption spectrum In the solid state. 

In acetonitrile solurion CBP (6 x M) i s  CD vilent (Figure 3.1 la).  

However. in the ~olid Ftate ~ignificant CD response was nhtained which may he 

due lo the helical ~wist  in the molecular aggregates. Fufthennore. the CD \pecLrum 

is  weak and nonbisignate. indicating a weak exciton coupling. probably due to the 

disorgani7ed aggregation prweqq, which prevents fluorescence quench~ng r j f  CBP 

in the solid state, 

3.3.5. Cation Binding Properties of CBP 

Delailed metal ion tiiration study of CRP was conduc~ed uring alkali, 

alkaline and transition metal cations in acetoni trile. Ti iralicln of alkali and alkaline 



metal catlon perchlora~e\ did no1 \how much changc to thc optlcal prnpertief or 

CEP. However, addition of transition rneval ions 5uch as 9i2+, co2', H ~ " ,  ~ n "  

and zn2' imparts sipificmt decrease in the ahsorptinn maxima at 408 nrn with the 

concomitant formatinn of a new red shifted hand at 454 nm. Moht importantly, the 

ernisqion of CRP at 537 nrn was ~ignificantly quenched by CU*', H$+, colt and 

~ n ~ ' ,  wherear the titration of ~ n "  resulted in a red shifted orangc-red emishion at 

637 om (Figure 3.1 2). 
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Figure 3.12. Changes In the a) absorptron and b) emission spectra of CBP (6 pM) upon addihon of 
Zn2' (0-6 pM) In acetonitnle. 

The observed red shift in the emission of CRP at 537 n m  in solut~on 

(acetonitrile) when cornplexed with zn2+ can he easily followed visually (Figure 

3.13). The deep green fluorercence changes to orange-red when CBP coinplexed 

with ~ n "  ions. Binding of CBP with other tramition metal ions ~ u c h  ar CU", 

N?'. and ~ n ' '  resulted in significant quenching of ernlrrlnn at 537 nrn. 

Binding of the cations leads to a red shift in ahwption and ern~rrion rnaxrma in 



achlcvcd hccailre. 7.n'- hits ,I clt~scd-?hull d l1 '  cnnfipuration and i \  C l i i l ~ ~ l i i ~ ~ l t ' t t ~  

purarn:tgr~c~ic and ;KC typiv:ill y eR'icicnt c111i rsltjt1 rl i~c.~~ct~er<. Hcav~cr 11''' lanx ruch 

3% ~ d "  and H ~ "  ;h\~, tcnd yield Icw crnis+i\e ct,riipluxc~ duc to rhr 

Fluorercencc quunchirig r ia  ~ h c  cltnsic heavy atom clTcc~. 

Figure 3.13. Ylsual fluorescence change of CBP (6 * 10.E M) in acetonltr~te a) before and b) afler 

binding with one equivalent of Zn'' ms. 

Tlic snlid 51311. enlissirbn 01' CEP after clisptr~ing in a 

poly(mcthy lmethacry1i11r) (PMMA) Llni hcfnrc slid expo\~~rc  1{1 ? i l i ~  I O I I ~  i r e  

hlrown in l : i~uru 3.143 i111rE 1:iguru 3.14t7, rcspec~ivefy . As expected. CBP rxFiihi~cCl 

all eniission ~n;lxin~um 34 535 nrn with a high quanlirln yiulcl t~,liich is c;~.  15 ti~nu\ 

hisher thiin t h n ~  t l T  tEPl it1 PMMA ~iiatrix (a1 = 0.018). Wl~erl thc CBP dicpcr\cd 

I'MMA I'ilm was irnrncrhcd in a uolutic~n of'711(rIO.,)~ ( 3  x IO 'MI in ;tccrr~nitri\t.- 



narcr ( 5 0 %  v/v) ,  thr ~h\r)l.pt~on puak at 4110 11111 wa l  rctl sliit'tcd to 4X4 nln. 

SirniIibrly, CU" , I-lF'l. fig', arid I :c'\lic,~ ed xignirican I ~.ctF \hiTt 10 r l ~ c  :tb\orpiion 

spectra rcveali~lg lhal thzcc chanyc.., arc nu1 jpccif'ic lo % 1 1 - ~  I ~ T I \ .  1 ln~cvc.r .  the 

fluorcscunce rcsprn\e wn, spccific lor ~ n ' '  icms The flunrcsccr~uc c~f CBP w i t \  

signitlcanrly c l r r~~chud wit11 catlonr, hucfi a\ ~ u " .  H$. A g ' .  and I+'' exccpi lor 

%n2-. In rhc c a s t  ~ ) f  %n'-, thc cniiwinn rn;txi~ii~~rn w3\ \h~ftcci 1 0  CAO l i ~ i i  v+ 1111 

significniil vistlnl cnlrlr c h ~ i i y e  from green 1 0  rcil. lliuri allowing lhc \pccilic vi<tiul 

tle~erriclrl ( I  lgilrc .7.14h). 

Wavelpngth (nm) Wauelenglh (nm] 

Figure 3.14. Sol~d slate ern~ssion spectra of CBP n PMMA matrix. a) In the absence and b) n the 

presence of Zn2' ions. Insets show emission colors of CBP and CBP-Zn2' complex In PMMA 

mahx when illuminated using 365 nrn UV light 

'I'hc 5elcclivi1y 01' thc prohc toward< ~ 1 1 ' '  is iectctl hy prcl~nring a C:HP 

cna1t.d pl;tlc wliich ur hihitcd it briph~ prctniqh ycllorr tluoruscencc I l.'igur~- 3.15 1. 

Aqicous rrrlulir)~i\ uf dill'cren~ mctal d t c .  ( 5  x 10 ' M) were spc>llcJ oti ihc plale. 

individually and ;I\ niixti~rc\. At~aly \ i \  r j f  this plittt' ivvcals that thc t1ucrrt.cut.nc.c. uf 

CBP changes I'roni grccnisli-ydlow to rcd in selcctivc rclrpotluc lu 7.11~- ions 



(spots a-d). Pn~misingly , in ti rriixturtl of a! knli, nlknlinc uarth iind tri~rlsiliur~ ri~elal 

catinns that arc inircd with %n" hhowcr! the red t.tnr~.iicm of thc % ~ " - c R P  

ctvnplex, rcucaling thc high .;elec~iviiy of  the prohc. O n  thc utlicr 11;ind. Agt. CU'-. 

Fe-'. itild 1 4 ~ ' '  hi i l th  which are spolre~l iiidrvidually ~ C ~ I I I I L ' L F  in rlarb cptrlq ( s p t ~ n  c- 

h) duc to f l u t ~ r c s c ~ n c ~  qi~cnching wherea.; N a '  . Kt. 1'2'- and M$' sa! ts dirl r101 

chnngc thc tluorcsccncc r l f  CRP ~ru~cl i .  A q untititativu ;u~nlysis 01' thc qpscificiry t ) t '  

%n2' relrsirig in ~ h c  solid st;ilc was carried our hy ~nensuring the rclittivc 

Ruoreccence intensity of thc CEP in thc absence arid p w ~ l r c c  t~ l '~ i l t io~ ix .  Plot\ 

the relalive t7uorcsucnuu intcnsilies i~pai r~st  the corresponding catirms indicate th;l! 

~ n " .  in the ahherlce a ~ l d  presence of othcr cnriuns. exhihits maximum rclativc 

fluurescence irtterisity (Figurc 3.lfib).  I'hus, n selective screeniny 0 1 '  Zn-' i b  

pssihlr  hy ~ntlniturinp ille errlisqion color under illun-linntion. 

Figure 3.15. a) Screen~ng of varlous metal Ion solutions in water under neutral pH on a CBP 

mated plate under 365 nm UV-~llum~nation b) Plot of fluorescence ~ntensity of CBP, a) Zn?', b)  

Zn7++ Cu7' (1 I), C) Zn2+ + Fez' ( I  .I), d)  Zn?+ + Na' + K+ + Mg2+ + CaZ'(1:l:l l.11, e) Ag+, f) Cu", 



g) Fe2+, h) Hg2+, i) Na', j) K'. k) Ca2+ and I) Mgz4 !metal Ian concentration (5 x l a 4  M)]. The relatne 

fluorescence intensity of CBP in presence of Na+ was taken as un~ty for normal~zat~on. 

3.3.6. Design of Reusable Dipstick Pmbe for Zinc Ions using CBP 

The. ahr~vc re~111s enctluraged us to dcvclnp a d ~ p r l ~ c h  llrohc Lor Ihc 

i l l  detec~ioii tjf %n" in w,trrr, cotii(~letcly n v t ~ i d ~ n g  organju holvunlx I n r  t h ~ \  

purporc. CBE' was ndr;urbctl un ;~lunlin,i. 3 clursy of nhic.11 wa\ coaled nrl 3 

thermupl;is~ic vtick as siippon (Figure 3.16). 'Thc prc.p:ircd slick :IS such wzl< u.;t.d 

fnr f t~e deteciion purpose. 

Figure 3.16. Photographs of dlpst~ck coated w~th CBP in alumina matrlx a) under amblent Ilght. b) 

under 365 nm UV illumlnat!on 

Thc pcrfnrlnancc U C  (he xtlck waq t e ~ d  hy dipping il into a Zn(CIO1): 

solu~ion (5 x loJ M. 15 1111,) in watcr undcr neutml pH. The color of the stick 

wherever in con~sct wi th  %n" wat changed rrom greenish-yellow Lo or:uigc a Fiich 

was accompantcd hy 3 ntlorescence change from greunish yellow deep red 

(Figurc 3.17). upun illumination with 365 nrn LlV light. 'me deteclion lirnt? o f  



CRP Irl % r ~ ' -  i t ]  solution i.; i n  t l iu c,rrlcr of 10'' M whtrcac  in ~ h c  ~ o l i d  WIG 1 1 1 ~  

visihlc rlu~ucriilti liinit i.r, in ~ h c  r;lrigc of' I 0  ' M. 

Figure 3.17. Photographs of d~pst~ck coated w~th CBP In alumina matrrx after lmrnerslng In 

aqueous med~um (pH 7 2) conta~n~ng Zn'' Ions (5 w lo-' Mj a) In arnb~ent l~ght b) under 365 nrn 

UV ~!lurn~nat~on. 

ctc.. ihc g c c n  c~r~ission of Ihc +tick, i s  complctc ly qucnchcrl. ('ompiiri\clt~ of tl ic 

prli,muu~ct. 611' tlic +lick will1 %n'' at~cl (:u?' i h  c;tiowo in I.igrlrc 3,1 X. Alk:ili luid 

alkalinc val-th 111el;~l cirtii,~i% 5~1ch as N3'. K t .  (:a'-nncl M ~ ' '  (I:iyut-u 3 . l Y )  di t l  nor 

affec~ Ihc green I I u o r ~ t > ~ e ~ l c r  of CBP. When (he st ick was  dippcd in a \r.>lutio~l 

conraining I:?. CL~" arid H~'-.  n visklal color cliniigu has occurrcd in !IIC \urlncc 

i l f  ~ h c  \tick. which indici~lcs thc hinding of mctal  inn?. I-lc>wcvel.. ill ~ h c w  c;~sc\. 

thc Ilut~rcxcer~cr ct~rrcspont l ing Ir) thc CBP deri vati vc is crlrnpletely qucnuhcd. 

Tliuh, cltlly %t~" ~ - e \ u l k t l  i n  a lluorcsc-encc sigrlnl thcrchy rijitkitly i r  pow.ihlc 10 

selc-ctivrl y srrlsc %n.". 



Figure 3.18. Photographs of d~pstick coated with CBP after ~mrnerslng In aqueous rnedlum (pH 

7.2) contalnlng Zn" ( 5  x 104 M) and Cu7' (5 x I D 1  M), a) under amblent I~ght, and 6) under 365 

nm UV rllurnrnat~on for cornpanson 

Figure 3.19. Photographs of the d~psttks coated w~th CBP after Immersing In aqueous rnedlum 

(pH 7.2) containtng mlxture of, a ,  b) alkal~ and alkal~ne earth metal cations such as Nab, K', Ca'' 

and Mgi+ and d) Fe2+ (5 x 10-1 M). a, c) Under amblent Ilght. and b. d) under 365 nm UV 

~llumlnatlon 



fluorwcent Pmh.rrfL~r Zn" torts 101 

Thc impirrratlt crireria Tor thc ~ucocssl'ul uw ot' ;I pract~cal wtlsor arc ilf 

reusability and abilitj to delcci a 5puciTic catinn in  the vic ini~y crf ollrcr coml-cting 

ions. In the prerent crtsc. the rcusnhility of tlic dip stick rclr thc Jrlection or %n" 

was tcsrcd aftcr w:ishinp thr. used stick w i ~ h  F.1Tl'h holution. Sirlcc IlLlTA is a 

good %n2' chclatm, dccr>mplexation or lhe hound cat icm occurs upon waqh~ng w 11 h 

EDTA solution. AlZcr washing and drying. thc initial prcenrhh ycllov. fluorchccncc 

of thu stick wit\ n-gained and waq hcrlct. ready li)r ;~norlicr trial {Fiznrc 3.20). 

Figure 3.20, a) Photograph of dipstick coated with CBP affer immersing in aqueous medium (pH 

7.2) contarning Zn2+ (5 x 104 M) illum~nated w~th 365 nm UV-light. b) Photograph of the d~pstlck 
used in (a) affer washlrrg with EOTA solulion followed by illumination with UV-IgM. 

'I'hc regcncratct! stick upon immersion in an aquecluq solirtion nf %n" 

exhihiid thc bright n-d crnissian whc11 illurninared. 'These pnjuesses were repcatcd 

111 limes withou~ thc loss of the emission intensity I ~ F  any considerable extcnt. 

indicating the rcusahility nf thc probe cvcn mnrc numher of lime5. 



3,3.7. Cation Binding Properties of GBP 

Tlw h~\pyrrole duriviitivc GRP wilt1 oxyc~liylcnr l i t lc vh:~ir~ ~hoi+ctl t7ettc.r 

holuh~l~ ty I11 aqucnus cnvirt~nr~icr~ts. Ilctailcd nlctal it111 h i ~ ~ i l i n g  \ t  udlc\ \4 urc 

cnnductcd an11 fount1 I hilt GEP rliow\ ~clcctivc f lun~u~ccnrc  ch,~npr\ o n l )  W I I  El 

zinc ir111\. Fgiirc 3.21 \how!, tllc changc 111 ah\tlrptiori ;~rtd ern~\hion \pcutm ()I* 

GRP in X : l  n.at~'r-acc.!clri~lr~lc mi\ t i~rc (pl  l 7.1. III'PES. 0.01 M 1 upon arldll~on LII' 

%n~TlOi): ~oluiicln. Addition 01' rtnc pvruhltrrn~v int l~tctd r t ~ l  ~ h l l ~  rn 111c 

~hsorpl io l~ 1ni1~ iriiuzii a1 403 nm Ir, 450 nm lhrough ;in i\tj\hcsric. (Inlnl :il 430 nln. 

Thv Joh plot and ttre Buria<i-Hilrlct,ra~id plot Fnr I ~ C  h i r t t l ~ ~ ~ g  or %ti2- to GI%!' h h u z c k  

l : I  sroichiomciry, 

WadelwlgV~ (nml Warelenfl (nm) 

Figure 3.21. Changes in the a) absorption and b) emission spectra of GBP (6 pM) with the 

addition of Zn2" (0-6 pM) in 8:2 waterlacetonitrife (HEP'ES, pH 7.2) c) Job plot and d) Benesl- 

Hlldebrand plot showing the binding of GBP to Zn2' (in 8:2 waterlaceton~trile). 
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The helcaivity of GRP towards zinc ions were irlves~igated by conducting 

the dctailcd rne~al ion titration experiments in presence of other hio-rclevanl metal 

cation\. Alkali and alkaline earth metal cations exhibit nn change in [he ahorption 

and erniss~on p r o ~ r t i e s  of GBP and round that in a mixture ur these carlon? the 

pmhe show5 relecdvity towards zn2' ions (Figure 3.22a). For biolr,pcal 

applica~ions. it i~ necessary to estabEish thal the metal ion binding and the 

corre5pondrng changes in the pholophy~ical prnperlicl d~ould nccur under 

aqueauh biological pH. For this purpoie, detailed 5tudy o f  the efreci of pH nn 

emission properties of GRP was carried out. The fluorescence changes of CIlP 

and CJBP-Z~~ '  complex are rather insensitive to change\ in pH 01' the snlulion 

ranging from 6.4-7.4 except for a slight change in the intensity or €he emisslrm. In 

acidic pH range (<6.H), the fluorescence intensity of GRP is found to be very low 

due to the protonatinn at the bipyridine b i n d ~ n ~  site. A plot of the fluorescence 

iniensity variation in the pH range of 6.67.4 indicates that rhc emis~ion is  rtable 

between pH 6.8-7.2 (Figure 3.22b). 

3.3.8. Cell imaging study with GBP 

We have examined the application of GRP for imaging zn7+ ions in cellular 

environments by using cul~ured MCF-7 (human breast cancer) cell lines. Due t u  

the presence of glycnl side chain, the pemeabili~y of GBP thruugh cell membrane 

war expec~ed to be h~gh. The cell line5 were lirqt incuba~ed with 6 M M  GBP for 

about 30 min. which is rufficient Tor the cellular accumulation. Aher waxhing, the 



stained cells wcre cxnniincd usin2 ii Le~cu Lluorescence miurtwcupc it1 itn 

excilation wavelength of 440 nln. Bvcn lhr~ugh ~hc. in~enw ty nf emirsion firm 

GBP decrcascs lo n ct~ns~dcri~hlc cxtenl. a bright grwrr tlur~rcsccncc wah ohserved 

From thc inlrucellular regrnns LIT MCF-7 cell liner. which i~idicatcs the penetration 

c ~ f  CRP inqide thc cell I~ncs (F~gitrc. 3.23 a-b). The overlay I m n g  clc;trly shows 

the intraccllular pcnctrr~~ic~n nr' GBP in MCF-7 cell lines (1;lgurc 3.23~). 

Flgure 3.22. a) Plot of fluorescence intensity of GBP monitored at 637 nm with different metal ians 

h waterlacetonitrile 8:2 mixture, b) Emission intensity variation of GBP after addition of Zn2' 

monitored at 637 nm. 

The intracellular %n2' imaging was cclt~ducted by loading [he MCF cell 

lincs with 4 U M  ~ n "  h r  ahoul 15 min. The %n2' laadcd cells were incuhated with 

GBP (6 pM) for abc~ul 30 min. The cell5 were then cxamlnetl w i n g  flut,re~ccnuu 

microscopy with an excitalinn wavelengh of 440 nm. The green emiwian was 

changed to deep red fluorescence corrcspc~ndinp lu G R P - % ~ ~ '  con~plvx (Flgurt. 



3.23 d-c) The overlay 1rn;igc. clcarly ~nd~uater the ~~i l racel l i~ l~r  accumulntic~n of 

GEP which i r i  (urn lndlvatcr complexatit>r~ of ~ i n v  ions with thc ccll pernlrahlc 

derival~vc ( I  '~gure 3.73f). Thu.;. GBP has hccn prowci 'I\ an  cxccllcnl pmhe Tor ~ h c  

selec~ivc dctccl~orl nf 71nc ions in c ~ l l i ~ l i ~  cnvisonint.nl~. 

Figure 3.23. Ep~fluorescence Images of MCF-7 cell lines. a) Phase contrast Image of cell lines 

Incubated w~th  GBP b) Dark field Image showing the fluorescence of GBP c) Overlay Image of a 

and b d) Phase contrast Image, e) dark field Image and f) overlay image of d and e of Zni' 

contaming cells after ~ncubatlon wlth GBP. 

3.4. Conclusions 

The 2. 2'-bipyridinc bridgcd flimrophores as described are found to k 

usef~ll  for the imaging and detection of %n2' inns in  cellular as wel l  as in aqueour 

cundilic~ns. Thu glycol chain attached derivative GBP is found to he sui~ahlc for 

the ~ntraccllular imaging of zinc ions. Tht cellular uptukc of CRP and irnag~ng 

%n2' ions ~ ~ s ~ n g  GBP wcre dernonstraterl with MCF-7 ceIl I~ncs. Apart horn Ih ih .  



we found [hat the chiral bipyridyl l i g w d  (CBP} exhibited 25 time$ more 

fluorescence in PMMA matrix and in the powder form when compared tn an 

analogous achiral derivative. This phenomenon ha5 becn expioiled to the 

fabrication of a reusable solid stale fluorescent dipstick which selectively delecls 

2nZ' In presence of other cornpcting callons i n  water. The present swategy wh~ch 

uses the propeny of enhanced mlid stale emission of a chiral organic fluorophore 

for the v~sual detection of a b io lo~ca l l y  relevant ca~ion in water 15  a novel 

approach when compared to other known method\. Moreover. this method  allow^ 

the imaging of zn2' ~n analyuoal samples, which expand I ~ G  Cuuture scope of zhi< 

rtratcgy. 

3,5. Experimental Section 

3.5.1. Synthesis and Characterization 

All solvents were purified and dried by ~tandard methods prior to me. 

Melting points were determined with a Mel-Temp-IT melting polnt apparatuh. 

NMR spectra were recorded on 300 Mllz Bruker Avance DPX spectrometer. FT- 

IR spectra were recorded on a Yicolet Impact 400D inlixcd spec~rophntometer. 

High-rewlul~an maqc specIra were obtained on a JEOl, JM AX 505 HA ma\\ 

bpeclrorneter. Elechonic absorption spectra were recorded on LI Shimad~u LV- 

3101 PC NIX bcannlng ~pectrrlphotorneter and the ern~frron 5pcclra were 

measured on a SPEX-Fluurolng F1 1 2X spearoflunnmetcr. CD \pectra werc 



recorded an JASCO-J-8IU specuopolarimeter equipped with a JASCO PTC-4235 

Peltier type temperature conlrol Fyqlern. 

3.5.2. Preparation of 5,5'-Bis(bromomethyl)-2, 2'-bipyridine ( 7 )  

To a solution of 5. 5'-dimethyl-2. 2'-bipyridine (6) ( 1  .X4 g. 10 rnmol) in 50 mL of 

dry carhntetrachioride was added N-bmrnosuccin~rnide (3.5 g. 20.5 mmol ) and 

m N .  The reaction mixture was refluxed for 18-20 h., cnnled, filtered and the 

solvenh were removed under reduced pressure to give the crude prnduct which 

waq funher purified hy recry~rallization trom CCIn. Yield KO-(30% : mp. 1 88 "C:; ' H  

YMR (CDCI,, 303 MHz) 6 (pprn) 8.61 (m, 2H. ammalic). 8.34 (m, 2H. aromatic). 

7.79 (rn. 2H, aromatic), 4.53 ( 5 ,  4H,  CH2Rr): I3c NMR ICDCIx, 75 MIIz) f i  Ipprn): 

155.19, 149.27. 137.70. 133.28, 121.25.29.43. 

3.5.3. Preparation of 5, 5'-Bis(diethyl phosphonomethyl)-2, 2'- 

bipyridine (8) 

The hisphosphona~e (8)  wa5 prepared by the reaction of the correqponding 

bicbromornethyl derivative (71 (680 mg, 2 rnmol) with 3 m[, of miethyl pho~phite 

at 80-85 "C for 10-12 h followed by the removal of [he unreacted tnethyl 

I phosphite under vacuum. Yield 90- 95%; 1-1 NMR (CDCIl, 300 MIlz) d (ppm): 

8.30 (rn, 2H. arnmaticl, 8.01 (m, 2T1, aromatic), 7.14 (m, ZH, aromi~tic), 4.14 (m, 

RII, OCH?), 3.21 (s. 4H, CH2P). 1.12 (m. 12H. CHI). 



3.5.4. Preparation of BPI, CBP and GBP 

A surpenqion or wdium hydride (290 mg. 12 mmrll) in dry THF (50  mL) was 

added  lowly lo a solution of the lerraethyl 2. 2'-bipyridrne-5. 5'- 

diylbis~methylene}diphosphnna~e, 8 (0.9 g, 2 rnmnl} and the rcyxc t i ve  alkylatcd 

pyrrole-2-carbaldehydc IOa-c (4 mmnl) in TNF. After retluxing tor 12 h,  the 

fluorc~cenl reaction mrxture nh~ained was cmled L'nlIowud by ~ h c  removal of TI-IF 

under reduced preqsure to give a paFty residue. The revdue was suspended in  

water and cxtracred with dich1nrr)methane. The urpanic layer wah washcd with 

hnne, dried over NazS04 and conceatratcd to give the crude product, which wah 

furl hcr purl tied by column chromatngraphy over ha5ic alumina using ethyl 

acelate-petroleum ether ah eluent, Yieldh, me1 ting pnlntl;, and spec~ral details of 

each pstxlucl are given he1 uw . 

BPI: Yield 48%" mp, 9292- 'C; FT-r!? (KBr) v,, 291 2.2846. 1694, 1626, 1460. 

1288. 10X2. EOlh. 850, 704 crn ' I :  'H NMR ICDCII, 300 MM/.) S (ppm): 8.71) (m, 

2H. aromatic), 8.30 (d, 2H,  aromatic). 7.85 (m. 2H. aromatic), 7.07 (d, 2F1, v~nyl ic. 

J =  16.OX H71, h.XT Id. 3 H .  vinylic, J =  16.07 Mz). 6.71 (\, 2H. aromatic), h.57 (m. 

2 H ,  ammatic). h. 18 (rn. 2H. art,maiic), 3.98 (I .  4H, NCH?), 1.95 (m, 411. CH?). 

1.77 (m, XH, Cilz), 1.24 (m, 28FI, CH?). 0.86 It. 6H. CHI); "C NMK (CDCI?. 75 

MHL) K (ppm): 153.97, 147.45, 133.55. I32.68, 130.92. 123.30, 121.46. 3213.70, 

lt9.Oh, IOR.56, 107.48, 47.11, TI.X9, 31.63. 29.59. 29.54. 29.49. 29.31. 29.19. 



FCionscmt rl'm6e.r for ZnJ' IW, T 09 

2h.80, 22.65, 14.07: MA14PI-TOF: [M+I-11' Calcd frw CnhH7,,N4. 678.Sh; tnund 

679.13. 

CBF: Yield 4 1 %; mp. 82 "C: R? t KRr) v,, 2925. 2x53. 1699, i h26. 1467. I 2OY. 

1M5. 950, R50, 727 cm-" 'H NMR (CDCI,. 300 MHz) 6 (ppm): 8-70 ( 5 .  21-i. 

m m a l i c f ,  X.34 (d. 2H. wornatlc), 7.84 (m, 2H, aromatic), 7.05 (d. 2r1. vinylic. .I = 

16.02 Hz). 6.85 (d. ZH, vinylic. .l= Ifi.08 H7,). 6.71 1\. 2H,  aromatic). 6.57 ~ d .  7H. 

aromatic). 6.17 11. XI. arumatre). 3.97 (m, 4H. NCFJ?). 1.7 1 Im, 7H. CHI. 1.12 (m. 

16H. CE12),O.K3 (rn. 12H. CHI): ''c NMH ICDClr. 75 MHz) G (ppm): 153.87. 

147.36. 133.53. 132.58, 130.96. 124.OR, 121.21). IZfl.7n. I lsl.l6, 108.37, 107.24, 

50.88. 41.27. M.54, 29.65. 28.56. 23.X6, 22.94. 13.98.lf1.63: HRMUIS-FAR: 

[M+H]':Calculated for C4?H+kN4: 61 9.47. Obtained: 61 9.76. 

GRP: Yield 45%: (Pasty solid): ' H  NMR (CDCIT. 300 MHL) 8 Ippm): 8.hl (s. 2H. 

aromalic), 8.20 (d. 7H, aromatic), 734  (d. 2H. amma~ic). 7.08 id, 2H. vinylic. .J = 

16.05 H7). 6.80 (d. 211. v~nylic. J = 16.115 Hz). 6.70 (x. 211. aromatic), b.5 I Em, 21 I. 

aromatic), 6.12 Im. 21.1, aromatic), 4.1 2 (t. 4H, NCH:). 3.69 (1. 4H. OCH2,, 3.45) 

(rn, 12H. OCH2). 3.43 fm. 4H. OCHI). 3.27 4s. 6H,  OCH?): "C N M R  (CDCII. 

75.4 MH7.) dIppm!: 153.93, 147.69. 13374, 132.X4, 131.42, 123.rl8. 121.68. 

120.94, 119.47, Z09.13. 107.70. 72.05. 71.29,71.M), 70.76, 59.1h.47.0h: FIRMS- 

FAB: [M ]* CaIcd for C3 JldANJOh: 630.77; Found 630.76. 



3.5.5. Details of the Preparation of Dipstick for 2n2* Detection 

Thermopla~t~c or glass rods having 4 rnm rad~ur were cut into mail  units having 

10 crn leneh. I O  mg of CRP was diq~nlved in 15 ml, chlnroform. To (hi5 solution 

was added 2 grn of tinely powdered alumina. The mix~ure waq kep~  10 rnlnule\ for 

the wlvcn t to evitporate off. The iiway containing tinely powdered alumina wa5 

yellow in color with n grcen i~h  yellow fluorescence under 365 n m  UV 

illumination. The alumina was coated over the stick up to n length of 5 urn from 

the botlom or the stick. Agitation of the diprt~ck I n  the lest \ample is preferred tn 

enhmcc contact between the teqt area and [he analyte lo he detected. Agitation wak 

performed manually or mechanically by motion of the d~pqtick or te5t cample or 

hoth. The dipslick was madc reusable after zn2' detection by r i n r i n ~  with aqueou\ 

EDTA solution. After EEUTA Lreamenk the \tick was washed with pure water 

foliowed by dry in^. 

3.5.6. Details of Cell Culturing and Imaging: 

3.5.6.1. Preparation of the Culture Medium 

The culturc medium waq prepared by dissolving 8.4 g uf RPM I-lli4fl (Siyma. 

USA) in onc Illre af distilled water. Sodium bicarbonate ((2 &) was added ro the 

medium and pH of the medlum was adjusted lo 7.3. Thik medium way then 

~terilized by passing through s~crilc filter aysembly fitted with 0.22 prn filter 

(Millipre, USA) wing vacuum pump. h te r .  the medium wa\ rtnred in pre- 

~teri l~zed Borosii polypropylene hottleh. at 4 O C ,  for furlher ure. 



3.5.6.2. Preparation of Complete Medium 

To thc prepared culture medium an ant~biotic mixture (20 pllmC. of l OOx 

concentrate. S i p a ,  USA) wa5 added. Fetal cal f  serum (FCS) (Sigma. USA) war 

also added to the medium to give a final concentration of  10% (to 900 rnL 

medium, 100 rnL of FCS was added). 

3.5.6.3. Cell Revival 

Breast cancer cell lineq (MCF-7). were stnred in c ryov ia l~  at -180 OC i n  liquid 

nirtogen. in a medium containing 70% FCS, 10 % Dimcthyl hulfoxidc (DMSO) 

and 20% RPMI-1640 media. For revival. Ihe vial? were thawed by placinp them in 

a water-ba~h maintained at 17 T. Cell\ were then tranhferred into a ridlation 

sterilized culturing flask, ~ -25c t -n~  {Corning. USA)  inside the laminar Row. 

Subsequent1 y, the f l a ~ k  was placed i n  COr incubator fnr 2 h. The viable cells,,rtick 

to the culture tlask while the dead cells remain in the medium, later the medium 

was replaced with fresh medium containing 10% FCS and muhated t~l l  a 

monolayer war rormed. 

3,5.6.4. Subculturing of MCF-7 Cells 

A 25 cm\cll culture !la&, which had a uniforni monolayer of MCF-7 cells, was 

taken and 11s medium war then diwarded. Since the MCF-7 ceIlf are adhesen1 In 

nature, they were trypqinised by uting 5 rnL or uyprln fU.25%)-EDTA (0.53 mM) 

buffer containing 0.9% "c~od~um chloride for 5 mrn. The cell5 were then transferred 

to il centrifuge tube and ccnlrifuged al 2000 rpm for 10 min.. tollowed by the 



rernova! of the wpernatant. For qub culturing. fresh R P M I - I W I  rnccJia contain in^ 

10 9 FCS waq added under a~eptic  condition^. Cellr were fluched with the hcFp of' 

pipette l i p  ( 1  mL) r i l l  all  he cell< come inlo the medium. The cell\ were then 

diluletl in a ucrile comptere medium at I:? time\ and tran\fcrred inlo l'rc\h culture 

flaskh. Then the flaxk~ were placed in~ide COT incuhator. 

3.5.6.5. Cell Imaging 

For imaging. the cells were taken after tryp5lnir;atlon and addilicln OK Irckh ~rictli~. 

Approximalely. 1x10" celldmL wa\ incubated with GBP ( h  pM) for T O  rnin. For 

the rcrnoval of hackgmund fluorescence in the medium, the cell< were centsilueed 

at 2MM rpm For 10 minuter and were rewrpended in frcrh medium Thew cell< 

wcrc then irnayetl u g i n ~  fluore~cence rnlcroscope at an exri~atinn wurcc of 440 

nm. 
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Chapter 4 
- 

Excited State Charge Transfer Modulation and 

Molecular Logic Operations in a Bipyridine Integrated 

Fluorophore 



4.2. Introduction 

The tremendou:, pace in the development of informalion Lechneloa ic 

rapidly approaching a limit. '.%ltemative materials and operating principles for 

the elaboration and communication of  data in electronic circui~s and optica! 

networks must he identified.' Molecular comput~ng ir predicted as the ultimate 

solut~on to overcame the present lirnitaliun of computing  device^.^ Their attractive 

Features are the rninin~urized dimenslonr and the high degree of conlrol on 

molecular d e s i g  through chemical rynthesir;. In particular, rnoleculer can be 

designed to switch from one state to another, when addrewed with chemical. 

electrical. or optical ~timulations. to produce a detectable signal output. Binary 

data can he encoded on the input \tirnulations and output ~ignalr u ~ i n g  logic 

conventions and ascumptions similar to thoqe of digital elec%ronics. Thuq, binary 

inputs can be lranrduccd into binary output5 relying on molecular switches. 

Following these desigr principle.;. the three basic log~c operation? (AND?" 

OR.~.'%YES" and  NOT'^) and more complex logic functions   NOR.'^.'^ IN! l.'"lh 

XOK" and XNOR") have already bwn demonstrated at the rnnlecular level. 

Chemical switches with optical readout artre usually based on the 

pholophysical phenomena xuc h as photoinduced electrnn trancfer (PET). 

photoinduced charge tran~fer (PCT), electronic energy transfer (EET]. 

excimerlexciplex formation and reor,ganiza~ion of elecuonic slructurc of 

tran~ition-metal based chmmophorer/fluorophore~."Lm20 PET-hared luminercent 
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switches can be triggered by various chemica1 and physical s~irnuI1 such as 

proton% metal cationr, anionr. neutraf o r p i c  molecules. and even nanoparticlcs. 

Depending on the desired spectral propertier and lifetime of the fluore~ccnt 

switch, the molecular assembly may include varitlur organic (eg. anthracene, 

pyrene, napbthalimides, pyromellitimide, coumrins. fluorewein5. 

pyrwolobenzothiw.ole~. and djphenyIpyrmotes) nr inorganic tlunrciphorer, (eg. 

poiypyndine R u  (m complexes and lan~han~de Selectivity and 

sensitivity of these systems are controlled by careful design of the rcccptvr parl. 

The large diversity of possible organic ligands enables the des~gm of fluoruphores 

that respond to a variety of input5 suitable for sensing and logic ~ ~ e r a t i n n s . ~ ~  

Another category of chcrnically driven optical switcher encompasses the 

phenomenon uf photoinduced charge transfer (PCT) systems.'" Tn contrart to 

PET ba~ed  switches. the receptor and fluorophore (chmmophore) moieties are 

connected In a way that provides exten5ive nrhital deI~alization between thew 

two part?. One end of such a molecule need? to he elecro-on rich, while the other 

qide electron poor. Upon interactinn with a suitable input, the electron distribut~on 

may ~ignificantly change, thus varying the optical properties of  the  rwitch. In \uch 

push-pull systemq, photoexci tafion leads to redistribution of electron denqity and 

generation of' &pole moment. IF the receptor hind5 a charged trigger specier, the 

additional charge interacts with the photogeneraled dipole. t h u ~  modifying the 

flut~rescence spzctmrn. For example, interaction ot a charged specieh 10 the donor 



mtlicly ( 1 ) )  will result in thc hypst~chrt~nlic s f i i f ~  ul' [he spcclral prnpertics 

.(ahsorplionleinissi~~n hnndq) whiEc interaction wilh acccplor nlnicly ( A )  resulrs in a 

h;ilhochrtxnic shirr of ahsorplion and c-rniqxion hands (Fi_curc 4. I ). 

Figure 4.1. Pr~nc~ple of the PCT dr~ven luminescent molecular switch based on the donor-spacer- 

acceptor arch~tecture. Bind~ng of a cat~onrc trlgger to the donor (green) moiety results In the 

hypsochrom~c shifl of the absorption (emisslon) band (a), and b~nd~ng of the same trigger to the 

acceptor moiety (red) results in a bathochromic shift of the corresponding transition (b) The 

multlreceptor system may exh~bit both bathochromic and hypsochromtc shrfts upon bindtng wlth 

different tngger Ions (c),  which results In a multtstate molecular swich. 



r .  I r ~ r  cl 31. 1131,~' rcpo~1c11 thc \wltcliing ol '("r c i~ i rq~ ion  in :I plicnnntl i~o!i~~c 

. - 
nppcrirlctl pl~cnylcthynyTcnc t,;~wrl l )-A-I> \yctrm. 1 . - '  Incrcahlng ttic ~lor~clr  

\ircti 3% Ln ' :uitl I I '  lo Ih rcculrk In thc rcncr:ilion oI 11~'\1 c n i ~ ~ ~ i n ~  \pucic< 13: 1 1 1 ~ .  

Figure 4.2. Conjugated 1-10 phenanthmlrne denvatlves la-d a) Normallzed ernlalon swctra of 

l a  I-), I b  (--), I c  (.-.A), and I d  (- .) m acetonihle. b) Photograph show~ng visual emlssion cotor 

change of 1 a.lc and I d  



Figure 4.3. Normallzed emss~on spectra of I b  I-). Ib-excess ZnlL (-), and Ib.excess 

rnethanesulfon~c acid I...) In aceton~hle. b) Photograph show~ng corresponding vlsual emlssion 

color change w~th Ihe addltlon of external Inputs. 

'I'hc main aclvaii~nge nf the 1T1' \w i~ch r \  over rlir PET 51% ilclic\ i \  thc  

po<sit,il~~y of cnnlrnl u n  chargc ~r,tn\fer intcrac~~onr and Ilur~rc\ct.ncc ~ricwlttlatit>r~ 

which allow I l ~ c  uwgc of ~cvurnl  w;jvclc.ngtli\ to a ~ ~ n l y z c  111c stntc ol Ihc cwitclr. 

Fmm ;I Roolean Inpic vicw poin~, i r  en.lhle\ ~~arn l lc l  gcncrallon of w ~ c r a l  h~nary 

varinhlcr. In other wort!<. i t  creaks nurncrtlur inrlcpen~lent tnthrmatlon rhannulk 

111 [his COII~L'X~, t h ~  C W ~ I C ~ C S  w I tli p r o n o u n ~ ~ d  C O I ~ C ~ X ~ ~  t3111 :lb~11rplil)n ;ind 

tluorc~ccncc changes arc. of spccial inlcrcst. Nutnerous cnmpIcx Ioyiu \y\leni\, 

includ ins n mnlccul:~r a i i t l ~ m ~ t i c  device, hnvc hcan repvrtctl i r l  rlw li~eraturc. I i8irlr 

iwft-(1). 

13ipyridyl moiety ih k n i w n  l n  bc ;i good cheln~nr I'or ~rancition mcl;~l 

1 cations: I)csvc.rgnc rt al.. have rcpr~ned a 2. 2'-hipyritEi11c appndvcl 



photochromic system 2, which can perform OR logic operation with rerpecl lo 

11g2+ and Nat ions as inputs and fluorescence xc the readable outpul lSchcrnc 

4.1 I . ~ '  

OR logic gate 

Scheme 4.9. Schematrc representation of the conformational changes in 2 as a result of metal Ion 

mterachon and the comspond~ng representation of OR logic gate, 

de Silva and co-workerr have repi-ted a molecular lloglc gate baqed on an 

anthracene appended bipyridine derivative 3." me cation bound rcceptor i s  

sufficiently clectrr~n deficient and planar 50 a? t r ~  allow rapid BET prDceFc from the 

mthmcence fluorophore. Therefore, significanl quenching of the anthraceae 

ernishion is observed. A NOR operation was fullowcd w ~ t h  rerpect to changes in 

fluorescence from 3 based on the chemical input ruch as zn2' and H' (Figure 4.4), 
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Figure 4.4. 2, 2'-b~pyridyl based Yuompharespacer-receptoT system 3 a)  lruttl table 

corresponding to the fluorescence changes wdh chem~cal inputs. b j  Representation of the NOR 

[ q l c  gate. 

In the present work, y n t  heqic, pho~ophyc;ical propcnier and rnnlecular 

logic operaIiun5 of a D-n-A-ir-D b a ~ e d  fluornphurc 10, having 2.  7,'-bipyridine and 

,V, N' dimethoxy aniline core as the receptor sites are de\crihcd. 

4.3. Results and Discussion 

4.3.1. The Design Strategy 

We have d e r ~ p c d  the biwnethoxyethyl aniline deriva~ivc. 10 h;r\ecl on a 

donor-acceptnr-donor (U-A-Dl qtrategy. The. N .  N-methox yelhy l \ u b \ ~ i t u ~ e d  

anil~ne moiet i~ are connected tn a bipyridine core using twn vinylic Iinkapcr 

Aniline moieties act a\ strong heteroaroma~ic donor poupr whcrea\ bipyridinc 

moiety s c t ~  ac the acceplnr. In this dc\i_rm, the donor a \  wcll a\ the acceptor 

rnoieticq acts a\ receptnr qltes for varlou\ inpulx kuch a\ H' anti metal ion\, which 
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Compound 9 was prepared c;tartlng from 5,s'-dime! hylL7,2'-h1pyr1dine 

(Scheme 4.2). Brnmination n1' 7 was carried oul w~th N-hmmnruccin~mide. The 

bihhrtlmome~hy l dei-ivat~ve (8) waq converted to the cnrrerpondinp hisphorphonate 

ester by Michaeli7-Arbuznv reaction in 90-92% yield. 

Scheme 4.2. Reagenk and conditions: a) NBS, CC6 18 h: b) P(OEtl3, 100 "C, 12 h (90-92%), 

The bismethoxyethyl aniIine ~ubstitured bipyridine derivative (10) was 

prepared hy the Wittig-Hrmer-Ernmon~ ole finat ion reaction of the hispho~phonate 

erter 9 and the 4-(hir(2-melhoxyethyE)aminr,) ben7~ldehyde ( 6 )  using Nab1 in 62% 

yield (Scheme 4.3). 

H iCO Ern OEt 
- - 

I' ' 
I I NaH, JHF 

N ', CHC + E!O 1- 
- 

- - O - 1 0  - - P -N M- 
H {CO 

70°C 10 h 
Eta 0 

Scheme 4.3. Synhesis of 10. 

The compound 10 wa\ chwacterixed by 'H M, I7c NWR. IR and HRMS- 

FAB. FT-R \pectrum of 10 showed characterirtic C-O rtretching peak at 1 1 16- 

1 1 1 8 cm.' and the C-N ~tretch~ng peak a1 15 1 7- 1602 cm-'. '11 NMR hpecirum nl 

(he 10 showed Ttrong ;runs coupling (.I = 16- 17 1-17] Tor the vinylic linkagch Tht. 
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N-CH2 and 4 C H 2  protons appeared a$ a multiple1 at 6 3.5 ppm. The -IXH? 

proton? nl' phcnyl ring were oh~erved at 8 3.3 ppm ar a ringle~. 

4.3.3. Optical Properties of 10 

The molecule 10 in chloroform (c = 6 x 10'") exhibited an absorption 

spectrum in the range of 35W475 nrn with a maximum at 424 nrn Ir. = 3.2 x 10% 

' cm-') due 10 the =-A* transition. The spectrum did not show any ctrn~~derahlc 

change in insolvent5 ruch as toluene and acetonitrile except a <mall blue hiI-1 or 

about 4 nm [Figure 4.5a). However, as the polanty of the solvent ir ~ncrewed rrom 

hexane lo acetonitrile, a 90 nm redshift i s  oblrerved in the emission maximum 

which is at 484 nrn in hexane and ST4 n m  in acetonilile when excited at 440 nm. 

Thc quantum yield? Idlll) of [he emission in hexane. chloroform and aceton~trile 

are 0.24, 0.34 and 0.31, respectively (quinine sulphate as standard). The ohserved 

solvenl dependency of emission is attributed lo the poss~bi l i ty c l f  intramolecular 

charge transfer (ICT) awociated with the D-n-A-a-D hackbonc of 10. The solvent 

dependency of emission could be foilowed virually hrough a color change rrom 

blue to yellow when h e  solvent 1s changed From toluene la dcetonitrile [F~gurc 

4.6). 



Wavelength (nm) Wavelength (nm) 

Figure 4.5. Normallzed a) absorption and b) ern~ssion spectra of T O  In toluene chforofom and 

acetonltr~le (c  = 6 x 10 F M, cllr = 420 nrn) 

Figure 4.6. Photograph showing Ihe vlsual color change in the fluorescence of 10 In loluene. 

chloroform and acetonitrile. 

I.'or mctrc 5 1 ~ h t q  irn thc [C1' prouc\\. rime rcur>l\ccl iluorr\cc.ncc tIc.c.ny 

iilz~ntl hr hc high ( r  = 2.07- n\\ \vhcii cchmp:irc.d 10 z l ia~ Err Its\ polar \olver~t% hurl? a\  



10 
Time 

20 30 

Figure 4.7 Comparrson of the fluorescence decay profiles of 10 (6 * 1.0") In acetonrtr~le (o), 

chlorohrrn (m), hexane (7 I [polar~ty index 0.1,4.1 and 5.81. 

fable 1. Table showrng the photophysrcal parameters of 10 In different solvents (6 K 104 M). 

Solvents I I ! r (ns) 1 

I Hexane 464,480 1 0 28 0 96 

Chlloroform 5M I 0.34 

1 Acetonitrile 0.31 
I 



4.3.4. Absorption and Emission Studies of 10 in Paence of 

Different Chemical Inputs 

Photophysical properties of 10 are found to he highly rensitive to the 

prerence or various chemical inputs. Since the molecule 10 contains three receptor 

iter which includes the cenuaI bipyridy! moie~y. and the two tertiary ni~ropen 

atom7 in the donor part, the absorption and erniwion could be modulated hy the 

addition nf different input'; such a? 2nZ' and T T ' .  Fnr examplc, upon addition o f  

trifluoroacetic acid (TFA) at pH 5.2, the ahrnrptinn maximum i s  \hifled t o  5 10 nrn 

(Figure 4.R), corresponding to a nonemisszve CT state which i? due tn the 

protonation of the hlpyrsdyl rnoretrer. Further add~tinn OF TFA at pH 2.3 exh~hited 

a shift of the CT band 10 494 nm with a dccread  intenri~y. Simu\taneously, an 

addidonal band at 371 n m  is formed. While the ahrorption hand at 4Y4 TIF 

nonemissive, the band at 371 nm i s  ernls~ive. htere5tlngly3 the emiss i r~n  nt 574 nm 

(output 1) of 10 is blue shifted to 488 nrn ( j ,  @ 400 nm. rf,f = 0.36) (ourput 2)  

upon addition of T F A  at pH 2.3 (input 1). Inset uE Figure 4.8 b 5hows the visual 

color change for fluurescence outpul f h m  yellow to pale blue. T h e  optical output 

at 488 nm could be sevcrscd lo the initial fluorescence nf 10 w~lth the addition of 

tetra sodium sah of ethy lene diamine tetra acetic acid (EDTA). The.;c observdtion\ 

indicate the pw\ihility of a stepwise protonation uf the bipyridine and the aromatic 

arnine moietieq in preqence of TFA at differen1 pFI. thereby changing the extent of 

the donor-acceptor interactions, 



Wavelength (nm) Wauetength (nm) 

Figure 4.8 a) Changes In the absorpt~on spectra of 10 (6 * 10 W) ( ) w~th the add~tion of TFA at 

pH 5 2 (-1 and 2 3 (-) b) ShlR In Ihe emlssron output of 10 In acetonltrlle upon add~llon of TFA at 

pH 2 3 Inset photographs show the v~sual change In the emlsslon of 10 from yellow to blue In 

acetonltrlle with the addltlon of TFR at pH 2 3 and the reversible change from blue to yellow w~th 

the additlon of EDTA 

'11 NMK [itmtir~n of 1O in nccrrlriirrile ~isirtg TI'A 'coli~~iort :[I llil*fcrcri~ pl t 

indicntcs thr F ~ C \ > - ~ ~ S C  protnn:ilio~i 11V I ~ C  Ilipyridyl i ~ ~ i i t r  i;>llnwcd I>! rlir :imlnc 

FrL)tlps, ~hitr culiihi~cd :I ~r:d~i:11 slii t'l 111' ttw re<rktl;lrlCt pc;tfC~ (Fig i~rc 4.0  and J 10 1. 

W l r n  rl?e pI  l of  tlic ~ t ~ l i ~ ! i n n  i\ i l i ~ r ~ : ~ ~ t ' ~ t  to 5.2. thc t>ipyricl~rlc p r ~ ~ c l r i  IH , )  a1 3- 

po \ i~ io r~  r6 = 7.9 ppm) ir d~s l i i c l r l~ r l  rn(litit11> to 6 X.? pprii. \ i7i l l i  thc :~dd i~ inn r b l '  

r.xcc\s. 1'1::1 311 :~n)rnatic Iirtrrc+n\ wcrc cornpl~-tc.iy rlc\hicldud. The ;~liph;ritic - 

NCH: i ~ r i t l  -0CH: I?rtlirm\ which itppearcrl ac 3 nut1t1plc.t 31 cF 3.5 ppm tvurc. \hlf'rctl 

n\ fu u ~ r i p l c ~ \  ;it 6 3.4 ;tntf 3.7 ppnt 11por1 a d d ~ r i a ~  [IS cxcct\ TI.A. ~ n t f ~ u a r i r ~ ~  thc 

'prcl~on:ft ion (>I' thc two n ~ r ~ i n e  mc,ic? ics. 



Figure 4.9. Partial 1H NMR spectra of 10 (aromatic region) wrth the addit~on of TFA showing the 

inlt~al protonation of the b~pynd~ne moiety, i )  10 alone, l i )  TO+ TFA at pH 6.0, I ~ I )  l o +  TFA at pH 5.5. 

I V )  10+ TFA at pH 5.2 and v) 10 + excess TFA. 

Addition of excess TFA, at pl-1 2.3 may proionate the donor as well as the 

acceptor qiteri which results in the complete ares! of the elec~ronic communicalion 

hetween the donor and the acceptor thereby reducing thc chance Tor ICT a.s shown 

in Scheme 4.4. 



Figure 4.10. Partral l H  NMR spectra of 10 latiphatic region) showing changes with the add~bon of 
F A  i) 10 alone i ~ )  10+ TFA at pH 6.0, i i~) 10+ TFA at pH 5 5. IV )  10+ TFA at pH 5.2 and v) 10 + 

excess TFA. 

WRaK ICT 
,_-- OMe 

10 
1.44- 

A. = 571 nm 

Strong lC1 

p - 5 2 1  J-- ..P 

Scheme 4.4. Poss~ble mechanism of ICT modulated emlssion 10 w~th the addit~on of TFA at pH 

5.2 and 2 3. 



Wlicn nrte cquivaleli~ vf ;/n(rlOl): i\ added t c r  n c o l ~ ~ ~ ~ r ~ n  elf 10, ~lir t.r~~issirrn 

o i ~ l p t ~ ~  a1 574 lit11 i~ carr~pleicly rl~t11cht.tl. Seclile~~tial :iiIJ i~ lcln O K  TF4 :U pt 1 ? 

rc\ultcd in Ihc rcpcncratinn { ~ i - a  ncw cnljarlon I t x ~ t p i ~ l  3)  :11 161 111n (I,, (0' l L ) O  11n1. 

0, = 0.3-1) ( l ' lg i~rc 4. I1 ). Wit11 the addit~rln r l l '  cxcc\h [{I) I'h 'iolulri~n. lhr cni~~.s ion 

output ni 574 nln correspoi~di~~g tn 11) 1s rcpc.ncra~ed w~i l ioul  coi~<~~ierahlc. lo<\ of 

thc cniirsion Itirc.n<lty. TIIC nhrorptinn nlnxl lrlunl ot 1 0  nl 322 ntil 1s t r d  \ t ~ i f r c ~ l  ro 

486 rim llpom :~tlrliritln o T Z r ~ ( C l 0 ~ ) ~  \vIiich suhcc-cli~t.n~ly ir, blue sl1iftt.d t r l  377 Iirn 

wilh c.cmsitlertlhle tlrcreaw in in~enki ly uptm prrflr)n;btit)rl u i t h  TFA ;III(I thcr 11) I I I C  

nr~ginal ah<orp~it>r~ ;LI 4?? 11111 \v~t l l  add11 l ( l r1  171 F.I)TA ( F~pl~rc. 4. I l n )  

460 500 60 

Wavelength (nm) Wavelength (nm) 

Figure 4.11. a) Changes in the absorption spectrum of f D (6 x 10 M) ( -  ) w~th the addltlon of one 

equ~valent ofZn2+ ions (-) and followed by the addrtion of TFA (-). b) Shfft in the ernisslon output 

of 10 at 574 nm (0, = Q 31) In acetonltrlle to 464 nm ( 0 1  = I3 44) uoon add~t~on of Zn2+ and TFA. 

Inset photographs show the correspondrng reversible change rn the emlsslon color of 10 with the 

addihon of Zn2+ and TFA (left) and the addrtion of EDTA (nght) 
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Change i n  the emisqinn output of 10 w i ~ h  the .sequentla1 addition nf 

Zn(ClO4). TFA and EDTA are shown in Figure 4.1 Ib. When ~ n "  15  complexed 

with [he bipyridine receptor site, the C K C I ~ C ~  hiale ICT procesh it strengthened 

which resulted in rt complete quuech~ng OF the emission or 10 at ST4 nrn (Figure 

4. I I b). When TFA solution with pH 2 is added to 1 0 - ~ n ' +  complex. protonation 

occurs at both amine donor qites thereby blocking the ICT channel which in turn 

resulted in the generation o f  a new emisslon output at 464 nm. The mechanism 

involved in the lluorcbcencc output changcs upon addilion of differen1 inpulh are 

hewn in Scheme 4.5. The, main advantage of such TCT based fluorercence change 

is the poss~bil~ty of  uslng mul~plc  wavelengths LU address the slate of the switch. 

wh~ch ullimately enables parallel generation of ~everal binary variables and logic 

operation<. 

4.3.5. Logic Operations of 10 

The in ritu generation of three diffcrcnl fluorescence output\ rrom the 

Huorophore 10, allow four dilrerent multiple input log~c ruunctions which define 

INHU3lT ( INH,  2 input';-] output). INHIBlT ( I N H .  3 inputs-] output). 

IMPLICATION ( I M P .  2 inpuls-I ou~put), and AND ( 2  input%-l output) logic 

operation\. For example. the changes in the fluorescence uf 10 with H+, EDTA 

and znZt can he represented by two different l o ~ c   operation^ corresponding m an 

WHIRIT and an IMPLICATlON logic gales. An MIBIT ( I N H )  operation i~ 

described by the truth tahle ;ts \hewn in Figure 4. I?e, which is a concatenation r)T 



AND and NOT logic functions and therefore expresfe\ a nunoommutati ve 

behavior. 

Weak ICT 
r--- -+ -. OMe 

C - 

Me0 - Y  bl 
- - 

N - 
- 

N OMe 
70 

M m  
h,,,, = 57c qm 

No ICT 

MeO - - 
y ,  J1 Y H  7 mp 

" N H ,  . -  N; N W e  
- h,, = 464 qrn 

MeO 

Scheme 4.3. Mechanism of multiple fluorescence expressions through excited state 
inbamoleculat charge transfer in 10 with respect to inputs such &s Z n h  and Ht. 

A combination of sequential inputs of pll 2.3 and EDTA recultq in revcrh~blr 

optical output at 488 nm equivalent to an INH lagic system (Figure 4.1 2a). The 

emissinn intenqity variation and the corresponding tmth lahle are lhown In Figure 

4 . 1 2 ~  and 4.12e, respectively. A( the same rime, a complementary logic operalion 

ir ,  pns5ihle when the emishion output at 574 nm i5 addressed in combination with 

znZt and EDTA as inputs (Figure 4.1 2b). This is equivalent to an MPL1CATIC)N 



11,WP) loeic in~er~rt~ation" ar shown in the truth table in F lpre  4.Y2f. The 

Figure 4.1 2d. Thuq, we could achieve simultaneou~ and reparate operation of h ~ t h  

InlH and IMP rates wing 10. This i s  poqrihle due rn ahc three cmiwon crate:, 

generated by TCT modulation in 10 a1 48X. 574 nm lon stam) and n quenched 

state luff  state). 

Figure 4.f 2. Logic armits, ernisslon lntenslty vanation plots at two ~ndependent wavelengths (486 

nrn & 574 nm) and the correspond~ng ttutfi tables represenhng INHIBIT (comb~nation of NOT and 

AND gates) (a. c and e) and IMPLlCATlON Icornbinahon of NOT and OR gates) (b, d and fl with 

respeck to a set of Inputs 



A ~ h i r d  option with 10 i s  an AND logic operation which needs twn inputs at a 

time to get an output. In all other operations, the output will  be zero. In the present 

care, a two input AND logic operation can be defined by considering zn2' and pH 

2 as chemical inputs and emission maximum at 464 nm as optical oulpur (output 

3) (Figure 4.13a & 4.13b). In addition, a rnelecvlar logic gate with 3-input-FNH 

logic operation can also be demonswated by monitoring emission a1 464 om 

(output 3) using ~n". pH 2 and EDTA (in excess) as chemical inputs (Figure 

4 . 1 3 ~  and 4.13d). A 3-input-INH is a combination of NOT gate and a 3-input 

AND tngic gate. Ihus, the molecule 10 allows lhe d e s i g  of four different binary 

logic operations by choosing the appropriate chemical inputs and optical outputs. 

Figure 4.13. Logic urcuit representation and the corresponding h t h  table for AND (a B b) and 3- 

input-/hlH logic gates (c & d) with respect to a set of sequenfial inputs of ou$ut at 464 nrn. 
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An added advantage of h e  molecule 10 is the possibility to construct 

integrated logic circuits. Thus, a combined logic scheme could be designed baqed 

on three chemical inputs of ~n", pH 2 and EDTA with two state distinct emission 

outputs at 574 nrn and 464 nm. Suck an integrated logic circuit comprises of a 

combination of several basic logic operations. For example, a combination of three 

NOT gates, along with a Zinput AND, a 3 input AND and an OR gates has been 

demonstrated with the molecule 10 by monitoring IWO different outpu~s at 574 and 

464 nm (Figure 4.14). Thus, integration of different logic gates could be achieved 

by combining different Boolean operations in a single circuit with a specific 

function as indicated in the corresponding truth table (Figure 4.14b). 

Figure 4.14. a) A three-input, ho-outpwt cornbinatorial logic circurt representation with 

fluorescence outputs at A, 464 nm and A, 574 nm triggered by chemical inputs of ZnB, H+ and 
EDTA , b) The corresponding h t h  taMe. 





Figure 4.15. Demonstratroq of a hydrophrllc microchannel d~splay crrcultv In a filter paper bv uslng 

PDMS to represent vanous logrc operattons. a) Des~gn strategy for the micrm~rcurtry b) 
Photograph show~ng vartous ernrsslon outouts from lour d~splay chambers wlth resoect to h e  

chem~cal ~nuvts at the opened mlcrochannels 

111 or(irr It)  vi<ui~l i fe d i f fc r rn~ op~iciil L ~ I \ ~ I I ~ <  f ' r~~ni  1 0  v , i ~ l ~  rc$pccl 

v;~riot~s, uhcnl~cnl tnpulh. thc enlire ~i i icro cl i ;~n~icl clrcultv iv i15 ~IFurnini~!ctl u l f h  a 

7h5 1 1 r n  IJV light. Thc maill rcscrvclir :I\ wc1E a\  tRc di\yhoy rcscrvc~ir\ rhow ~ t ' l l r lw  

crnicsion (573 nm) (oiflpilt I I c o r r c ~ p ~ n r l i n ~  to 10 .IFigurc 4.1.5, I w c  hlK. 'UK I 

Th r~ j r~ f I i  thc "on" channel or I lK2.  n ~ r ~ l ~ ~ t i o n  o S  TI:h :)I pH 2.3 i\ :~l / twct t  1i1 erllcr 

~ h u  ~ i i i c m  chioinsl. thu\ rcrul~ing in thc cmiccion i~ii!l-ritt at 18% nm ( c ~ i t p u r  2. pillc 

Idllc crni<.;irjt~) .(I2ip~i+c 4.15). Thc "on" sl;lre 01' DR3 aI!tnw\ 0111y ~ 1 1 "  ((1 CFI~CT i n [ t ,  

tht. chnnn'l ant1 rc\ i~lth i n  ~ h v  c~)mplctc q~lenclirng of' ~ h c  cnii5kior1 r)l' IO at 574 Iiln. 

Thc rnicrn channcl in DK-4 ir in thc "ori" $tatc lor h o ~ l ~  chrnlir.al i r lp~~ts  ol'7ri'- : ~ r i c l  

H-. tl l lr,win~ \cqucnti:~l cntrancc or %ri'l r(11u1Eon :tmI TFA :tt pl 1 2 rcst~l tctl Ir i  lllc 

crnirrion rrittpul at 3(d nm Inulput -3). Thc 111rec irurrn\ic;rll!, yc'ncr:~lcci 

flut)re\ccncc reqporl\u\ :I( Ilk?. DH.7 and INS arc rever~iblc when :111 lhr liliir 
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channels are allowed to be in contact with thc third chemical input EDTA. Thur, 

DR2 represenl~ INH operation using 488 nm ern~ssion output with pH and EDTA 

as inputs, while DR3 represent\ IMP operat~un using 574 nrn ernlsvon output and 

zn2+ and EDTA as inpu~s. Finally. DR4 rcprcbents AND and 3-lnpul-INH 

operations using ermssion nutput at 464 nm and ~n", H' and EDTA a\ inpu~s  

(Figure 4.15). 

4.4. Conclusions 

The: bipyridine based fluorophore 10 described here shows r~gn~ficanl 

solvatochromic emission rhiR in different holvents due to an excited state CT 

mrrdulation. The donor-acceptor qtrength in 10 could he altered by differenr 

chemical input5 resulting in different optical outputs. This property of 10 could be 

addressed in the form of binary logic operations which include 2-input-IN H IBTT, 

IMPLICATION, AND and 3-input-INHTBIT. In addition. combinations of 2hece 

basic logic operations are demonstrated in a single integrated circuil. Finally. a 

rnicrnchannel display of the four stage Intrtnsic t1uorec;cence nutput? and the 

corresponding logic operat~nns are dernonqtrated using a p a p  rn~crofluid~c 

technique which may find application in logic con~rolled design of "lab-on-a chip" 

for micm analytical purposes. 
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4.5. Experimental Section 

4.5.1. Synthesis and Characterization 

Solvents and reagents were purified and dried by usual methodr. All 

staning mawrials were obtained from commercial suppliers itnd used as received. 

Melting points were determined w ~ t h  Mel-Temp-ll melting point  apparatu?. ' H 

and "C NMR were measured on a 500 MHz Bruker Avance ll Spec~romeicr. High 

Resolution Ma<s Spectra were recorded with a JEOL JMStiDO. Electronic 

absorplion specba were recorded un a Shimad7u UV-31111 PC N R  scanning 

spxtrophotometer and the emission specma were measured on a SPEX-Fluorok)g 

El 12X speetrofluorirneter. Fluorescence quantum yields were determined in 

spec~oscopio p d e  CHICN using oprical ty matching solutions of Quinine Sulfate 

(@+ = 0.946 in 0.1N H1S04) as standard at an excitation wavelength of 360 nm.  

The quantum yield was calculated wing equation 1 .  

2 2 cls, = Or (A,F,/A,E,) (7,  lq, ) ..... ... ... ... .. ... .. I 1) 

where, A, and A, are the absorbance or the sample and reference solulions, 

rehpcltively at the same excitation wavelengh, F, and FT are the corresponding 

relativc integrated fluorescence intensities and 7 i?  the refractive index of the 

qchvent. 

Fluorescence 11 fetirnes were measured using BT-T (FluumCuhe) tme- 

correlated pico~econd single pholon counting (TCSPC) system. Solutions were 

excited with a pulsed diode laser (<I00 ps pulse duration) at a wavelength of 375 
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nrn (NanoLED- 1 1 )  with a repetition rate of 1 MHz. The detection \y\tem consists 

of a microchannel plate phutomultipIier 15C)()OU-O9R, Hamamatsu) with a 38 h p? 

response t ~ m e  coupled to a monochroma~or (5000M) and TCSPC electronic\ (Dala 

Slation Hub including Hub-NL, NanoI.ED controller and prcinhlalled 

Fluorescence Meawrement and Analysis Sludir? (FM AS) coftware). The 

fluorescence lifetime values were determined by deconvolut~ng the instrument 

response functron with bi-exponeniial decay uring DAS6 decay analysis software. 

The q u a l ~ t y  nf the t " i~  was judged by the tilting parameterb buch ar (< 1.2) ar 

well a< the visual in~pec~ion of the sertduals. 

4.5.2. Preparation of N,Mbis(2-methoxyethyl)aniline (5) 

To a two-necked round httorn flask placed with 4 10.9 g, 5 mmol) in dry THF. a 

suspen~ion ol' NaH (30 mmol) in THF wa\ added. Alier h m n g  for 10 min, CH,I 

( 10 mrnol) war added dmpwise into the reactinn mixture. ATter stirring for 12 h ,  

THF wm removed under reduced pressure to give a pasty residue. The residue wah 

uuspended in water and extracted wilh dichlrm~methane. The organic layer was 

washed with brine, dried over NazSOa and concentrated to give a crude prtduct, 

which was further purified by cnlumn chromato~aphy ovcr alumina u~ ing  

ethy lacetate (2%)-petroleurn ether as the eluent. 

Yield 83%; 9-1 NMR (CDCI1. 500 MHz) fi (ppm): 7.2 (21-1, aromatic), 6.94 (2H,  

arornat~c), 6.79 ( lH, xomatic), 4.18 tt, ZH), 3 73 (t, ZH), 3.3 (s. -OCI-1,): "C 

NMR (CDC13. 125 MHz) 6 (ppm): 149.6, 129.6, 121 .Y. 1 14.3, 70.3, 59.2. 
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4.5.3. Preparation of 4-(bis(2-rnethoxyethy l)amino) benzaldehyde 

16) 

Tc, a sotutinn nf dry DMF (35 mmnl) and phofphoru< oxychloride ('E rnmnl) ;I[ 10- 

ZCE "C, N,N-biq(2-methoxyethyl)aniline 15) (1.8 g. 9 mrnnl) in dry DMF wnq added 

~ l n w l y  with qlirring. T h e  mixture was qtirred a1 35 "C for 45 min . and then poured 

into cru\hed ice. T h e  clear solutinn forrncd at 20-30 "C wa\ neutralited with 

aqueou\ NaOll. T h e  mixture wa5 boiled for 1 min, conled to rtxm kmperature 

and extracted with diethyl ether. Removal nf ~ h c  solvent gave a v ~ ~ c o z ~ $  liquid. 

which wa\ chrematrrgaphed on kilica ?el urlny petroleum ether-et hylilut.t;~re 

(9.5:(1.5) to give the (6) .  

Yield 70%: ' H  N M R  (CDC13, 500 MH7) 5 (ppm). 9.X8 (5. I H ,  -C110), 7.14 (211. 

I I aromatic), 6.95 (21-1, arornaric). 4.18 (1, 2H1, 3.73 c t, 21-1). 3.3 ( F, -0CF I ), (7 

NMK (CDClt 125 W l r )  b (ppm): IY1.0. 135.4. 13fl.X. 126.4. E 12.3. 70.3, 79.2. 

4.5.4. Preparation of 5,s'-bis(bromomethyl)-2,2'-bipyridine (8) 

and bisphosphonak 19) derivatives 

Details of' the synlheui5 and characleriza~inn of  R and 9 were di\cu\~ccl In Chaptcr 

3. 

4.5.5. Pracdwre for the Synthesis of 10 

A su~penqion nf ~ c d i u r n  hydride (0.3 g. 12 rnmol) in dry THF wa\ added slawly to 

a solution of the hiqphorphonate (0.9 g. 2 mrnol) and 4-(b1d2-mcthn?ty- 

ethyljarnino) benzaldehydc ( Ig ,  -1 rnmol) in THF. Aher refluxin? for 12 h. the 
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fluorescent reaction mixture ohtaincd was cooled followed hy the removal of THF 

undcr reduced pressure to give a pasty rcsidue. The residue was suspended i n  

water and extracted with dichbromethane. The organic layer was washcd with 

brine, dried over Na2S04 and concentrated to give the crude product. which was 

furlhcr purified by column chromatography over alumina using ethylacetate 

(107~)-petroleurn ether as eluent. Yields, melting points. and spectral details nt' 10 

are given hclow. 

10: Yield 52%:  mp: 

159-162 "c; ' H  

NMR (CDClr, 501) 

MHz) G (pprn): 8.7 (5, I H ,  aromatic), 8.3 (s, 1 H, aromatic). 7.4 (d, 114. art~ma~ic),  

7.4 (d, 2H. arnmatic). 7.2 (d, IH, vinylic, J =  lh.41 Hz), 6.95 (d. lH, vinylic. J =  

16.38 Hz). b.7 (d, 2H. aromatic), 3.57 (m, 4H. -NCH2). 3.52 (m, 4H. -OCH?), 3.3 

(s, 6H, -C)C1-l3); I3c NMR (CDC13, 125 MHz) 6 (ppm): 153.90, 147.94, 147.69, 

133.65, 132.65, 130.78. 128.09, 124-96, 120.14, 112.58, 111.85, 109.61, 70.1, 

59.02, 50.97; FT-TK (K13r) v,,,: 835, 964, 1 1 16, I 1 X4, 1274, 1354, 1517. 1602. 

1 745. 28 14 cm-' ; HRMS-FAH: [M I':Calculated Tor C4?HF8N4: 623.8, Obtained: 

624.0. 
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