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PREFACE 

Exploring the chemistry of functional dyes to ?he design of materials with 

tunable optical and electtical properties is a promising area in the field of 

advanced material research. Understanding of the structure-property 

relationship in these systems is essential for the development of advanced 

materials with better properties. Functional dyes have contributed significantly 

to the development of materials for photon based technologies. Squaraine dyes, 

with unique optical and electronic properties are a class of dyes which are 

being increasingly explored in this aspect. The first chapter of the thesis 

touches a few areas where the optical and electronic properties of squaraine dye 

based systems are made use of. lie chapter is an overview of the literature of 

squaraine dye based n-extended near infrared (MI?) dyes, low band gap 

polymers and ion probes. 

The second chapter describes the role of aromatic bridging units on the 

optical and electronic properties of a few n-extended squaraine dyes and the 

corresponding polysquaraines derived from conjugated bispyrroles. The 

absorption spectra of polysquaraines and the corresponding NIR dyes showed 

dependence on the nature of the aromatic bridging unit. The shift in the 

absorption spectra of the polyrnm from the NIR region for the 

dialkoxydivinylbenzene bridged squaraine dyes to the visible region for 

dialkoxydivinylnaphthalene bridged dye indicates lesser degree of conjugation 

and planarity of the conjugated backbone in the latter case. The solution state 

band gaps were around 1 -01 to I -52 eV and the conductivities varied from 2 x 

1 to 2 x J ~ c m - ' .  

The third chapter of the thesis deals with the solution state and solid- 

state aggregation properties of x-extended mar-IR dyes derived from the 

dialkoxydivinylbenzene bridged bispymoles. Interesting changes were observed 

in binary solvent systems such as DMSO-water and THF-water. The UV-vis 

spectra of the n-extended dyes in binary solvent systems showed more than one 

absorption maximum, the intensities of which vary with solvent composition 

and temperature indicating the existence of interchain aggregates of the dye 



molecules. In solid-state, the absorption spectra are broad and further shift 

towards the longer wavelength region. The optical properties of the dyes 

showed considerable dependence on the length and nature of the alkyl side 

chains and the position of attachment of these side chains to the chromophore 

backbone. The existence of stable H- and J-type aggregates in solution was 

supported by concentration dependent and temperature dependent studies. 

The fourth chapter describes the synthesis and cation sensing properties 

of 5,5'4ivinyl-2,2'-bipyridhe bridged bispymoles. Specific detection of 2n2', 

the spectroscopically silent dl0 transition metal ion, in presence of other metal 

ions such as caz', M~Z',  N$, K' has been achieved. The emission of the 

bipyridine bridged bispyrroles at 537 nrn was significantly quenched by cu2', 
~ i ~ ' ,  H~'*, co2*, and Mn2' whereas the titration of 2n2' resuIted in a strong 

mange-red emission at 635 nrn (dE, = 97 nrn) through an isoernissive point at 

601 nm. The spectral changes enabled the visual detection af the metal ion. 

The Job plot revealed a 1 : 1  compIexation between the fluorophore and the 

metal ion. The Bwesi-Hildebrand plot gave n binding constant of 1.23 x 10' 

for ~n". Addition of 2n2' into the nonemissive bispyrrole-cu2* resulted in 

strong orange-red emission of bispyrrole-2n2* complex thereby unambiguously 

proving the selectivity ofthe molecules to the sensing aE 2n2'. Bispyrrole with 

a polyether side chain allowed the detection of 2n2+ under aqueous 

physiological conditions. 

In conclusion the present thesis deals with a systematic investigation on 

the synthesis and studies of a few bispyrroles with different divinylaryl bridges 

and their use in the design of MIR dyes, polysquaraines and 2n2' sensors. 
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Chapter 1 

Sqnaraine Based Near-IR Dyes, Low Band Cap 

Systems and Cation Sensors: An Overview 

1.1. Introduction 

Thc dctnand for new and nobcl tn.linolog~cal tnnovatrons is ncvcr criding. 

which cnsurcs thc design of advancud inatcrials with new or improved propcrllcs 

for optimmn devicc perfbnnanue. 'Thu chcmistr_l. of  htwtional organic dyes h a ~ r  

made significant contrihulions to t hc drvclopmcnt of elccrrc~n~c dcviccs o f  rhc 

modem limcs. particularly in thc arc;! of 111ioro11 based tcohnologics s11cl1 ns optical 

data stitorage. imaging and commi~nrcationli. " Sqrlaraincs arc. urlr of tiic uxtensivcl> 

studicd claw of organic dyes wPiicli are uvcd f i r  widc-ranging appli<atiun< ~ i ~ h  as 

imaging? : nonlinclar crptius.'-" photo~oltaics.'~'' bioloplcal lahcling'" 311d 

photodynamic thcrupy.' " " Squarainc dycs typically contain ail clcctron-dcticitn t 

ccntral four nicrnbcrcd riny and two clcctmn-donatins groups in a donor-acceptor- 

donor (D-A-D) fonn. Thc intcnse nbsorption and emission psoperlicq rrl'  

squaraines, which arc associated with tlic donor-accuplor-dunor typc uhargc- 

transl'cr inrcract~on. is suitablc Ibr applications rclatcd to photoaensiti/at~on 

phenomenon.' '"11~s. in thc past several decades. squaraine chcnlislry is at thc 

ccnlcr s t a g  of research both from hndamcntal and technological vhewpuints. 



Squaraines belong to the class of polymcthyne dyes with a resonance 

stabilized zwitterionic stsucturc. a classical example of which is shown in Scheme 

1 . 1 ,  The genesis of squaraine dyes can be traccd back to 1965 in a repori of Tricbs 

and Jacob, which pertains to the fmation o f  an insoluble product 6 (Sche~nc 1.2) 

when pymlc was mactcd with 3.4-dihydroxy-3-cyclobutene-Id-dionc (squaric 

acid)." Later, several reports on condensation of squaric acid with electron rich 

aromatic or hetemcycl ic compounds such as N, Ndialkyl ani lines, bcnzoth iamles, 

phenols. azulenes and pryrrolcs started appearing in the litcsature giving birth to a 

novel class of intensely colored and technologically important organic dyes.'"-" 

3 

Scheme 1.1 

Schmidt coined the widely accepted name "quaraines' for this class of 

zwittcrionic Access to the synthesis of u variety of electron rich aromatic 

and heterocyclic systems, which rcact with squaric acid paved the way for the 

design of a variety of syrnmctrical and unsymmetrical squaraines with tunable 

optical properties from visible b the near-ER region. In the solid-state. due to 

strong intcnnolecular interactions and aggregation, the absorption of thcse dyes 



becomes broad and red-shifted ( E  > lo5 L mol" cm") to the near-IR region. 

Squaraines in general have strong absorption in the visibIe region and are 

photostable. Most of these dyes emit in the visible to near-IR region. These 

properties of squaraines have generated considerable interests to the design of 

squamine based near-TR dyes that have potential application in photonic devices. 

4 5 6 

Scheme 1.2 

1.2. Squaralne Based K-Extended Near-IR Dyes 

Near-IR absorbing organic dyes are important in optical recording devices 

based on gallium-atstnide diode lasers (780-803 nm), Nd-YAG lasers (1064 nm) 

and in !he imaging of bioIogica1 specimens. A large number of squaraines are 

known, which absorb and emit in the visible to the near-IR region. Two ways to 

achieve neardR absorption in squaraines are the introduction of strong electron- 

donating groups or increasing the conjugation length, Attempts to design near-IR 

dyes by increasing the electron-donating ability of the amino donor group of the 

N,N-diary1 arnines are known in the literature (Chart 1 . 1 ) . ~ '  When the lone pair 

orbital of the amino donor group is forced into greater overlap with the rest of the 

chrornogen, as in the case of the dye 8a, the absorption maximum is shifted by 30 

m to the longer wavelength region (I,- = 670 mn) when compared ta the parent 



. - -- 

dye 7 (La, = 640 nm) in the same solvent. Introduction of a hydtoxyl group orlhu 

to the cyclobutane ring, as in Sb, causes an additional bathochomic shift of 4 m 

with an increase in the molar absorption coefficient. 

Chart 1.1 

In dye 9, there is enhanced overlap between the lone pair orbital on 

nitrogen and the x-electron system of the molecule, resulting in a further shift of 

the absorption to 700 nrn when compared to that of 8a. Dye 10 demonstrates 

c1earIy how increasing the number of eleccton-donating groups of the arylamine 

ring can cause a pronounced bathochromic shift of the absorption band. This dye 

absorbs at 708 nm in dichloromethane. This large shift when compared to 7 is due 

to the presence oftwo electrondonating groups at positions 2 and 5 relative to the 

electron acceptor ring. This is the first recorded aiylamino squarylium dye that 

absorbs beyond 700 nm. Theoretical calculations confim the high bathochromic 

character of the dyes and their exceptionally high absorption intensities. The 



calculation also predicts the strong bathochromic effect of the 2-acylamino-4- 

amino-5-methaxy electron donor system, as noted for the dye 10. 

One of the major contributions to the design of squaraine based near-IR 

dyes came from Meier el al, who have reported a variety of stilbenoid (11-17) 

squaraines (Chart I .2)."-26 These stilbene-squaraine conjugates exhibit intense and 

sharp absorption bands with maxima between 650-900 nm ( E  > 250000 L mol-' 

cm"). For the series 1 Ia-d, it turned out that the extension of conjugation leads 

first to a bathochromic shift. Further extension caused a hypsochromic shift.14 

Enhancement of donor strength by introducing two more dialkylarnjno groups as 

in 18 or two alkoxy chains as in 19 shifted the absorption maxima of the dyes 

above 900 nm and showed improved solubility {Chart I .3).17 Spin coated films of 

the dye 19 showed red-shifted absorption bands due to J-type aggregates. The 

squaraine dye 19 is reported to be potentially useful for h e  design of optical 

switches operating in the infrared region. 

The near-R dye 20 with amino thiazolyl groups showed improved 

solubility and long wavelength absorption maximum over 900 nrnV2' Near-IR 

absorbing squaraine dyes 21 and 22 (Chart 1.4) based on perimidine29 and 

pyrylium30 derivatives respectively, absorb in the range of 700-800 nm. These 

dyes have potential application as photoreceptors for diode lasers and are useful in 

laser optical recording, laser printing, photolabeIling, DNA sequencing etc. 



I + a-d 

Chart 1.2 

Pham and co-workers reported a non-fluorescent azulenyI squaraine dye 23 

that absorbs ammd 750-800 nm region?'32 This molecule i s  expected to be an 



efficient FRET quencher for a number of available near-IR fluorochromes for 

biological quenching assays. 

20 

Chart 1.3 

OC4Hp 
23 

Chart 1.4 



N a k a d  and coworkm have reported the synthesis of several 

unsymmetrical near-IR absorbing squaraine dyes by a stepwise procedure via the 

intermediate 26. Reaction of 26 with the electron-donating components 

benz[c,d]indoline or benz[b]pyran moieties gave the squaraine dyes 27 and 28 

which absorb around 739-821 nm region with large molar absorption coefficients 

(Iog~ = 4.96-5.18) in chloroform (Scheme 1.31.3~ Subsequently, they have reported 

the synthesis of a variety of bis-squaraine dyes with extensively conjugated x- 

eIectron Condensation of a series of bis-squaric acids with 

heterocyclic methyl quaternary salts in l-butanohenzene in the presence of a 

small amount of quinoline or triethylamine afforded the bis-squaraine dyes 2 9 3 2  

in 8-90 % yields (Scheme 1.4). The two squaryl moieties in these dyes are bridged 

by aromatic units, which produce significant perturbation of the absorption and 

emission spectra in comparison with analogous symmetrical mono-squaraine dyes. 

Varying the combination of the aromatic spacers and heterocyclic moieties led to 

the formation of squaraine dyes with extended conjugation. These dyes showed 

absorption and emission ranging h r n  visible ta the near-IR region and are 

potentially useful as red-emitting layers or dopands in electroluminescent devices. 



Scheme 1.3 

Scheme 1.4 



Chart 1.5 

The pyrrole derived x-extended squaraine dyes 33-36 (Chart IS) show 

interesting optical and redox properties.M Incarpmtion of two vinylbenzene 

moieties to tho simple N-alkylpyrrole based squaraine dye resulted in tlme 

formation of35 that show a red-shift in the absorption maximum from 547 nm to 

687 nm in toluene. The dye 36 exhibits a further red shift of 13-20 nm in toluene 

depending on the length of side chains. In the solid-state, they show broad 

absorption around 600- 1000 run range. 

Figure 1.1. Cyclic voltammograms of 33-36 in dichtmmethane using 0.1 M 
tetrabutylammoniura hexafluorophosophate as supporting electralyte; scan rate- 
250 mV/s. 





structural modification, arc of great significance to squaraines as building blacks 

to the design of oligorncrs and polymers with intrinsic semiconducting properties. 

1.3. Squaraine Based Low Band Cap Polymers 

Design of rr-coniugatcd polymers with low opticaI band gaps arc imponant 

due lo intrinsic semiconducting propenies.45 Oligo~ncrs and polymers based on 

organic dyu mo!ccules arc ideal candidates as low band gap intrinsic 

semiconductors. Use of  organic dyes with inherently low HOMO-LUMO cnergy 

gap as huilding blocks for conjugated polymers w~l l  [cad to strong absorption in 

the near-IR region which is a signature of the low optical band gap. Though a 

variety of near-1R absorbing organic dycs arc known. n-conjugated polyrncrs that 

absorbs in thc ncar-1R region arc rarely knclwr~.~~.~'  Squaraincs. due to thc 

favorable optical propcrtics and irnmcnse flexibility for synthetic manipulation. 

stand suitable for the design of polymers with low optical band gaps. This is  

supported by the theoretical calcuEations of Bmcks and Tol who predicted low 

band gaps in porysquarafnes.4x In this canlexr. the oprical properties of squaraines 

hevc prompted researchers to e~plore the possibility of using them as building 

blocks For the synthesis of conjugated oligorners and polyrncrs. Bifunctional 

heterwyclic aromatic compounds such as pyrrolc, carbazole and henzothiazoles 

arc suitable substrates, which on polycondensation with squaric acid form either 

oligomers or plyrncrs with squarainc dye backbones. Extension of conjugation in 

squaraines to the Ievcl of oligomen and polymers are expec\cd to improvc thc 



optical and the electronic conducting properties. As rllentianed earlier, thc first 

attempt to the synthesis of polysquaraines resulted in the formalion uf insoluble 

materials (6).15 Later Chen rl al, have reported thc formation of an insoluble 

polper 37 derived from ~lcalkylcarbazoles (Chart I .h).">1avingB and coworkers 

have made significant contributions to the synthesis and studles of several 

polysquaraines based on bcnzobisthiazoles and b c n ~ o b i s - ~ ~ r o l i n e s . ~ " ~ '  

Condensation of benzobisthiszoles and benzobis-pyrrolincs with squasic acid 

resulted in the formation of polysquaraines (38-40) with low optical band gap 

(Chart 1.6). The polysquaraine 38 showed an optical band gap of 1.2 eV. with 

conductivity in the range of t 0 - ~ - 1 0 ' ~  ~ c m - ' .  The watcr soluble polysquaraine 39 

and 40 showed low band gaps of 0.7 and 1.2 cV, respectively which equal the 

photoconductivity band gaps. The low band gap in these polyrners is due to the 

fact Ehal the conjugated main chain with alternation of strong elecrron- 

withdrawing and electron-donating moieties represents the one dimensional 

analogue of an n-i-p-i semiconductor super lattice structure in which the valence 

and the conduction bands arc curved by space charge effects. 

Condensation of squaric acid with aromatic primary diamines such as p- 

phenylenediamine is known to form polyamides of squaric N e w  and 

Green have carried out extensive studies on thc synthesis of polyamides of  sqvaryl 

esters and dianilines, w h ~ c h  are colnposed of both the 1,2- and 1,3-oriented 

cyclobutenone repeat units as in 42 (Chart 1 .7).5P-h' I lawever. these condensation 

reactions differ from the usual squarainr dye fomntiun and hcnce thc product do 



not Rave any properties of squaraine dyes. Certain non-conjugated squaraine 

polymers containing repeat units of squaraine and long alkyl chains are also 

known in the literat~re.~' The reaction of diethy1 squatate with a quinolidine bis- 

quaternary salt yielded polysquaraine (42) with a non-conjugated structure (Chart 

Chart 1.7 



-1e derivatives have been extensively used for the synthesis of 

plyquaraines for their use as intrinsic organic semiconductors and near-IR 

a b ~ r b e r s . ~ ~ - ~ ~  Lynch er al. have synthesized a series of polysquamines from 

olip(1-methylpyrroles] to investigate their electrical conduction properties.6"g8 In 

this series, only the tetramerderived polysquaraine showed electric conduction (2 

x lo-' SCW'), whereas the dimer and trirner derived polysquaraines are insulators 

with a dielectric breakdown of 3.0-0.05 cm". 

Reaction of N-alkyl or 3-alkyl substituted pyrroles with squaric acid results 

In polysquaraines 43-46 (Chart 1.8), structures and properties of which vary 

depending upon reaction conditians. The water soluble copolymer 47 prepared by 

the reaction of squaric acid with a mixture of pynole and pyrrole-N- 

propanesulphonate showed conductivities in the range of 10" ~ c m "  depending 

upon the copolymer composition. 

Chart 1.8 



Although, pyrrole based polysquaraines were expected to have near-IR 

absorption and low optical band gaps, their absorption maxima were not much 

different from the corresponding monomeric dye units. For example, the squaraine 

dye 48 has an absorption maximum of 547 nm whereas the corresponding 

polysquaraine 43 has an absorption maximum of 580 nm. This observation 

revealed that a mere extension of conjugation in these systems is not sufficient to 

lower the band gaps. This is rationalized by rearranging the structure of the 

polysquaraine 43 as a copolymer of the donor-acceptor-donor (D-A-D) type 

squaraine dye repeating unit, as shown in 49, which is bridged through an electron 

deficient cyclobutene unit (A) (Figure 1.3). 

-; D-A-D s- 
Figure 13. A pyrrole based polysquaraine represented as a copolymer of D-A-D 
squaraine dye and an electron deficient cycIobutane diolate dianion unit. 



The presence of an electron deficient cyclobutene acceptor unit after every 

squmine moiety may facilitate in reducing the D-A-D interactions of the 

tquaraine unit, which in turn influence upon the optical ptoperlies, From this 

viewpoint, it is reasonable to argue that introduction of nn electron rich bridging 

p u p  may significantly improve the optical and electronic properties of the 

resuIting polymers as depicted in Figure 1.4. 

rkmrronrich 
nromot ic ullll 

D -A4  

\ 
organic dyc 

Figure 1.4. Design strategy for a D-A-D dye based low band gap polymer. 

A direct approach to the implementation of the above strategy starting from 

squaraina dye is not viable due ro the difficulties associated with the direct 

functionalization af squaraine dyes. A rational approach to the problem is the use 

of a bifunctional monomer (M) with two reaction sites for squarjc acid which are 

connected to an electron rich conjugated bridging unit D as shawn in Figure 1.5. 

Reaction of such a monomer with squaric acid can lead to a polysquaraine through 

the in sittr generation of squaraine dye units (SQ) at definite positions of the 

polymer backbone, This is successfulIy illustrated using a variety of bispytrolcs, 

bridged with electron rich dialkoxydivinylhenezene moiety as the building block. 

Polycondensation of bispyrroles of the general structure 51 with squaric acid 



resulted in the' formation of a series of corresponding polysquaraines 52 (Scheme 

1.5) with strong near-IR absorption, which indicate low optical band gap in these 

p~1yme~.69-71 

- - - - *  
C -. - - - -  

- * _  
* I  - - - 

% '  
- 

M --- SQ * \  

1 

- - - - - - - _ - -  
50 

Figure 1.5. Structure of a polysquaraine with Pow optical band gap. 

"x" - R OR' /r 

52 
Scheme 1.5 

The absorption spectra o f  polysquaraines are strongIy influenced by the 

length of the aliphatic side chains of the polymer backbone. Polysquaraines with 

short side chains (methy11 on the pyrsole nitrogen atom showed a broad electronic 

absorption spectra with different absorption maxima and those with long side 

chains (dodecyl) showed relatively narrow spectra. The strong donor-acceptor 

interaction in these polymers may facilitate the resonance-stabilized quinoid 

stmctures,"." which may be responsible for the observed long wavelength optical 

absorption (Scheme 1.6). 
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Scheme 1.6 

The relative intensities of the different absorption maxima vary with the 

difference in side chains. The solution and solid-state band gaps of poIymess, 

which are calculated from the onset of the absorption bands, are in the range of 

0.7-1,1 eV. The intrinsic conductivities measured by two-probe method were in 

the order of lo4- 1 om7 ~crn". The salient observation of the study is that, though the 

band gaps of the polysquaraines are very close to each other, the intrinsic 

conductivities showed considerable variation. This is explained based on the 

length of the side chains, which has considerable influence on the solid-state 

molecular packing of the polymer chains which revealed that among 

polysquaraines of comparable band gaps, conductivity can be tuned by the proper 

tailoring of the side chains. This is established by the powder X-ray diffraction 

data that showed interdigitated packing, the spacing of which varied with the 

length of the side chains. 



Apart from the applicatians of polysquaraines as near-IR absorbers and 

organic semiconductars, Lynch and coworkers have recently reported the use of 

poly(1-methylpyrrolyl squaraine) for the preparation of sub-micrometer silica 

sheIls. The silica shells produced art able to encapsulate organic dyes upon 

soaking of the shells in chloroform solution of the dyes.7J 

f .4. Squaraine Based lon Probes (Chemosensors) 

Selective sensing of metal ions is a topic of considerable interest due ta 

their importance in different fields such as chemistry, biology, medicine and 

environmental studies. A chemosensor is a molecular system for which the 

physicochernical properties change u p n  interaction with a chemical species in 

such a way as to produce a detectable signal. The usual design of a chemosensor 

consists of  an ionophore unit integrated lo a reporter unit. The sensor must 

produce a perceptible signal upon the selective binding of the analyte, The binding 

of an analyte can be realized by using hosts such as cyclodextrins,75 crown 

ethers,76n" a a ~ a - m a c ~ o c ~ c l e ~ , ~ ~ - ~ ~  chelates?' calixarenes.~2*8~yclophanes84'P~etc. In 

order to report on the analyte interactions, such groups are further functionalized 

with groups that are perturbed by the analyte binding. This perturbation is 

recorded by a change in the reduction potential, or a modification of the optical 

properties such as absorption or emission of the reporter. Even though all these 

techniques can provide information on analyte binding, techniques based on 



absorption and emission properties of chmmophoresJfluomphores are preferred 

nag 

Organic dyes are extensively used as the signaling units in chemosensor 

design due to their intense absorption and emission properties, which are sensitive 

to external inputs." Squaraine dyes are ideally suiied for this purpose due to their 

favorable optical properties associated with thc peculiar zwitterionic structure, 

which gets perturbed with (he polarity, temperature and other additives. Binding of 

substrates to an ionophore which is integrated to a squaraine dye can signal the 

binding event in the form of a measurable change in the absorption or cmission 

properties, A variety of squaraine based sensors are known in the literature, the 

selectivity and sensitivity of which are relatively low when compared to several of 

the ather class of chemosensors. 

The azacmwn containing squaraine fluoroionophores 53 shows 

considerable changes in fluorescence quantum yield and redox properties.qo The 

cationic squaraine dye 54 is capable of detecting trace amounts of tmnsition 

elements and lanthanide ions in aqueous solution (Chart 1.9)?' 

0 P3 
Q 

53 n = l . 2 . 3  

Chart 1.9 



Chapter i 22 

M a y a  and coworkers have reported a series of metal ion sensors based on 

squaraine fluorophores. The azacrown appended squaraine dyes 55 and 56 are 

sensitive to alkali and alkaline earth metals (Chart 1 . 1 0 ) . ~ ~ . ' ~  Dye 56 is selective to 

Na*. The 1,2-bis(2'-aminophenoxy) ethanetetraacetic acid based squaraine dye 

(57) is specific to ca2' ionsnq4 The 2,3,3-trimethyl3H-indole derived squaraine dye 

(58) showed three levels of signals based on the concentration of 2n2' ionsngS la 

addition, a few other reports on the use of squaraine dyes for the detection of 

various metal ions are also known in the li~erature.~"~~ 

56 -N 
\ 

( N l  
J 

Chart 1.10 



59; rn *i 
60; m =2 

( 
OCH3 61 OCH3 

Chart 1.11 

Swager's concept of molecular wire-based signal has been 

reported to have strong effect on the analyte sensitivity of polysquaraines. IWlOl 

This is illustrated using the polysquaraines 59 and 60 and a model dye 61 

containing flexible oxyethylene chains {Chart I .  1 1 ). The polysquaraine 59 showed 

enhanced sensitivity and selectivity to Li' over ~ a '  and K'. Although there is no 

change in the absorption maximum of the poIymer, considerable enhancement in 

the fluorescence emission is obsened up on ~ i '  binding which could be due to the 

restricted rotation of the polymer backbone (Figure 1.6). However, the model 

squaraine dye 61 showed a weak response to ~ i '  revealing the crucial role of the 

polysquaraine backbone in the signal amplification. 

k ~ 3  H~c'. 

Figure 1.6. Schematic representation ~ i +  binding of the polysquaraine 59. 
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Signal transduction in chernosensors are usua tly achieved by the change in 

the absatption or emission properties associated with electron transfer, energy 

transfer or charge-transfer interactions or by conformational restrictions. 

Unfortunately, the analyle induced changes in the absorption and emission 

properties associated with the above phenomena are weak in the case of squaraine 

based sensors. Therefore, alternate approach toward selective and sensitive 

signaling in squaraine based sensors has significance. Squarnines are known to 

form 'H' (blue shift) and 'J' (red-shift) aggregates in certain solvents. In majority 

of the cases, they favor the blue shifted H-aggregates with strong qucnching of the 

emission. These changes in the absorption and emission are duc to exciton 

interaction in squaraine aggregates, which can be a potential signaling pathway for 

a specific cation binding event. This could bc achieved by a cation-induced 

folding of the dye-linked podands to form complexes similar to the H-aggregates. 

Exciton interaction in the bound complex produces measurable changes in the 

optical properties as shown in Figure 1.7. 

Figure 1.7, Schematic representation of a squaraine based chemosensor based en 
cation driven exciton interac~ion. 

The above concept has been successfully illustrated with the help of a 

number of squaraine tethered bichromophoric podands of the general structure 62 



and analogous n~onochraninphores nf the gcneral stnluturc 63 by chan~ing thc 

alkyl groups and !he lcngrh of rhc oxycthylcnc spaccr. (Chart 1.11).'""~"-' Thc 

bichromophores b2a-e exhibit strong pcrturhation in thc absorption and emission 

spectra with high selectivity toward alkaline earlh mctal cations. particularly to 

~ g "  and Cia". whcrcas no opiical ruvponsc was no~iccd against alkal~ ~nclal ions. 

Chart 1.12 

Howcvcr. the bicn)mophnrc 62c with fivu oxygen atoms in thu pnda~id 

chain is scicctivc to ~ a "  and thc billding is visible to naked cycs duc to thc color 

change from Iight blue to duop purple hluc (Figure I .X).  Addition of EDTA which 

is a strong mmplexing agent ror ['a' reinstalled thc originak ahsorption speclnlln 

of the dye indicating thc deco~nplexation o f  the cation. On the other hand. thc 

rnonochromophorcs 63a-c prefercntizrlly form complexes having Hcad-Tail-Tail- 

Head arrangements. Thcy havc similar prnpcrties lo illat of' the CI-aggrc_eatcs of 

squaraines where thc exci ton interaction bctwcen thr chromophorc rcsults in thc 



blue shiA of the absorption bands. Thus, using squaraincs i t  could be possible to 

control and express the binding of specific cations, invoking exciton interaction as 

thc mode of sigmaling, which is different from other known signaling mechanisnis 

resulting in a novel class of cation scnsors. 

Figure 1.R. Visible color change of the bicromophorc 62e (n = 5 )  in  acetonitrilc 
upon addition of ca2'. ( 1 ) in the absencc of mctal salts. (2) M ~ ' ~  (3) Na'. (4) K '  
and ( 5 )  ~ a " .  

Block and coworkers have recently used this concept for ion responsive 

poIymers 64 and 65 (Chartl. 13) wherein the binding cvent is translafed to a s h i n  

in rhc unitncr to dirner equilibrium that can bc visualized by UY-vis and 

Chart I . I3  

Recently, Ros-Lis et ul. havc reported the use of squaraines for the 

detection of anions which is illustrated with the help of thc simple squaraine 66 for 

CN- ions.'"' Subsequcntty, squaraines are shown to bc useful as Ilusro- 



chrumogenic probes for thioi-containing compounds which has significance to the 

detectian of biorelevant thiols, (Scheme 1.7),'06 Addirian O F H ~ "  to 67 regenerate 

the dye, thereby allowing the detection of Elg''. In this way thc dye 66 becomes a 

reusable moleculnr probe for the detection of H~''.'" A recent application of 

quamines pertains to the development of an ionically controlled nanoscopic 

mo1ecuIar gate.'D"~us, squaraines are reaching new heights with respect to the 

design of advanced materials with intriguing properties. IW,! I U  

Scheme 1.7. Proposed reaction between squaraine derivatives and thiol-containing 
compounds. 

1.5. Objectives of the Present Investigation 

Inspired by the recent progress in the design and study of squaraine dyes, 

we have planned to explore the possibility of 1,4-di vinyl(ary1)bridged bispyrro les 

to the synthesis of nextended squaraines. With this objective, a number of 

bispyrroles with different aromatic bridging moieties and their use as building 

blocks to the design of near-IR poIymers were envisaged. Studies were planned to 

investigate their aggregation behavior in solution and in solid-state. The role of 

alkyl side chains on the optical properties and on the aggregation behavior of these 

polymers was studied. In order to have a bet~er undcrstanding, a variety of model 



dyes were synthesized and their aggregation properties were investigated. Another 

objective of the present investigation was to develop rnvlecular probes based on 

bispyrroles. By incorporaring a metal ion receplor in the hispyrrole structure. 

design of a v~sual sensor for the biologically relevant ~n'+ was planned. The 

present thesis is a systematic investigation on the synthesis and use of a varlely of 

divinyl(ary1)bridged bispyrroles and their use to the design of rr-extended 

squaraine dyes and cation probes. 
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Chapter 2 

Low Band Gap Squaraine Dyes and Polysquaraines: 

Role of Aromatic Bridging Units in Optical and 

Conducting Properties 

2.1. Abstract 

Tilt. op f ilwl yropr*r.tic.v orrd cderfrrv~ir r.orfilr rc.firifitr n/ d~~ror-iri-~.ty~trll' /ype 

x-co~jtrgared po(~pr~~cr:r. iic.yenrl rrprln tire r l o n o r - l x , c ~ e ~ ~ ~ ( ~ ~ -  v/rrt~grl; i~rlrl irrt~#r.r-hni~~ 

inter.cltnfion.r. In ~J-JLJI' fo .\clidlv rl~r r[Jc*r/ I)! JiJfi~r~wt C I I . O ~ ~ Z L I I ~ C  hrickit~g I I I ~ ~ I \  i t ?  

Jitnctiond &cg ~ ( I . T P ~  sjn.Tte-m~v. rl jiwn n-~=.rte~rdcd ~q I I ~ ~ I - ~ I ~ ~ I L -  ~ I > L # S  3 0 4  tl~tti  / / I < /  

mrrespondir7g po/~~r.qtroruinc.~ 2a-e vhc>lr .~~rr?h(>.~ize:ll ~ ~ n d  rh611 v~ ~~rr :e i / .  711~~1. 

were P P ' P ~ L I T P L I  ,from rl aeries rl! hr.il?-t.oIe morrrrrnrr+s fa+ /1rrr.ir7g di//u/.c.trt 

uromnttr. hridgirrg rrr l i~s slrch r1.r d i n 1 1 1 1 1 .  i l i ~ - i ~ ~ - l h i ~ ~ h i ~ ~ l d .  

diaik(~.~divin~~lhcnzet~p,  dir,in~~lim?hrac.p,re ntld d~rrlkr~s~~di~~ir~~~Inu~~h/I~ulrn~~ g~.rr{ri>r 

by the rcwction rr$h ~rjrrrrr'ic. rtcid, l ~ r t u ~ l ~ ~ i i  rrl~.~orp~Eor~, c.otrdttc.ti~.i/j. rrtrtl 

agcyqcttion pr-t~ppr~ie,~ r!/' tlte.~c~ n-er/r~nd~~I sqrrcrmine  re,^ lrtld the cot~espc~ndilrg 

p o ~ $ q t ~ a t - ~ ~ i n ~ 7 . ~  ,rnr'i. descrih~d. TAP uhsr~rption mu.rimrr qrthe po!vsqlru~zri?rrs rrnd 

the ~rnalo~ctta s q (mruine &P.Y UI'E si~nificunr ft. irr~lrrc~r~ceJ h~b rhc ommutir) 

bridgit~g m&tic.s. TIw In+t-v.~.a nh.wrption n7crrirnt1 ore ob.v~r~-rdji)r sqr~~rrcrine 4 : ~ s  

and yo(~syrrur.crinr~ ~ ' i f h  divinylunthr~ct~nc us thr hridgir~g 1111if  whereas Irig/rt.s? 

ahsoplion mmimru i r w  noftr'ed . f i ~ r -  r h i l s ~  ~pirh dia!k~).~~~divit?r/!rcn:en~ hri&irzg 

moiefies. The po!l:vy~rirrrrinc.r t u 4  sJ~nwc.d 9rcirrd oh.~orp~irm irl thr rungr. r?/ 600- 



1200 urn with hand gap rangin~.from O. 82- 1.30 e V ~ d r l r  inrrinsir condrrrriviries in 

the range 4 2 . 2  x IP' lo 1.74 x ID' ~crn". 7hP 1on.e~ band gap and rhe mnrirn~rm 

ronhc~ivip arc obtained for the p(l:rgrraruint# 2c w-irli cr dialko~di~~Inv/hen:ene 

hrid~ing moie[r: 

2.2. Introduction 

R-Conjugated oligomers and polyrncrs are cxtcnsivcly used in a widc mngc 

of clectro-optical and electronic devices.' One of  the critetion which detcrmincs 

the use o f  these polymers for various electronic applications is the hand gap 

cncrgy. The vast literature available on the band gap tuning of K-conjugated 

polymers illustrates the imponance of the topic."" For optical apprications in the 

visible range as in light-emitting diodes, a wide band gap is suitable,"' whereas for 

a number of applications such as logic elements-trnnsisto~? diodes.' or in a 

heavily doped state (conductorsE. there are no u priori restrictions on thc band gap. 

A polymer with a small band gap is  bound to have much fcwer doping and 

contacting problems. 

The electronic and optical propcrtics of conjugated polymers result from a 

limited number of states around the highcst occupied and the luwcst unmcupicd 

Icvcls. According to rhc band theory. the highest occupied band, which originates 

from thc HOMO of tach rnonamcr unit. is tefcrrcd to as thc valance band and the 

corresponding lowest unoccupied band originating from thc LUMO as the 

conduction band. Thc band gap (Eg) of the polymer depends on the separation AE 



between the HOMO and LUMO energy levels of the monomers and the band 

width W(p}, which is a function of hybridizat~on ((1) of the lnonomer levels in [he 

polymer. Schematic representation o f  band formation in a polylner is given in 

Figure 2.1. The optical absorption of polymers b usually slrongly peaked around 

the band gap in a way which reflects thc density of states typical of onc- 

dimensional systems.' Polymers with band gaps in the rangc 2.0-3.5 cV, therefore, 

absorb strongly in the visible range. A much smallcr band gap shifts rhe absorption 

peak to the infrared. The absorption in the visible rcgion can then he rela!ively 

small, especially if the polymer is doped. This opens Ihe possibility for the use ol' 

semiconducting polymers. after doping. as transparent conducrors. 

Figurc 2.1. Schematic representation of band formation in a polymer. On the lefi- 
hand side the HOMO and LUMO energy levels of the monomer are sketched; on 
the right-hand side the energy bands of the polymer are shown. The numbers 
shown are for poly thiophene (arlaptedfrom reference 9). 

Although various routes are being used to control the band gap in 

conjugated polymers, a fcasible strategy is the use of A-8 type systems where thc 

'A' unit has strong electron-donating and the 'B' unit has strong electron- 

withdrawing moieties. The principle behind these donor-acceptor polymers is that 

a regular alternation of conjugated donor and acceptor moieties will stabilize the 



quinonoid-like forms within the polymer backbone, thus inducing a reduction in 

its band gap energy. 

Molecular arbital calculations have shown that the hybridization of the 

energy levels of the donor and the acceptor moieties result in D-A systems with 

unusualiy low HOMO-LUMO separation? If the HOMO levels of the donor and 

the LUMO IeveIs of the acceptor moiety are close in energy, the resulting band 

structure wiII show a low energy gap as depicted in Figure 2.2, 

D P-A A 

Figurc 2.2. Molecular orbital interaction in donor (D) and acceptor (A) moieties 
leading to a D-A monomer with an unusually low HOMO-LUMO energy 
separalion (adapted from reference 3). 

During the progress of polymerization, the HOMO and LIMO levels of the 

repealing unit disperse into the valance and conduction bands. At each stag  of 

manomer addition, the magnitudes of the LUMO (WL) and the HOMO ( WIE) 

bands increase, which strongly depend upon the degree of overlap between the  

aromatic orbitals in the coupling position of the monomer units. Thus, WL and WH 

get maximum values at an unobstructed overlap and in such a condition the 

molecule exists in its lowest band gap level. However, deviatjons from this ideal 

situation may occur when the steric hindrance forces the consecutjve aryl units out 



of plane or when the size of the atomic orbitals (AOs) at the coupling position is 

d i s h e d .  

Further reduction in band gap is possible by enhancing the strength of the 

donor and the acceptor moieties via strong orbital interactions. In donor-acceptor 

systems, the introduction of electron-withdrawing groups reduces E, by lowering 

the LUMO levels whereas, the introduction of electron-donating groups reduces 

Eg by raising the HOMO levels. Therefore, design of extremely low E, polymers 

q u i r e s  strong donors and acceptors. Commonly employed electron-donating 

moieties are thiophene and pyrrole with various substitution patterns, which often 

represent the best choice since these are electron rich subunits that allow numerous 

chemical transformations. The most widely used eiectron-withdrawing groups are 

cyano and nitro groups. 

Donor-acceptor type organic dye molecules in general have inherently low 

HOMO-LUMO energy gap. Extension of the conjugation length and strengthening 

of the donor-acceptor interaction in such dyes can generate polymers with low 

band gap energy and intrinsic conductivity. Squaraine dyes are the best among the 

different class of dyes for this purpose. They are the condensation products of 3,4- 

dihydraxy-3-cyclobutene- 1,2-dione (squaric acid) with electron rich aromatic and 

heterocyclic molecules such as benzothlazoles, N,N-dialkylanilines, phenols, 

azulenes and pyrrales.10 They are highly colored zwitterionic dyes, which possess 

intense absorption in the visible to the near infrared region. A representative 

example is shown in Scheme 2.1. 



Scheme 2. t 

Subsequent to the report of squaraine dyes in 1965, squaraine polymers 

have attracted much attention due to their unique and novel properties applicable 

to a broad area of optical and electronic technologies." The first report on a 

squnraine based polymer pertains to the formation of an insoluble material upon 

reaction of pym>Ie with squaric acid.'* Electron rich heterocyclic compounds such 

as N-a~kylcarbazole~~ and benzob~sthiazoles'~~'~ also facilitate the formation of 

squaraine polymers (Chart 2. I ) ,  

Chart 2.1 

Squaric acid condenses with N-alkyl substituted pyrroles when both 2 and 5 

positions are free to react, thereby forming partially soluble dark blue polymeric 

pmducts,''23 Except for a few cases, these polymers did not show he  expected 

low band gaps. This observation was in contrast to the theoretica1 prediction that 

extension of conjugation in quamine dyes can lead to the formation of low band 

gap polymers. This could be due to the fact that in polysqauraines, the low band 



gaps originated from a narrow HOMO-LUMO energy separation, typical of D-A 

fragments. On chain extension through polymerization of each D-A fragment, the 

hybridization not only raises the energy of the HOMO but also the LUMO level by 

a similar amount. Therefore, in polysquaraines, both HOMO and LUMO levels are 

shifted up equally and hence no considerable reduction in band gap is observed. Ff 

only the HOMO levels is allowed to participate in hybridization and the LUMO 

levels are frozen at the originally low value, n low band gap polymer can be 

realized. 

It has been reported that incorpotation of an electron rich dialkoxybcnzene 

moiety 'B' between a squarajne dye unit 'Ahignificantly shifts the absorption of 

the resulting polymers towards near-IR region (Chart 2.2).24a25 These polymers 

exhibit a broad window of absorption between 600-1300 nm. In view of this 

observation, it is important to study the effect of different aromatic bridging units 

on the optical and electronic properties of the resultant polysquaraines. 

. . - - - . . - - . . - . . 0- 
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' A  
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Chart 2.2 

En this chapter a detailed study on the structure-property relationship existing 

in polysquaraines with different aromatic bridging unit is described. A series of 

polysquaraines were prepared by the polycondensation of bispyrrole monomers 
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containing divinylbenzene, divinylbiphenyl, dimefhoxydivinylbenzene, 

divinylanthracene and dia2koaydivinylnaphthalene bridging units with squaraic 

acid. Since the solubility of the polysquamines is poor in organic solvents. a few 

monomeric dyes with better solubility were prepared which are used as the model 

units of the paIysquaraines. 

2.3. Results and Discussion 

2.3.1. Synthesis and Characterization of Bispyrroles la-e 

Synthesis of N-dodecylpyrole-2-carboxaldehyde (I 1) was accomplished by 

the synthetic mute shown in Scheme 2.2. The N-dodecylpyrrole 110) on Vilsmeier 

reaction using phosphorus oxychloride and dry N&-dimethyl fomamjde gave the 

Modecyl pyrrole-2arboxaldehyde ( I  1) in good y jelds. 

F 1 2 ~ 2 5  F 1 2 ~ 2 5  

6 G2H258r, PBuO'K* PoCl3 

THF, rl DMF, 3, .* eCH0 
9 10 14 

Synthesis of the bispyrrole 1 a was started with the brornination of p-xylene 

(12) using N-bromosuccinirnide to convert them to the mmponding 

bisbromomethyl derivative 13. The bisphosphonate ester 14 was prepared by 

Michaelis-Arbuzov reaction of 13 with triethyl phosphite. The Wittig-Homer- 

Emaons olefination reaction of the bisphosphonate ester 14 with N+ 

dodecylpyrrole-2-carboxaIdehyde provided the bispyrrole la  in 55% yield 

(Scheme ~ . 3 ) . ' ~  



NBS, AIBN 

CCld, rafiux Br reflux, 20 h 

NaH, THF 

Scheme 2.3 

Bispymle 1b was prepared by following a similar synthetic route starting 

from 4,4'-dimethyl bipheny 1 (1 5) (Scheme 2.4). 

NBS, AIBN P(OEt)3 

18 h Br 
15 

-Ir refIw.10h 

I 6  

Scheme 2.4 

For the preparation of the bispynole lc, 1,Cdimethoxybenzene (18) was 

converted to the corresponding bisbromomethyl derivative by sonicating with 

paraformaldehyde and HBr in acetic acid for 3 h. The reaction of  bisbromomethyl 

derivative (19) with triethyl phosphite resulted in the formation of the 

corresponding bisphosphonate ester (20) which was then coupled with 

N-dodecylpyrrole-2-carboxaldehyde to give the bispyrrole fc  in 70% yield. 

(Scheme 2.5). 



pamformaldahyde P(OEt)3 

HBr in acetic acid 
sonlcation, 3 t~ 

- 
- G G x h  

T8 H3CO 19 

Scheme 2.5 

The bischlommethyl derivative of anthracene (21) upon conversion to the 

corresponding bisphosphonate ester 22 by Michaelis-Arbumv reaction in 30% 

yield, fo!Iowed by Wi ttig-Homer-Emmons olefination reaction with 

N-dodcylpyrroEe-2-carboxaldehyde provided the bispyrrole l d  in 68% yield 

(Scheme 2.6). 

Scheme 2.6 

Synthesis of the bispyrrole le is shown in Scheme 2.7. Alkylation of the 

1,s-dihydroxynaphthalene (23) with dodecylbrornide in DM F gave the 1,5- 

didodecyloxy naphthalene derivative 24 in 65% yield. The bisbromomethyl 



. - - - 

derivative 25 was prepared in 65% yield using a similar procedure used for the 

preparation of the bisbromomethyl derivative of 1,4-dimethoxybenzene 18. 

o c 1 2 b  

OM$, reflux, 12h HBr in =tic acid 
aonication. 3 h 

OH OC12H25 

23 24 25 

cheme 2.7 

All the new compounds under study were characterized by IT-IR, 'H 

NMR, '-'c NMR and HRMS analyses. The all-trans configuration of the 

monomers were confirmed from the coupling constants (.I = 1 6- 1 7 HZ) obtained 

fiom their 'H NMR spectra. 

23.2. Photophyskit Properties of the Bispyrroles la-e 

The absorption and emission spectra of la-c were recorded in toluene, 

dichloromethane and acetonitrile. These compounds showed absorption in the 

range 370-450 nm and intense emission around 470-445 nm. The absorption 

spectra are broad without noticeable difference in spectral shape from each other. 

The absorption and emission spectra of the bispyrroles la-e in dichloromethane 

are shown in Figure 2.3 and Figure 2.4, respectively. Bjspyrrole l c  with 



dialkoxybenzene moiety and Id with antbcene group shewed slight red-shifi in 

the absorption maximum when compared to the other bispyrrole derivatives. 

Wavelength, nrn 

Figure 2.3. Normalized absorption spectra of the bispyrroles la+ in 
dicholomethane. 

400 450 500 550 600 650 700 

Wavelength, nm 

Figure 2.4. Emission spectra of the bispytroles la-c and le in 
dicholomethane. 

The absorption maxima of la-e showed minor shifi with polarity of the 

solvent and with nature of the aromatic bridging units whereas the emission 
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spectra exhibited considerably more shift. As a representative case, the absorption 

and emission spectra of tb are shown in Figure 2.5. In toluene, lb exhibited a 

structured emission with a maximum at 440 nm and shoulders at 468 and 505 nm. 

On the other hand, in dichlorornethane. a broad emission with a maximum at 475 

nm is obtained whereas in acetonitrile the emission became broad and red-shifted 

with maximum at 486 nm. Bispyrrole Id showed weak fluorescence when 

compared to that of the other bispyrroles. The relatively broad and red-shifled 

emission in acetonitrile indicates considerable charge transfer interaction at the 

excited state. The fluorescence quantum yields (Of) of these monomers in toluene 

were determined using quinine sulfate as the standard. The rf>fvalues in toluene are 

found to be higher than that in dichloromethane and in acetonitrile. The optical 

and photophysical properties of the bispyrroles la-e in toluene are summarized in 

Table 2.1. 

w.Mw tm) w.Wlmam 

Figurc 2.5. (a) Absorption and (b) ernissiw spectra of the bispyrrole Ib in various 
solvents. 



Table 2.1. Optical properties of the bispymles la-c in toluene. 

Bispyrrole Xmax (nrn)' h, (nrnlb @; TI (ns)d 

1 a 398 443,47 I 0.32 1.06 

lb  387 440,468 0.63 I .03 

1 c 412 47 1 0.52 1.24 

Id 433 563 Weak fluorescence 

le 374 487 0.54 2.62 

(a) Abswpion maxima, (b) Emission maxima (c) Fhorexcence qilanrlrm 
yield derermined using quinine sulfa@ as sfandad, {d) Excird state 
I$efim. 

233. Synthesis and Characterizattfan of Poiysquaraines (2a-e) and 

n-Extended Squamine Dyes (3a-d) 

Polycondensation of the bispyrroles la-e with squaric acid in I:] 

stiochiometry in a solvent mixture of n-butanol-benzene ( 1 3 )  under azeotropic 

refluxing condition resulted in the formation of intensely colored products 2a4 

(Scheme 2.8). After 16 h, the solvents were partly removed under vacuum and the 

products were precipitated by adding petroleum ether. The products were Whet  

washed several times with n-butanol and methanol to remove the unreacted 

squaric acid followed by washing with toluene. The precipitated products were 

further purified by repeated precipitation and washing using hexane. The 

polysquaraines with divinylbenzene and divinylbiphenyl bridging units showed 

poor solubility in organic solvents whereas polysquaraines with 

dialkoxydivinyibenzene moiety exhibited relatively better solubility in solvents 

such as chlomform and dicMoromelhane. 



Scheme 2.8 

Since the solubility of the polysquaraines were very low in organic 

solvents, it was diff~cult to record the Nh.IR spectra to have a complete 

characterization. Therefore, for a better understanding of the structure of the 

plysquaraine a few analogous squaraine dyes 3a-c were prepared by the 

condensation of the bispymoles la-e with squaric acid in the ratio 2:1 in n- 

butanolhenzene mixture (I:3) (Scheme 2.9). The progress of the reaction was 

monitored by recording the absorption spectrum of the reaction mixture at 

intervaIs. The reaction was stopped when absorption corresponding to the 

polymers started appearing (Figure 2.6). The reaction mixture was filtered and the 

solvents were partly rernoved under vacuum and the products were precipitated by 

adding methanol. The dyes 3a, 3c and 3d were purified by dissolving them in 

chlorofom and reprecipitation by adding petroleum ether. After repeated 

washings with petroleum ether. and column chromatopraphy over silica gel using 

50% petroleum ether-ethyl acetate mixture, the dye was obtained in 20-40% yields 



in the fom of deep green powder with metallic luster. These dyes were relatively 

more solubIe in solvents, when compared to the corresponding polysquaraines, 

These dyes were soluble in solvents such as chloroform, dichloromethane 

and tetrahydrofuran. They were characterized by FT-LU, 'H NMR, "C NMR, 

HRMS and elemental analyses. However, the dye 313 with the biphenyl moiety 

was least soluble in organic solvents and hence could not be characterized by 

NMR technique. All the polymers showed a strong peak between 162 1-1 600 a-' 

region which corresponds to the C-0 stretching frequency of the 

cyclobutenediylium- 1,3-diolate moiety. This peak is characteristic of a resonance 

stabilized 1,3-cyclobutanediolate dianion moiety of the squaraine chrolnophore. 

Resonance signals of the aromatic protons were broad and weak, However, the 

characteristic peaks of -NCHI protons and -OCH2 protons could be seen in the ' H 

NMR spectra of the soluble polysquaraines. The methyl protons of the side chain 



atkyl groups appeared around 6 0.84 ppm. All the other protons of the awl chains 

were observed as broad multiplet at a region of 6 1.22 - 1.86 ppm. 'H  NMR 

spectrum of the dyes showed strong frans coupling far the vinylic linkages, which 

was in agreement with the structure assigned to the dyes. The resonance 

stabilization in the dyes was indicated by strong peaks corresponding to %-CHI 

and N-CHI protons around 6 4.5 and 3.9 ppm, respectively, Protons of the dodecyl 

chains appeared as broad rnultiplets in the region of 5 1.82-1.25 ppm. Methyl 

protons of the alkyl side chains were observed as multiplet at S 1 .O-0.88 ppm. 1 3 ~  

NMR spectrum and elemental analysis of the dyes were in agreement with their 
- - structures. Elemental analyses of the polysquaraines were in agreement with their 
9 
k stmctms, which revealed the presence of a molecule o f  water for every repeating 

J; 
unit of the polymers. 

\ 
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Thermogmvimetric analysis (TGA) of the polysquaraines 2s-e showed an 

initial weight loss around 150-250 "C due to the absorbed water molecules 

followed by major weight loss around 300 and 500 "C, which are due to the 

degradation of the side chains and the backbone (Figure 2.7). 

Temp P 0 

Figure 2.7. Tbemogravilnetric analysis [TGA) of the polymers 2a-e 

2.3.4. Electronic Absorption Spcctra o f  Polysquaraiaes Za-e 

The electronic absorption spectra of the polysquaraines 2a-e in chloroform 

are shown in Figure 2.8. With change in the aromatic bridging unit, the absorption 

spectra of Za-e showed considerable variations. The polysquaraine 2c with 

dimethoxydivinylbenzene bridging moiety showed a broad absorption spectrum 

with a maximum at around 868 nm and a shoulder band at 980 nm. On the other 

hand, the palysquataine 2a with a simple divinylbenzene bridge showed a 58 nm 

blue shift in the absorption maximum (h,,, = 810 nm) when compared to that of 

2c. 



Wavelength, nm 

Figure 2.8. Normalized absorption spectra of 2a-e in chloroform. 

Interestingly, the absorption spectra of 2b, 2d and 2e are relatively sharper than 

those of 2a and 2c. In the case of the biphenyl-derived polysquaraine 2b, the 

twisted conformation of the biphenyl moiety may reduce the effective conjugation 

length, resulting in the blue shift of the absorption maximum. In the case of the 

anthracene and naphthalene derived polysquaraines 2d and 2e, relatively narrow 

absorption spectra were obtained. In these cases, the absarption maxima were 

significantly blue shifted. This is attributed to the b u h e s s  of the bridges that 

twists the polymer chain out of planarity, which reduces the effective conjugation 

length of the backbone. In addition, in the case of 2e, the 1,5 double bond is not 

through conjugated which will also reduce the effective conjugation. In the case of 

Zd, the anthracene moiety is relatively electron deficient which will reduce the 

charge-transfer cham ter of the polysquaraine. 
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23.5. Electronic Absorption Spectra of the n-Extended Squaraine Dyes 3a-d 

Absorption spectra of  the dyes 3a-d recorded in chlerofom are shown in 

Figure 2.9. As in the case of the polysquaraines, the different aromatic bridging 

units significantly influence the optical properties of these dyes. The dye 31 

without any alkoxy substituents showed absorption maximum at 739 nm. The 

anthracene derived dye 3d exhibited a broad absorption with a maximum at 696 

nm and the biphenyl derived dye 3b showed absorption maximum at 707 nm. Th e  

dye 3c had a red-shifted absorption &, = 763 nm) when compared to the other 

derivatives, 

Figure 2.9. Normalized absorption spectra of 3s-d in chIoroform. 

This is due to the presence of electson rich methoxy group in the aromatic bridging 

unit which enhances ?he charge-transfer interaction. A comparison of the solution 

state spectra of the dyes and the corresponding polysquaraines is given in Figure 

2.10. b the case of 2c and 3c, a large difference could be observed in the 

absorption spectra. Dye 3c showed a sharp absorption with &, at 762 sun in 



chloroform, However, the corresponding polysquaraine 2c exhibited a broad 

spectrum. Interestingly. such a large difference in the absorption spectra could not 

be obsenred for Id and 3d having the anthracene bridging unit. 

Figure 2,10. Comparison of the absorption spectra of the polysquamines and the 
corresponding model dyes in chloroform; a) polysquaraine 2c and the dye 3c. b) 
polysquaraine 2d and the dye 3d. 

23.6, Electronic Absorption Spectra of Polysquaraines and the Model Dyes in 
Milred Solvent Systems: Aggregation Properties 

The poiysquaraines 2a-e showed considerable variations in the absorption 

spectra in binary solvent mixtures of toluene-DMSO wih varying composition, as 

illustrated in the case of 2a and 2c (Figure 2.1 1 and Figure 2.12), These changes 

eould be attributed to the aggregation behavior of 2a and 2c in toluene-DMSO 

mixtures. For example, the absorption maximum of 2a at 795 nm was decreased in 

Intensity with increase in DMSO content in toluene. 111 90% DMSO, the 

absorption maximum is shifted to 725 nm. Similar changes in the absorption 

spectrum were observed for 2c (Figure 2.123. The absorption maximum at 865 nm 

was shifted to 754 nm in 90% DMSO. In both cases, the major changes in the 



absorption spectra occurred only to the long wavelength side. These observations 

indicate similar aggregation behavior of 2a and 2c in toluene-DMSO mixtures. 

The biphenyl containing polymer 2b could not be studied due to poor solubility in 

solvents. Polymers Zd and 2e with bulky aromatic bridging units did not show any 

major change in the absorption spectra in toluene-DMSO. 

1000 

Wavelength, nm 

Figure 2.11. Absorption changes for 2a in toluene-DMSO solvent mixtures of 
different DMSO content. 

Wavelength, nrn 

Figure 2.12. Absorption changes for 2c in loluene-DMSO solvent mixtures of 
different DMSO content. 
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In contrast to the behavior of the polysquaraines, their model dyes 3a, 3c 

and 3d failed to show any change in the absorption spectra in toluene-DMSO 

mixtures. This observation indicates that 3a, 3c and 3d do not form aggregates in 

toluene-DMSO solvent mixtures. The better solubility ofthe dyes in these solvent 

mixtures may prevent the aggregation of the dyes. However, the dyes 3a and 3c 

exhibited considerable change in the absorption spectra in DMSO-water mixtures. 

In DMSO, the dye 3a exhibited an absorption maximum at 739 nm. However, 

increasing the water content in DMSO decreased the intensity of the absorption 

maximum at 739 nm with the formation of a blue shifted band at 607 nm (Figure 

2.13). Formation of the blue shifted band is characteristic of the H-type aggregates 

of squaraine dyes. 

Wavelength, nm 

Figure 2.13. Changes in the absorption spectra of 3a in DMSO-water 
mixtures ([dye] = 4.68 x 1om6~vi).  



Upon heating the solution, the intensity of the peak at 607 nrn decreases 

while the intensity of the peak at 739 nm corresponding to the monomer is  

increased (Figure 2.14). Similarly, for 3c, the sharp monomer peak at 775 is found 

to decrease with the formation of a new peak around 650 nm, which is attributed 

to the formation of H-aggregate of the dye. The solvent dependent change in the 

absorption spectrum of the dye 3c in DMSO-water of varying composition is 

shown in Figure 2.1 5.  In this case, aggregation is initiated with law percentage of 

water. For example with 8% of water, the monomer peak at 775 nrn is 

considerably decreased and a broad spectmm with bIue shined shoulder is formed. 

Upon fu~her increase in water composition, the intensity of the blue shifted peak 

is increased indicating the prefersed formation of H-aggregates, Concentration 

dependent spectral changes in 88% DMSO-water mixture showed the monomer 

band when the concentration of the dye is low. Upon increasing the concentration, 

the growth of the blue shifted band corresponding to the H-aggregate is visible. 

Temperature dependent changes in 88% DMSO-water mixture indicate: the partial 

dissociation of the aggregates to the monomer (Figure 2-16), 



Wavelength, nm 

Figure 2.14. Temperature dependent changes of 3a in 70% DMSO- 
water mixture ([dye] = 4.68 x 1om6rvl). 

Wavelength, nrn 

Figure 2.15. Absorption spectra of 3c in DMSO-water solvent mixture 
of different composition ([dye] = 4.54 x 10%). 
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Wwslength, rim Wavelength, nm 

Figure 2.16. a) Concentration dependent spectra and b) Temperature dependent 
absorption spectra of 3c in 88% (vlv) DMSO-water ([dye] = 4.54 x 1 O ~ M ) .  

The dye 3d with anthracene bridging unit exhibited an intense absorption 

speclnun with a maximum at 700 nm in DMSO. In contrast to the dye 3a and 3c, 

3d did not show any noticeable change in the absorption spectmm in DMSO-water 

mixtures (Figure 2.17). This observation indicates that the dye 3d does not favor 

aggregation in DMSO-water mixture. This is a unique property since most of  the 

squaraine dyes are known to form aggregates in DMSO-water mixture. 

1.5- 

700 nm 
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Figure 2.17. Absorption spectra of 3d in DMSO-water with varying water 
content. 



23.7. Solid-state Absorption Spcetra 

A comparison of the solid-state (film) absorption spectra of the 

polysquaraines 2a, 2b and 2d on glass substrate are shown in Figure 2.18. In 

general, the electronic properties such as absorption and emission of conjugated 

polymers are considerably broad in the solid-state when compared to their solution 

behavior. This i s  mainly due to the interchain interaction and aggregation of the 

macromolecular backbone in the solid-state as demonstrated in the case of a 

variety of conjugated polpers~7'2%enerally, due to strong intramolecular charge 

transfer interactions and aggregation, the solid-state absorption spectra of 

squaraine dyes are broad when compared to their solution spectra. 

Wavelength, nm 

Figure 2.18. Solid-state absorption spectra of 2a, 2d and 2e. 

Interestingly, the solid-state absorption spectral features of the new 

polysquaraines are more or less identical to their solution spectra except for a 

marginal broadening of the shorter as well as the longer wavelength regions as 



shown in the case of 2a (Figure 2.19a). However, in the case of 2d, the solid-state 

absorption exhibited a broadening towards the long wavelength region. In the 

shorter wavelength region, not much shiR i s  observed (Figure 2.19b). It is likely 

that the marginal red-shift of the absorption maximum in the solid-state spectrum 

could be due to the aggregation of the polymer chains in the solid film. In the case 

of 2a broadening on both lower and higher wavelength regions indicates the 

formation of H- as well as J-type aggregates. On the other hand, the broadening of 

the absorption spectrum of 2d in the solid-state, mainly towards the long 

wavelength region, indicates the preferential J-type aggregation. The solid-state 

optical band gaps (E,) of the polysquaraines were calculated from the onset of the 

absorption spectra, which are 0.1-0.2 eV less, when compared to the band gaps 

calculated from the onset of the solution absorption spectra. The lowest band gap 

of 0.82 eV is observed for the polysquaraine 2c and the highest band gap of 1.3 is 

noted for 2c. 

Wavelength, nrn Wavelength, nm 

Figure 2.19. Comparison of solution and solid-state absorption spectra of 2a and 
2d. 



Table 2.2. Optical characteristics and intrinsic conductivity of polysquaraines 
(la-€!I. 

23.8. Conductivity Studies 

Due to extensive conjugation and charge-transfer interaction, 

polysquaraines are expected to be intrinsically conducting. The absorption maxima 

and the E, of the polysquaraines in the solution and solid-state along with intrinsic 

conductiviries are shown in Table 2.2. The extremely low band gaps of these 

polymers indieate the possibility of intrinsic conductivity. Four probe conductivity 

studies showed that the intrinsic conductivities of the polysquaraines 2a-e are in 

the range of 10'' ~ c m "  whereas the doped conductivities are in the order of 1c6 

~ c m - ' .  
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2.3.9. X-ray Diffraction Study 

X-ray diffraction patterns of the polysquaraines 2a and 2c-e were recorded 

in order to get an insight into the molecular packing in the solid-state (Figure 

2.20). For a better understanding of the molecular ordering of the squaraine 

polymers, their interchain packing distances were compared with those of the 

regioregutar polythiophenes3021 which are reported to form lamellar packing. The 

reported interchain spacing of a regioregular poly(3-dodecylthiophene) i s  27.1 9 A. 

Earlier studies on a polysquaraine with Ndodecyl and 0-dodecyl side chains 

showed an interchain distance of 21.0 A which is 6 A less than a regioregular 

poly(3-dodecylthiophene). These studies suggest an interdigitated comb like 

arrangement of the alkyl chains for the polysquaraines. However, the calculated 

interchain distance of the polysquaraine with N-dodecyl, chains for lamellar 

p a c h g  is 35 A, which correspondS to the theoretical width of the molecules when 

the alkyl chains are stretched. In the case of an interdigitated packing of  the alkyl 

chains, a packing distance of 17-19 &1 should have been ob~erved.~' In the case of 

2c, a d-spacing of  17 A could be observed which could be correlated to an 

interdigitated packing of the side chains, h addition, the broad peak corresponding 

to a distance of 3.8 A to 4.4 A indicates the existence of ordered microcrystalline 

domains. However, surprisingly, in the case of 2a, 2d and 2e, the observed 

interchain d-spacing are 25.45, 36.99 and 36.47 A respectively. In the wide angle 

region broad and weak diffraction patterns were observed indicating the absence 

of  any long range order. Furthermore, in the case of polysquaraines 2d and 2e with 
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anthracene and naphthalene bridging units, the d-spacing is found to be nearly 1 1 

A greater when compared to that of 2a with a benzene bridging unit. These 

observations indicate a dose interchain packing in 2c and 2a which is very strong 

in 2c leading to sidewise interdigitation of the polysquataine backbones. Figure 

2.21 and Figure 2.22 shows the interdigitated molecular packing for 2c and the 

lamellar packing of 2d respectively. 

Figure 2.20. X-ray diffraction pattern of polysquaraines 2a, 2c, 2d and 2e. 

Figure 2.21. Interdigitated mo1ecuIar packing diagram ofthe polysquaraine 



L 

Figure 2.22. Lamellar packing diagram of the polysquaraine 2d. 

2.4. Conclusions 

The solution and solid-state absorption spectral properties of the 

polysquaraines 234 are strongly influenced by the aromatic bridging units in the 

polymer backbone. Polysquaraines derived from divinylbenzene and 

dirnethoxydivinylbenzene bridged bispyrroles showed broad and red-shtted 

absorption when compared to those polysqwaines having divinylbiphenyl or 

divinylanthracena or dialkoxydivinylnaphthalene bridging moieties. Polysquaraine 

with dimethoxydivinylbenzene bridging unit exhibited the lowest solution and 

solid-state band gap with maximum intrinsic conductivity. The correspondmg n- 

extended model squaraine dye 3c showed a 67 nm red-shift in the absorption 
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maximum when compared to the dye 3d with a divinylanthracene bridging unit. 

The polysquaraines 2x1 and 2c with a divinylbenzene and 

dimethoxydivinyibenzene moieties, respectively showed a gradual blueshift of 

the absorption maximum in toluene-DMSO mixtures whereas the corresponding 

model dyes 3a and 3c showed the characteristics of W-aggregation in DMSO- 

water. Intwestingly. aggregation was prevented when divinylanthracene bridge 

was used. Squaraine dyes with strong absorption in the visible to the near-IR 

wavelength region that do not form aggregates may have potential application in 

solid-state devices. 

2.5. Experimental 

2.5.1. Materials 

The solvents and reagents were purified and dried by usual methods prior to 

use, PyrroIe, 2-EthyIhexylbromide, Dodecylbromide and 3,4-Dihydroxy-3- 

cyclobutene- 1,2-dione (squaric acid) were purchased from Sigma-Aldrich. E ,5- 

Dihydroxy naphthalene was purchased from Merck. Spectroscopic grade solvents 

purchased from Merck and used as such for spectroscopic studies. Doubly distiIIed 

deionized water was used for the studies in binary DMSO-water mixtures. 

Solutions for spectral measurements in mixed solvents were prepared by adding 

equal amount of a stock solution of the dye into a series of binarqr solvent mixtures 

with different compositions. Sufficient time was given for equilibration of the 

solution. For solid-state absorption studies, the film was prepared by casting a 
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chloroform solution of the dye on glass slides followed by slow evaporation of the 

solvent. 

2.5.2. Measurements 

All melting points were determined on an Aldrich Mel-Temp-I1 melting point 

appantus. 'H NMR spectra and I3c NMR spectra were measured on a 300 MHz 

Bruker Avance DPX spectrometer. IR spectra were recorded on a Nicolet Impact 

40013 infrared spectrophotometer. High-resolution mass spectra were recorded on 

a JEOL JMS600 mass spectrometer. The UV-Vis-NIR spectra were recorded on 

S h d z u  W-3101 PC NIR Scanning spectrophotometer and Agilent 8453 W- 

visible Spectroscopy system. Elemental analysis was carried out using a Perkin- 

Elmer series-II 2400 CHN analyzer. X-ray difftaction patterns were recorded on a 

Philips diffractometer using Ni filtered Ka radiation. 

2.5.3. Preparation of N-Dodecylpyrrole (10) 

To a solution of potassium tert-butoxide (100 m o l )  in 100 mZ dry THF, 

pyrrole (95 mmol) was added and stirred at 30 O C  for 3 h. To the potassium 

pyrrole solution 18-crawn-6 (9  rnmol) was added and stirred for 15 min. To the 

reaction mixture, 1-bromododecane (108 rnrnol) was added dropwise and the 

stirring was continued for 18 h. The precipitated inorganic salt was filtered off and 

the solvents were removed under reduced pressure. The residue was extracted with 

dichloromethane. The combined organic extracts were washed with brine followed 

by water and dried over sodium sulfate. The solvents were removed and the crude 



product was purified by column chmrnatography over silica gel using petroleum 

&er to give the N-dodecylpymle in 88% yield. Details of the characterization 

data are given below. 

Yield 88%; 'H NMR (CDCIJ, 300 MHz) 6 6.64 (m, 2H, aromatic), 6.11 It, 2H, 

aromatic), 3.85 (t, 2H, NCH?), 1.73 (m, 2H, CH2), 1.25 (m, 18H, CHI), 0.86 (t, 

3H, CHS; ' 3 ~  Nh.IR (CDC13, 75.4 MHz) 6 120.23, 107.70,49.46, 31.68, 31.47, 

31.10,29.58,29.48,29.41,29.31,29,22,26.60,22.52, 14.00. 

2.5.4. Preparation of N-dodecylpyrrole2-carboxaldehyde (1 1) 

To a solution of dry DMF (35 mmol) and phosphorus oxychloride (9 mmol) at 

10-20 "C, Wdodecylpyrrole (9 rnrnol) in dry DMF was added slowly with stirring. 

The mixture was stirred at 35 "C for 45 rnin. and then poured into crushed ice. The 

clear solution formed at 20-30 "C was neutralized with aqueous NaOH. The 

mixture was boiled for I rnin, cooled to room temperature and extracted with 

diethy1 ether. Removal of he. solveat gave a viscous liquid, which was 

chromatographed on silica gel. using petroleum ether-ethyl acetate (9.5:0.5) to give 

the N-dodecylpynole-2-carboxaldehyde in 70% yield. 

Yield 70%; 'H NMR (CDC13, 300 MHz) S 9.5 (s, SH, aldehyde), 6.8 (in, 2H, 

aromatic), 6.  l (t, 1 H, aromatic), 4.2 (t, 2H, NCH3, 8.1-1 -8 (m, ZOH, CHZ), 0.7-0.9 

(t, 3H, CH3); '.'c W R  (CDC13, 75.4 MHz) S 179.10, 131.8, 13 1 .a, 124.6, 109.30, 

49.0, 31.48,29.58,29.41, 29.22, 23.60,22.90, 14.49. 



2.5.5. Preparation o f  1,4-bis(brornornethy1) benzene (13) 

To a solution of 4,4-dimethyl benzene (10 mmol) in 50 mL of dry carbon 

tetrachloride was added N-bromosuccinirnide (20.5 mmol) and ALBN. The 

reaction mixture was refluxed for 18 h., cooled, filtered and the solvents were 

removed under reduced pressure lo give the crude product which was then purified 

by recrystallization from CC4. 

Yield 92%; 'H NMR (CDCI,, 300 MHz) 6 7.14 (s, 4H, aromatic), 4.52 (s, 4H, 

CI-12Br); ' 3 ~  NMR (CDC13. 75.4 MHz) 6 137.70, 133.98.29.48 

2.5.6. Preparation of 4,4"bis(bromomethyE) biphenyl (16) 

Compound 16 was prepared using the same procedure as that of compound 13. 

YieId 88%; mp. 139 "C; ?I H ((CDC13, 300 MHz) fi 7.38 (m, 4H, aromatic), 

7.28 (m, 4H, aromatic), 4.53 (s, 4H, CH2Br); '-'c NMFt (CDC13, 75.4 MHz) 

2.5.7. Preparation of 2,5-bis(methoxy)-l,4-bis(bromomethy1)benzene (1 9)  end 
4,8-didodecyloxy-1,5-bis(brornomethyl)nnphthaene (25) 

To a suspension of the appropriate hydroquinane dialkyl ether (10 mmol) in 

glacial acetic acid (35 mL), paraformaldehyde (30.25 rnmol) was added and 

sonicated for 10 min. To this mixture, 33% of HBr in acetic acid (3 1.12 mmol) 

was added and sonicared for 3 h. After a further addition of 5 mL acetic acid 

followed by sonication for 30 min, the reaction mixture was poured into cold 

water. The precipitated product was filtered and dried to give the appropriate 

derivatives in high yields. 



25-Bls(methoxy)-1,4-bls(bromomethyl)benzene (19) 

YieId 92%; mp 203-204 O C ;  'H NhlR (CDCIS, 300 MHz) 6 6.81 (s, 2H, aromatic), 

4.60 (s, 4H, CHaBt), 3.80 (5,6H, OCH3); I3c NMR (CDC13, 75.4 MHz) 6 150.72, 

127.51, 114.62,56.20,29.65. 

4,&Didodecyloxy-1,5-bis(bromomethyl)naphtene (25) 

Yield 65%; 'H NMR (CDCI3, 90 MHz) 8 7.37 (d, ZH, aromatic), 6.83 (d, 2H, 

aromatic), 5.31 (s, 4H, CHZBr), 4.12 (t, 4H, OCH2), 2.04 (m, 4H, CH3, 1.27 (m, 

36H, CH?) 0.88 (t, BH, CH3); ' 3 ~  NMR (CDCI,, 75 .4  MHz) S 157.14, 131.34, 

126-50, 125.72, 106.91, 69.19, 39.07, 31.90, 29.64, 29.59, 29.56, 29.50, 29.42, 

29.34,29.19,28.98,26.43,26.20, 22.68, 14.10. 

2.5.8. Preparation of tetsaethyl[arylbis(methylene)lbisphosph~nates 

The bisphosphonates 14,17,20,22 and 26 were prepared by the reaction af the 

corresponding bisbromomethyl derivatives 13, 16, 19, 21 and 25 (10 mmol) 

respectively with 5 mL of triethyl phosphite at 80 "C for 10 h followed by the 

removal of the unreaeted kiethyl phosphite under reduced pressure. The product 

was used as such for further reaction. 

T e t r a c t h y l l l , 4 - p h e n y l e n e b i s ( m e t h y 1 e n e ) ~  (14) 

Yield 95%; 'H I W R  (CDCI,, 300 MHz) 6 7.39 (s, 4H, aromatic), 4.01 (m, 8H, 

OCWL), 3.13 Id, 4H, CI12P), 1.20 (m, 1 ZII, CH,); 13c NMR (CDC13, 75.4 MHz) 6 

130.01, 129.72,61.86,34.26, 15.97. 



Tetraethyl[4,4'-biphenylbis{rnethylene)l bisphosphonate (1 7) 

Yield 94%; 'H NMR (CDC13, 300 MHz) 6 7.56 (m, 4H, aromatic), 7.22 (m, 4H, 

aromatic), 4.12 (m, 8H, OCHI), 3.22 (d, 4H, CHlP), 1.12 (m, 12H, CH3). I3c 

Tctraethyl[2,5-bis(methoxy)-l,4-phenylenyIenebis{methylcne)~bisphosphonate 
(20) 

Yield 95%; 'H  NMR (CDC13, 300 MHz) B 6.92 (s, 2H, aromatic), 4.02 (m, 8H, 

OCHZ), 3.92 (s, 6H, OCH,), 3.21 (d, 4H, OCH2P), 1.20 (m, 12H, CH,); I3c NMR 

(CDC13, 75.4 MHz) S 151.39, 119.40, 114.48, 56.41, 61.90, 31.23, 16.20. 

Yield: 80%. 9 H R  (CDC13, 300 MHz): 6 8.35 (dd, 4H, aromatic), 7.55 (d, 4H, 

aromatic), 4.2 (d, 4H, OCHSP), 3.7-3.9 (m, 8H, OCH:), 1.05 (t, IZH, CH,); 

I3c NMR (CDCl3, 75.4 MHz): 6 130.08, 125.53, 125.35, 124.00, 61.99, 28.04, 

Yield: 90%. 'H NMR (CDC13, 300 MHz): 6 7.26 (m, 2H, aromatic), 6.81 (d, 

2H,aromatic), 4.13 (d, 4H, OCHzP ), 4.06 (t, 4H, OCH,), 3.78-3.91 (m, 8H, 

OCH2), 2.00 (m, 4H, CHI), 1.26 (m, 36H, CH2), 1.10 (t, 12H, CH3), 0.89 (t, 6H, 

CH3). 'k CMR (CDCl,. 75.4 MHz): 6 156.14, 130.35, 126.79, 119.94, 106.36, 
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2.5.9. General method for the preparation of bispyrroles (la-e) 

A suspension of sodium hydride (30 mmol) in THF was added slowly to a 

solution of the corresponding bisphosphonate (5 mmol) and the respective N- 

alkylpyrrole-2-carboxaldehyde (10 mmol) in THF. A h r  refluxing for 10 h the 

reaction mixture was cooled and THF was removed under reduced pressure to give 

a pasty residue. The residue was suspended in water and extracted with 

dichloromethane. The organic layer was washed with brine, dried over Na2S04 and 

concentrated to give the crude product. Further purification was done either by 

precipitation using methanol from a dichloromethane solution or by column 

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

(~l,4-Bis[2-(l-dodecylpyrro1-2-yI)vinyl] benzene {la) 

Yield 55%; mp 90 "C; IR (KBr) v,, 2921,2849, 1695, 1649, 1541, 1506, 1472, 

1074, 950, 689 cm"; 'H NMR (CDC13+ 300 MHz) 6 7.4 (s, 2H, aromatic), 6.85 (d, 

2H, vinylic, J = 16.0 Hz), 6.93 (d, 2H, vinylic, J = 16.0 Hz), 6.67 (s, 2H, 

aromatic), 6.44 (s, 4H, aromatic), 6-15 (s, 2H, aromatic), 3.95 (t, 4H, NCH,), 1.2- 

1.7 (m, 40H, CH,), 0.86 (t, 6H, CH,); I3c Nh4R (CDC13, 75.4 MHz) 6 136.78, 

131.42, 126.27, 125.62, 122.68, 116.74, 108.34, 106.59,47.14,31.99,31.67, 29.7, 

29.6, 29.41, 29.3, 26.9, 22.76, 14.1. HRMS (FAB): calcd for C4zHWN? (M'): 

596.5070; found 596.5089. 



(E, E")-4,4'-Bis~2-(l-dodecy lpyrrol-2-yl) vlny l] biphenyl (1 b) 

Yield 42%; mp. 94 'C; IR (KBr) v,, 2912, 2846, 1699, 1463, 1281, 1076, 956, 

857, 698 cm-$ 'H N M R  (CDCI,, 300 MHz) 6 7.59 Id, 451, aromatic); 7.5 1 (d, 4H, 

aromatic), 6.99 (d, ZH, vinylic, J = 16.02 Hz), 6.90 (d, 2H, vinylic, J = 16.02 Hz), 

6.68 (s, 2H, aromatic), 6.52 (m, 2H, aromatic), 6-15 (t, 214, aromatic), 3.97 (m, 

12H, NCH?), 1.76 (m, 4H, CH2), 1.24 (m, 40H, CHI), 0.87 (m, 651, CH3); I3c 

NMR (CDCl3, 75.4 MHz) 6 139.09, 137.03, 131.25, 126.95, 126.35, 125.29, 

122.65, 117.16, 108.26, 106.32, 47.05, 31.90, 31.58, 29.62, 29.58, 29.50, 29.33, 

29.2 1 ,  26.80, 22.67, 14.09; HRMS calcd for C4xH68NZ (MI): 672.5382: found 

672.5379. 

( E , O  1,4-Bis[2-(1 dodecyIpy~r01-2-yl)vinyl-2,5dimthoxynxce ( I  c) 

Yield 70%; mp 85-86 "C; IR (KBr) v,, 2927, 2857, t543, 1496, 1461, 1336, 

1288, 1206, 1046, 955 cm"; 'H N M R  (CDCIl, 300 MHz) ti 7.03 (d, 2H, vinylic, J 

= 16.12 Hz), 6.91 (d, 2H, vinylic, J = 16-3 Hz), 6.89 (s, 2H, aromatic), 6-56 (s, 2H, 

arornalic), 6.40 (m, 2H, aromatic), 6.05 (t, 2H, aromatic), 3.R8 (t, 4H, NCH?), 3.80 

(s ,  fiI4, OCH,), 1-69 It, 4N. CH?). 1.17-1 -25 (m, 36H, CH?), 0.80 (s, 611. Cl-I?); I3c 

NMR {CDCt,, 75.4 MHz) 6 151.40, 131.85, 126.53, 122.40, 120.79, 117.71, 

109.56, 108.26, 106.82, 56.34, 47.08, 31.91, 31.59, 29.62, 29.37, 29.31, 26.91, 

22.74, 14. P 2; I-IRMS Calcd for C44HbPNZ02 (MI): 656.5281; found 656.5256. 



(E,E)-9,IO-Bis[2-(f -dodecyIpyrd-2-y-ce (1 d) 

Yield 68% ; mp 126- 127 "C; TR ( KBr) v,, 2925,2852, 1697, 1642, 1537, 1585, 

1455, I396 1067, 958, 752 cm-'; 'H NMR (CDC13, 300 MHz) S 8-42 (dd, 4W, 

aromatic), 7.68 Id, 2H, vinylic, J = 16.20 Hz), 7.45 (dd, 4H, ammatie), 6.78 (d, 

2H, viny lic, J = 15.95 Hz), 6.76 (m, 4H, aromatic), 6.27 (t, 2H, aromatic), 3.9 1 (t, 

4H, NCH?), 1.72 (m, 4H, CH2), 1.20-1.24 (m, 36H, CH,), 0,86 (t, 6H, CH,); 

' 3 ~  NMR (CDCI3, 75.4 MHZ) 6 132.81, 129.67, 126.51, 126,11, 125.04, 121.91, 

108.25, 106.43, 47.20, 31.87, 31.84, 29.56, 29.46, 29.29, 29.24, 26,80, 22,65, 

14.09; HRMS (FAB): calcd for C5&&8N2 @f+), 696,53 83; found, 496.5377. 

( E , E ) - 1 , 5 - B i s [ Z - ( l - d o d e c y l p y r r o l - 2 - y r ) w i  (le) 

Yield 48% ; mp 71 "C ; IR (KBr) v,, 292 1,2854, 1728, 1587, 1519, 1455, 1378, 

1276, 1067,95Q, 780 cm-I; 'H NMR (CDCh, 300 MHz) 6 8.0 (d, 2H, vinylic, J =  

15.55 Hz), 7.37 (d, 2H, aromatic), 6.84 (d, 2H, aromatic), 6.62 (s, 2H, aromatic), 

6.45 (d, 2H, vinylic, J =  15.74 Hz), 6,42 (s, 2l3, aromatic), 6.13 (s, 2H, aromatic), 

4-03 (t, 4H, NCH2), 3.93 (t, 4H, OCH?), 1.75-1.87 (m, XH, CH2), 1.25 (m, 72H, 

CH2), 0.87 (m, 12H, CH313); I3c NMR (CDC13, 75.4 MHz) S 156.44, 132.34, 

131.80, 129'47, 126.15, 125.67, 121.18, 115.17, 107.75, 107,30, 105.04, 69.22, 

46.90, 31.93, 31.91, 31.69, 29J, 29.65, 29.58,29.47, 29.34, 29.28,26.85, 26.51, 

22.69, 14.1 1,  13.15. HRMS (FAB): calcd for c ~ H ~ ~ , N ~ ~  Z(w), 1014.888; found, 

1014.9021. 
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2d: Yield 43%; IR (KBr) vm, 2926, 2856, 2363, 1626, 1504, 1388, 130 1, 1 115 

cm-'; Anal. CaIcd for (C5Jl,&04.HZO)n: C, 81.77; H, 8.64; N, 3.53. Found: C, 

81.48; H, 8.73; N, 3.51. 

2e: Yield 63%; LR (KBr) v, 2921, 2854, 1587, 1519, 1465, 1378, 1276, 1067, 

953 cm"; 'H NMR (CDC13, 300 MHz) 6 8.5 (m, broad, vinylic), 7.88 (m, broad, 

aromatic), 7.51 (d, broad, aromatic), 6.67-6.91 (m, vinylic + aromatic), 4.84 Is ,  

broad, NCHZ), 4.01 (m, broad, NCH2+0CH2), 1.75-1 -87 (m, 8H, CH2+CH), 1.25 

(m.CH2), 0.85 (m, CHI). Anal. Calcd for (C7& 12N104.H10),: C, 79.95; H, 10.34; 

N, 2.52. Found: C, 80.51; H, 10.37; N, 2.67. 

2.5.1 1. Preparation ef the R-extended dyes (3a-d) 

The model dyes 3 a d  were prepared under high dilution as follows. The 

carresponding bispyrrole (0.4 mmol) and squaric acid (0.2 rnrnol) were dissolved 

in butanolhenzene (1:3. 80 mC) and the reaction mixture was refluxed under 

azeotropic conditions. The reaction was monitored by recording the absorption 

spectrum at different intervals. The reaction was stopped when the absorption 

bands corresponding to the higher homologues started appearing. The reaction 

mixhue was mold, filtered and the benzene was removed under reduced pressure 

to give a viscous solution. The product was precipitated by adding methanol. The 

crude product was dissolved in chloroform and reprecipitated by adding light 

petroleum ether. The unreacted bispyrroIe monomers were removed using 

repeated washings with petroleum ether and diethy1 ether. The ptoduct was Mher 



purified by column chromatography over silica gel using 50% petroleum ether- 

ethyI acetate mixture to yield dyes in 1040% yields. 

3a: Yield 29 %; IR (KBr) v,, 2921, 2851, 1619, 1509, 1465, 1360, 1299, 1 109, 

1074, 1047, 952, 814, 759 cmL'; 'H NMR (CDCI3, 300 MHz) 6 7.84 [s, 2H, 

aromatic), 7.47 (m, 8H, aromatic+vinylic). 7.20 (m, 4H, vjnylic) 6.98-6.84 (m, 6H, 

aromatic+vinylic), 6.70 (m, 2H, aromatic), 6.53 (m, 2H, aromatic), 6.17 (s, ZH, 

aromatic), 4.83 (t, 4H, 'NCH2), 3.97 (ti 4H, NCH,), 1.58 (m, 20H, CH2), 1.25 (m, 

60H, CHz), 0.85 (m, I2H, CH3); HRMS calcd for C ~ ~ H ~ ~ & O ~ ( M ~ ) :  1270.9881; 

found: 1270.86; Anal.calcd for CBBH126N401.H;IO: C, 81.93; H, 10.0; N, 4.34. 

Found: C, 81.85; H, 9.96; N, 4.37. 

3b: Yield 10 %; IR (KBr) v, 2922, 2850, 1619, 1510, 1496, 1379, 1263, 1 105, 

1074, 1018, 956, 855, 804 cm-'; AnaLcalcd for C1&39N402.HZO: C, 83.28; H, 

9.51; N, 3.88. Found: C, 83.66; H, 9.48; N, 3.94. 

3c: Yield 34%; IR (KBr) v,, 2924, 2853, 1621, 1505, 1440, 1370, 1298, 1213, 

1102, 956 cm-'; 'H NMR (CDC13, 300 MHz) 8 7.85 (s, 2H, aromatic), 7.55 (4 2H, 

vinylic J =15.40 Hz), 7.17 (d, 2H, vinylic, J =15.41 Hz), 7.06 (m, 4H, vinylic,) 

6.96 (m, 4H, aromatic), 6.70 (m, 4H, arornatic+vinylic), 6.53 (m, 2H, aromatic), 

6.15 (s, 2H, aromatic), 4.79 (s, 4H, NCH?), 3.91 (m, 16HS OCH3+NCHZ), 1.71 (m, 

8H, CH*), 1.51 (m, 40H, CH2), 1.29 (mi 32H, CHI), 0.88 (m, 12H, CH,); j3c 

NMR (75.4 MHz, CDCl3), 6 166.48, 152.49, 131.64, 132.03, 129.46, 129.17, 

124.44, 123.96, 119.42, 119.26, 115.64, 114.45, 113.67, 111.01, 109.81, 108.95, 



108.25, 107.53, 56.12, 50.96, 41.96, 33.09, 31.95, 29.65, 29.45, 29.67, 29.34, 

26.23,26.26, 22.58, 14,09.; HRMS calcd for CP2HlMN4Oa (M3: 1392.0303, found 

139 1,1593; Anal-caIcd for Cg2W134N406.H20: C, 78.36; M, 9.72; N, 3.97. Found: 

C, 78.03; H, 9.88; N. 3.95. 

3d: Yield 19%; IR (KBr) v,,, 2921, 285 1 ,  1619, 1509, 1465, 1360, 1299, 1 109, 

1074, 1047, 952, 814, 759 cm-'; 'H NMR (CDCI3, 300 MHz) S 8.41 (dd, 8H, 

aromatic). 8.18 (d, 2H, vinylic, J = 15.82 Hz), 7.93 (m, 2H. aromatic), 7.63 (d, 2H, 

vinylic, J = 16.17 Hz), 7.44 (m, 8H, aromatic), 7.15 (a, 2H, vinylic, J = 14.40 Hz), 

7.12 {m, 2H, aromatic), 6.95 (d, ZH, vinyIic, J = l6,12 Hz), 6.77 (m, 2H, 

aromatic), 6.69 (m, 2H, aromatic), 6.21 (s, 2H, aromatic), 4.74 (t, 4H, N'CI-I?), 

3.88 (I, 4H, NCH,), 1.54 (m, 20H, CH2), 1.18 (m, 60H, CHI), 0.80 (m, 12FI, CHs); 

' 3 ~  NMR (CDC13, 75.4 MHz) 6 131.10, 130.50, 129.71, 129.61, 126.93, 126.65, 

126.00, 125.68, 125.31, 121.36, 113.83, 110.78, 109.26, 108.41, 106.79, 106.65, 

96.71, 59.42, 47.23, 38.15, 32.56, 31.89, 31.23, 29.68, 29.60,29.58, 28.53,29.31, 

29.25, 26.82, 26.58, 22.74, 22.67, 14-09; HRMS caIcd for CIwHT34N402 (M'): 

1472.20; Found 1472.19. 
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Chapter 3 

Control of Optical and Aggregation Properties of a few 

Bispyrrole Derived Squaraine Dyes: Effect of Alkoxy 

Chains of the Aromatic Bridging Moiety 

3.1. Abstract 

fn 1hi.7 rhrq>ter, ~ y n t h e ~ ~ i s ,  charucterizutron und aggregl~lion yn~pet-lies u/ u 

fen? ri-extended squaminc 4ve.7 2a-c- iteri vcd,fiom u'rrrlkox,vdivinyih P ~ Z ~ Y I L ~  hr-idxed 

hisp,vrroles la-c, are described. In ~nl~rt ion,  rllcsc yqlrurar nr dvcs e.vhihit I n(cn.Te 

uh.~orption in ~ h c  \ a v ~ i t . r ~ g t h  mtige o f  600-850 nm und hencc helong tu rhe r.lrrs~ 

of neur-lR &es. In /he solid-stuff, the nhsot-ption Fpectrra urr broad und shljied 

towurds long wnvciengtl~ region. The r~piical pr.operfi~s q j  r h ~ s e  dues shutttc'd 

consiii~mhle dependence on thr lengrh and the nutfirre of the cilkyl side chains 

attached lo the h~nzt,nc ring. Aggregolion of these r k e ~  in sohrtiun rindsolid-state 

could br controlled hy ike a&vl chain .~zrhstiftienls on t h ~  hetcrne mniev. Sleric 

efjecfs of It~t~gel- and hruncked side c.hrrin.7 favored the, formalion c!fJ-aggregaic>.~ 

h o ~ h  in .~olution und in rhe solid-state. The dve 2a wtih bulyr side chins on the 

benzene preJkrentiui(v forms ff-uggregairs in DMSD-ujuter and THF-water 

solvent ~nix t~rre ,~ .  The presence of' long alkyl side churns on 2b ucceIerntes  he 

aggregation in the Dh&O-wctler solveni mixtitre conraining very smull amount ell' 

ulafer: Tfte &e Zc with brancmhcd chain , r%lo~vJ fendency lo ,/om? J-aggreguIes in 



uddirion rn H-uggreg~lle~v. Below 18% Rarer i ~ a  DLWSCII rhc* (lve 2c show~d  

r ~ r n ~ > ~ r z r t r r r - ~  depend(ntrt inferronvmsiun het\r.<vn the I f -  unl J-u~:rcgares wuh~rc.rrs 

heoting. In THF-~.ntt.r mi~itrrr~>, the $ve 2a forms H-aggrrgcttr<s. On olkcr 

hund the &es Zb and 2c,fot-m ho ~h Ii- and J-aggregutes in TfIF-wu~rr. 

3.2. Introduction 

Squanine dytx fom a class of organic photoconducting materials that have 

bccn cxtensivdy smdied for a varicty of technological applica2ions' including 

organic solar cells.? optical recording media' and xerographic photoreccptors.4.' 

Thcy cxhibit strong absorption in the visibic to rhc ncat infrared tcginn. 

Aggt'yation or squaraine dycs makcs considerable changes to their i~ptictll 

prupcrties. thc most important hcing in the electronic absorption spcctra. Fhc 

spcctral katures of thcsc dye aggregates can be comlated to their sltuctures by thc 

exclton theory of Kasha, H~hstrasser. Kuhn and cow~rkers .~ '~  According to the 

exciton theory,'" the excited statc cnergy lcvel of the monomeric dyc splits into 

two upon aggregation. one level bcing lowcr and thc other higher in cnergy than 

the monomer excited state. Thc allowed and forbidden transitions are thcn 

govcmed by the tilt angle 'a' of the transition moments with rcspect thc line of 

centers (Fipre 3.1). Whcn 'a' is less than appraximatcly 54". the allowcd 

transition is to the lowcst excited levcl resulting in a rcd-shifted absorption relativc 

to that of the monomcr. Such aggregatcs are known as J-type aggregates (head-tu- 



tail mngernent). When 'a' is greater than 54", the allowed transition is to the 

highest excited level, resulting in a blue shifted absorption, typical of H-type 

aggregates (card-pack arrangement). 

t "Head to Tall" "Card Pack" 

Monomer .I-aggrspllte H-wnreaata 
Llne d 

Figure 3.1. Schematic representation of splitting of the excited state of an organic 
dye during aggregation. 

Studies have shown that squaraines can exist as different kinds of 

agpgates with the prominent limiting stnrctures of J- and H-type that are 

commonly occurring. The aggregation properties are influenced by a number of 

factors including the structure of the chrornophore, solvents used, presence o f  

foreign materials, temperature etc. In recent years, a v d e t y  of squaraine dyes 

have been subjected to aggregation studies. For example, Das el ad. have reported 

the formation of aggregates of bi~2,4-dihydrOxypbenyl)squaraine (3a) and 

bis(2,4,6-trihyhxypheny1)squmine (3b) in acetonitrile (Chart 3.1)" The 

appearance of the sharp band at 665 nm at higher concentration of the dye was due 

to the aggregated species. IntemolecuEar hydmgen bonding between Ule monomer 

molecules was responsible for the aggregation. The aggregation of 3b in ethanol 

and tetrahydrofuran has been reported by Li and coworken, which reveals the role 
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of hydrogen bonding in the aggregation process.'' The halogenated derivatives 4a 

and 4b form H-aggregates in methanol-buffer  solution^.'^ The intramolecular 

hydrogen bonding interactions between the electronegative atoms of one squaraine 

units and the hydroxyl groups of the others rendered stability ta the aggregates. 

OH OH X X OH OHHO X 

H O W 0  - 
X 0 HO X OH 0 HO X 

3a,X=H 4a,X- Br 
3b, X = OH 4b.Xct 

Chart 3.1 

Law and coworkers have reported the aggregation of a series surfactant 

squaraines (Chart 3.2)."" Aggregation of 5a was studied in a variety of media 

including organic solvents, aqueous cyclodextrin solutions, vesicles, monolayen, 

Langmuir-Bbdgett films and in the solid films. In all the cases blue shifted 

absorption was observed for the aggregates. It has been concluded that the dye 

adopts either a transition layer or a glide layer stmchue in these aggregates, 

Squaraines Sb and 5c exhibited multiple aggregation behavior in LB f h s  and in 

DMSO-water binary solvent system. The blue shifted H-aggregates in LB films 

are shown to rearrange to J-aggregates with increase in temperature. The reversal 

of the process could be achieved by beating the J- or the red-shifted aggregates 

using steam at 65 "C. By comparing the crass sectional area of the squaraine 

chrornophores and the limiting area of a hydrocarbon chain, it has been concluded 

that multipIe aggregation is a 'free area effect'. The aggregation study in DMSO- 



water mixtures suggests that hydrophobic and charge transfer interactions play the 

key role in these phenomena. 

Chart 3 3  

Amphiphilic squaraines 6a-e resalted in blue shifted chiral aggregates in 

aqueous and in mixed aqueous-organic solutions and in micro heterogeneous 

medial7 pilayer vesicles}. In the monomer to aggregate conversion, presence of 

intermediate dirner could be detected in some of the cases. The aggregation 

number in this case was found to be 4. A c h i d  pinwheel structure was assigned 

For the tetrarner. The tendency for aggregation was found to increase with increase 

in length of the alkyl side chain on the nitrogen. 

The squaraine dye 7 (Chart 3.3) forms two types of aggregates 

prefemtially in different DMSO-water compositions. A dynamic conversion 

between the aggregates is obsemd in specific DMSO-water ~ornposition.'~." In 

pure DMSO and in DMSO-water mixtures containing more than 70% DMSO, 7d 

exists in the monomeric form, which has a sharp abswption centered mund 600 

m. In 70% DMSO, it exists as stable aggregates that has blue shifted absorption 



Chapter 3 B? 

band (A,, = 530 nm). In 20-50% DMSO, a second type of aggregate with a broad 

absorption band in the region of 550-700 nm was observed. This species 

undergoes a time dependent change to the aggregated species in DMSO rich 

solvent mixtures. Similar observations were made in the aggregation of bis(4- 

alkylamino-2-hydroxypheny1)sq~ioes in DMSO-water mixtures. 

Chart 3.3 

Tjan er a/. have noticed that 8a and 8b with branched Nalkyl groups such 

as sec-butyl and iso-butyl with large limiting areas form J-aggregates in 

monolayers whereas molecules with shorter N-alkyl side chains form H- 

aggregates.z0 This behavior is attributed to the steric hindrance of the branched 

alkyl groups. The intramoIecular H-bonding between the aromatic hydroxy! 

groups favors the formation of H-aggregates at air-water interface. It has been 

found that branching of N-alkyl side chains greatly enhances the sublimatim 

ability of the squaraine dyes. 

RecentIy, Dirnitriev and coworkers have reported enhanced aggregation of 

squaraine dyes in solution capillary Spectral differences in the capillary 

and bulk solution were dependent on chemical structure of the dye and the solvent 
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used. The enhanced adsorption of squaraine dye molecules and the liquid 

crystalline state of the solution near the liquid-solid interface was pointed out as 

the driving force for this u n d  behavior. Aggregation of squaraines in zeolites23 

and on semiconductor were also studied. Recent studies reveal the 

potential use of squaraine dye aggregates in the opt~electranic field. Ultra fast 

non-linear optical response has been observed in J-aggregates of N,N-diawl 

~quaraines.~~.~' Considerable work in this area has been carried out independently 

by the groups of ~ a k a z u r n i ~ ~ " ~  and h4eier?'-I4 Petemam er al. have reported the 

formation of J-aggregates in the spin cast films of dialkylamino extended 

bis(dialky1amino)phenyl ~~uara ines .~ '  For near-R absorbing squaryliurn dye 

containing a hydroperimidine moiety, the conversion between blue shifted 

aggregate and monomer was observed by changing the percentage of DMSO in 

DMSO-water 

A detailed survey of the literature pertaining to the aggregation of squaraine 

dyes reveals that majority of the studies are based on NN-dialkyl aniline derived 

squaraine dyes. Due to the fast growing importance of near-R absorbing 

squaraine dyes, detailed studies on the factors controllhg the aggregation behavior 

of such dyes have great significance. This is particularly true of pyrrole derived n- 

extended squaraine dyes. In the present study, a few n-extended squaraine dyes of 

dialkoxydivinylbenzene bridged bispyrroles were prepared and characterized. The 

alkyl group at the pyrrole nitrogen is kept the same (-CH3) and those on the 

benzene ring are changed. The aggregation of these dyes in solution and in solid- 
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state have been studied. These studies reveal that the nature of the akyl side 

chains on the benzene ring play a crucial role and hence can be utilized in 

controlling the aggregation behavior of bispyrrole derived squaraine dyes. 

3.3. Results and Discussion 

3.3.1. Synthesis and Characterization 

Squaraine dyes 2a-c (Scheme 3.1) were synthesized foIlowing the standard 

procedures described in the pervious chapter. For this purpose, the required 

bispyrroies la-c were prepared and characterized as reported previously~l 

Reaction of squaric acid with two equivalents of bispyrroles under azeotropic 

removal of water resulted in the formation of the dyes 2a-c in 23 - 36% yields. 

Significant amounts of polymeric dyes were abo formed which were removed by 

precipitation and column chromatography. 

Scheme 3.1 



Chapter 3 90 

The newly synthesized dyes were characterized using IR, 'H NMR, ''c NMR, 

HRMS and elemental analyses. All the dyes showed sbong peak between 1625- 

1620 cm-' region which corresponds to the C-0 stretching frequency of the 

1 cyclabutenediyilium-1,3-diolate moiety. H NMR spec- of the dyes showed 

strong tram coupling for the vinylic linkages, which was in agreement with the 

structure assigned to the dyes. The N-methyl protons were observed as two 

singlets of equal intensity around 6 4.25 ppm and 3.7 pprn indicating the strong 

resonance stabilization in the dyes. The O-CHI protons gave characteristic 

multiplet at 6 3.95 pprn. The -CH2 protons of the alkyl chains appeared as broad 

multiplet around 6 1.82-1.25 pprn. Methyl protons of the alkyl side chains were 

observed as multiplet at 6 1.0-0.88 ppm. Thermogmvimetric analysis in air and in 

nitrogen atmosphere showed a decomposition temperature above 250 "C 

indicating that the dyes are stable up to 250 "C (Figure 3.2). 

Tamp 'C 

Figure 3,2. Therrnogravirnetric analysis (TGA) of the squaraine dyes 2a-c. 
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3.3.2. Electronic Absorption Spectra of the n-Exteuded Squaraine Dyes 2a-c 

The dyes 2a-c showed intense absorption around 760 nrn ( E  > 1.3250 x 

1 0 ~ )  and a shoulder band around 670 nm. This shoulder is common to many 

squaraine dyes and could be attributed to excitonic interaction. A red-shift of the 

213 nrn is observed for 2a-c when compared to the absorption spectnun of the 

reported squaraine dye 9 obtained from N-alkylpyrrole 

(h,, = 547 nm in toluene). This is in agreement with the 

reports that optical properties of squaraines are tunable by 

extending the conjugation length or by introducing 9 

electron donating moieties. The elnission spectra of the dyes were recorded in 

toluene which showed weak emission in the range 750-850 urn with maximum 

centered around 800 nrn. 

Wavelength, nm Wavelength, nm 

Figure 3.3. (a) Absorption spectra of 2a-c and (b) emission spectrum of 2a in 
toluene (Excitation wavelength = 760 rim; [dye] = 5.61 x lo4 M). 
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33.3. Aggregation 

33.3.1. Aggregation Behavior of Dyes 2a-c in DMSO-water 

In mixed salvent systems such as DMSO-water, THF-water and 

chloroform-methanol, the dyes 2a-c exhibited significant changes in the 

absorption spectra. These changes in the absorption spectra could be attributed to 

the aggregation of the dyes in solvent mixtures. For example, the absosption 

spectra of 2a in DMSO-water mixtures of different composition are shown in 

Figure 3.4. 

In pure DMSO, the dye exhibited a strong absorption maximum at 779 nm. 

Upon increasing the percentage of water, the intensity of the monomer absorption 

at 779 urn is decreased gradually till 20% (vlv) water is added. In 20% (vlv) water, 

the intensity of the monomer band is decreased drastically and a blue shifted band 

at M0 nm is formed. This observation with the change in the solvent composition 

is typical of the H-type aggregation of squaraine dyes, Thus, in 20% (v/v) water, 

2a exists as a mixture of monomers and aggregates. In DMSO-water mixtures 

containing water content beyond 20%, the dye was mainly present in the H- 

aggregate form, as evident from the nearly complete shift of the absorption 

maximum from 779 nm to 640 tun (Figure 3.4). For example, at 60 - 90% water in 

DMSO, the spectra showed an absorption maximum at 640 nm. 



Wavelength, nm 

Figure 3,4. Absorption spectra of 2a in DMSO-water solvent mixture of different 
composition ([dye] = 6.46 x 1 O~ M). 

A concentration dependent change in the absorption spectrum of 2a in 

DMSO-water (80%) is shown in Figure 3.5. At very low concentration, the dye 

exists mainly as monomers in DMSO-water mixture containing 80% water as 

indicated by the absorption maximum at 779 nm. As the concentration is 

increased, the intensity of the aggregate band at 650 nm gradually increased. At 

higher concentrations, the dye exists predominantly as the aggregates. T h e  

aggregation number of dye Za was determined by plotting log [aggregate] against 

log [monomer] (Figwe 3.6). A straight line with a slope of 2 indicates that the 

agpegate exists mainly as dimm, 
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Eigurc 3.5. W - v i s  absorption spectra of squmine dye 2a at different 
concentrations in 80% DMSO-water mixture. Spectrum 'a' is for 1.1 pM, and 
spectrum 'b' is for 20.5 pM of the dye. 

Figure 3.6. Plot of log [aggregate] vs log [monomer] of 2a in 80% DMSO-water 
mixture. 



Ternperamre dependent change in the absorption spectrum of 2a in DMSO- 

water (80%) mixture is shown in Figure 3.7. In this composition at 25 "C, a major 

portion of 2a exists as the aggregates. Upon increasing the temperature. the 

aggregate absorption a1 656 nm gradually decreases with the concomi %ant growth 

of the monomer band at 764 nm. At 65 'C, even though the intensity of the 

aggregate band is; significantly decreased, a compIete hift of the aggregate to the 

monomer could not be achieved. This obsenration indicates that in 80% DMSO- 

water. the aggregates do not break completely. This means that the temperature 

dependent interconversion of the aggregates fa the monomer was strongly 

influenced by the composition of the solvent. The aggregates are very stable above 

50% water in DMSO and hence the rate of conversion of the aggregates to the 

monomer is very slow at higher water compositions. 

Wavelength, nm 

Figure 3.7. Temperature dependent absorption changes of 2a in 80% DMSO- 
water ([dye] = 6.46 x I 04Fd). 



In pure DMSO, at a concentration of 3.76 x f om6 M. 2b initially exhibited an 

absorption maximum at 776 nm. An interesting observation in the case of the dye 

2b in DMSO is that, the intensity of the 776 am band decreases with time and the 

absorption maximum is  shifted to 682 nm. It must be noted that dye 2a did not 

exhibit such a time dependent change in the absorption maximum, Dye 2b existed 

in the form of aggregates even in pure DMSO. Addition of water to the solvent in 

this case hrther facilitated the formation of aggregates with 4% of watw content 

in UMSO, Further increase in water content resulted in the precipitation of the dye 

from the solution. 

Figure 3.8, a) Time dependent absorption changes of the dye 2b in DMSO. 
Specmm 'a' is  recorded immediately after the addition of the dye to DMSU and 
spectrum 'b' is after 75 min. b) Plot of absorbance at 776 nm against time for dye 
2b in DMSO ([dye] = 3.76 x 10%). 

Spectrum 'a' corresponds to the initial spectrum of the dye 2b in DMSO 

and spectrum 'b' is that af the same solution recorded after 75 minutes. Figure 3.8b 

shows the plot of intensity of the monomer absorption at 776 nm against time 

which indicates the gradual decrease of the absorbance at 776 nm. The change in 



the absorption spectrum of 2b with temperature in DMSO-water (3%) mixture Is 

shown jn Figure 3,9, Increase in temperature resulted in a decrease in the intensity 

of the 640 nm band characteristic of the ?I-aggregates and a concomitant increase 

in the intensity of the band at 769 m, characteristic lo the monomer. In this case, 

the nearly complete shift of the aggregate absorption to the monomer absorption 

indicates complete breaking of the aggregates. The concentration dependent 

absorption spectra of 2b in DMSO showed the formation of blue shifted 

aggregates at higher concentration af the dye (Figure 3.10). The aggregation 

number was found to be 1.80, which indicates that aggregates are dimeric in 

nature. 

Wavelength, nrn 

Figure 3,9. Temperature dependent absorption changes of dye 2b in 97% 
DMSO-water ([dye] = 3.76 x 10'~ M). 
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400 600 800 

Wavelength, nm 

Figure 3.10. a) W-vis absorption spectra of squaraine dye 2b at different 
concentrations. Spectrum 'a' is for 2.1 pM and spectrum 'b' is for 21.5 fl of the 
dye in 97% DMSO-water mixture. 

Changes observed in the absorption spectra of dye 2c in DMSO-water 

mixtures are shown in Figure 3.11. In this case also, the dye tends to aggregate 

even with low percentage of water in DMSO. At very low percentage of water, 2c 

exists as monomer which absorbs at 780 nm. Intensity of this band was decreased 

as the percentage of water in DMSO-water mixtures is increased. A drastic 

decrease in the intensity of the 780 nm band was observed in 10% (vtv) water. 

With further increase in water content, the spectral pattern changed completely 

with the formation of a blue shifted band with maximum centered around 650 nm 

and another red-shifted band centered around 885 nm. These observations in the 

case of 2c are different from the behavior of the dyes 2a and Zb which showed 

only the blue shifted aggregate bands. In the case of 2% a red-shifted band at 885 



nm was observed in addition to the blue shifted band at 650 m. This observation 

indicates the formation of both the H- and J-type aggregates of 2c in DMSO- 

water. 

Figure 3.1 1. Absorption spectra of 2c in DMSO-water sohent mixture of different 
composition ([dye] = 4.44 x lo'"), 

In DMSO-water mixtures with water content more than 8% the dye 2e 

exhibited a time dependent change in the absorption spectrum. For example, on 

keepink a gradual decrease in the intensity of the monomer band is observed with 

evolution of a red-shifted peak around 900 nm. This observation indicates that 

both H- and J-aggregates are formed in this case. Figure 3.12 shows the absorption 

spectra of 2c in 12% vlv water-DMSO with time, Change in the absorbance at 

640 nm, 780 nm and 900 nm with time ([dye] = 4.44 x 1c6 M) in 12% vlv water- 

DMSO i s  shown in Figure 3.13. It can be noted that at the initial time scales, the 

monomer band at 780 nm exhibited significant decrease in the intensity with 

significant broadening of the spectrum. While the 900 nrn band showed a sIow and 



continuous growth, the 640 nm band showed an initial slow growth followed by a 

slow decrease in the intensity. This observation indicates that the H-aggregates 

may have a tendency to slowly reorganize to form the thermodynamically more 

stable J-aggregates. This is fwther confirmed by the temperature dependent 

spectral changes at various DMSO-water compositions. 

Effect of temperature on the a'bsorptian spectra of 2c in different DMSO- 

water compositions is shown in Figure 3.14. At 8% (vlv) water-DMSO, a 

complete dissociation of the aggregates to the monomers was observed upon 

heating (Figure 3.14a). Dye 2c exists mainIy as a mixture of monomer and H- 

aggregate in 10% (vlv) water-DMSO solvent composition. 

Wavelength, nm 

Figure 3.12. Time dependent changes in the absorption spectrwn of 2c in 12% v/v 
water-DMSO ([dye] = 4.44 x 1 0 ' ~  M), 
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Figure 3.13. Plots of absorbance at 640 nm, 780 m and 900 nm with time for 2c 
in 12% v/v water-DMSO. 

Upon heating, the intensity of the band at 656 nm i s  reduced and the 

monomer band at 764 nm is regained (Figure 3.14b). Cooling the solution to room 

temperature regenerated the absorption corresponding to the aggregate, indicating 

that in this solvent composition aggregation is a reversible process (Figure 3.144. 

In 12% (v/v) water-DMSO, H-aggregates, J-aggregates and monomers coexist 

(Figure 3.14d). Upon heating, the intensity of both H- and J-aggregate bands is 

marginally decreased to form the monomer peak. Thus above 10% of water in 

DMSO, the dye exists as a mixture of H- and J-aggregates along with the 

monomer. 



Wawlenpth, nm Wavelength, nrn 

Figure 3.14. Temperature dependent absorption spectra of 2c in a) 8% (v/v) 
water-DMSO, b) 10% (vlv) water-DMSO while heating, c) 10% (vlv) water- 
DMSO cooling cycte and d) 12% (vlv) water-DMSO ([dye] = 4.44 x I O ~ M ] .  

In a mixture of 20% (v/v) water-DMSO, the dye 2c existed mainly as H- 

aggregates (Figure 3. I 5 ) .  Surprisingly, upon increasing the temperature from 

25 "C - 70 "C, a red-shifted peak (h, at 880 nm) was formed without sipficant 

increase in the monomeric absorption. On coohg the mixture, the spectral 

fealres are retained with a small shift of the 880 nm peak to 900 nm Figure 

3.15b). These observations indicate that the H-aggregates rearrange to J- 

aggregates upon heating which do not reverse back to H-aggregates upon cooling. 
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Figure 3.1 5. Tmpesature dependent absorption spectra of 2c in 20% (vlv) water- 
DMSO (a) heating cycle @) coding cycle ([dye] = 4,44 x lo4 M). 

Thus, temperature dependent studies in DMSO-water below 20% water 

content shows that the H- and J-aggregates can be interconverted by heating and 

cooling. However with DMSO-water mixture having >20% of water. such a 

change is not observed. Therefore, the processes involved in the aggregation 

behavior of 2c in DMSO-water mixtures can be represented as shown below. 

8-18% H,O 
Monomer 

A H-aggregate - J-aggrega te 
A 

Monomer 

3.3.3,2. Aggregation behavior of Dyes 2a-c in THF-water 

The dyes 2a-c are soluble in THF and showed intense absorption between 

600-800 nm having maxima at 766,769 and 770 nm, respectively with a shoulder 

band around 700 nm. However, in THF-water mixtures, these dyes exhibited 

significant changes in their absorption specm. The change in the absorption 
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spectrum of the dye 2a (5.4 x 1@ M) in THF-water mixtures of different 

composition is shown in Figure 3.16. With increase in the amount of water 

content, the intensity of the absorptjon maximum of the dye is gradually 

decreased. At higher amount of water, a blue shifted band at 639 nm is formed. 

This observation is similar to that seen in DMSO-water mixtures and is 

characteristic of  the formation of the H-aggregates. 

766 nm 
I Water% (vlv) 

400 600 800 1000 

Wavelength, nm 

Figure 3.16. Absorption spectra of 2a in THF-water sokent mixhues ([dye] = 5.4 
x 1 0-6 M). 

Temperature dependent changes of 2a were studied in THF-water with 50% 

vlv of water. Upon increasing the temperature, the aggregate absorption at 650 nrn 

is decreased with a growth of the monomer band at 757 nm through an isosbestic 

point at 685 nm. Cooling the solution to room temperature regenerated the 



- - -- 

aggregated form (Figure 3.17). However, a complete reversal of the aggregates to 

the monomer was not observed in this case. 

Temp 'C 751 nm b) 1 

Wavelersgth, nrn Wavelength, nm 

Eigurc 3.17. Tempernlure-dependent absorption spectra of 2a in 50 % (vlv) THF- 
water mixture a) heating cycle and b) cooling cycle ([dye] = 5.4 x 10'"). 

The UV-vis spectral changes of the dyes 2b and 2c in THF-water mixture of 

different compositions are shown in Figures 3.18 and Figure 3.19, respectively. In 

these cases, upon increasing the water content, the intensity of the monomer bands 

is decreased and broad spectra with blue and red-shifted peaks are formed at 50% 

of water. This observation indicates that both H- and J-aggregates are formed in 

these cases. It is observed that above 50% of water in THF, the intensity of h e  

band at 9Q2 nrn i s  decreased. In 90% water-THF mixture, the spectrum of 2c 

mainly showed the 673 nm band indicating the predominant formation of the W- 

aggregates, 
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Wavelength, nm 

Figure 3.18. Absorption spectra of 2b in lHF-water solvent mixtures ([dye] = 5.08 
x ~ O ~ M ) .  

Wavelength, nm 

Figure 3.19. Absorption spectra of h in THF-water solvent mixtures ([dye] = 6.03 
x 1o4hI). 
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Time dependent studies of dyes 2b and 2c in 50% (v/v) THF-water showed 

a decrease in the intensity of the H-aggregate band with the simultaneous increase 

in the J-aggregate band. For example, addition of the dye 2b to a solution of 50% 

(vlv) water in THF resulted in a broad spectrum with a blue shifted band at 652 

nrn and red-shiited weak band at 902 nm. With time, the intensity of the band at 

652 nm is decreased with the growth of a peak at 902 nrn (Figure 3.20). This is 

clear from the plots of the absorbance at 650 nrn and 902 nrn with time (Figure 

3.2 1). This observation indicates time dependent rearrangement of the initially 

formed H-aggregates to J-aggregates $ 50% water-THF solvent mixhue. 

However, at higher water content (> 50%), the rate of conversion of the 673 nm 

band to 885 nm becomes slow. In this case, the H-aggregates may be kinetically 

trapped and may not reatrange to the J-aggregates. This could be the reason for the 

low intensity of the 885 mn band at 90% water-THF mixture. 

Wavelength, nm 

Figure 3.20. Time dependent absorption changes of 2b in 50% (vlv) THF-water 
mixture ([dye] = 5.08 ~ 1 0 ~ ~ ) .  



Figure 3.21. Plots of intensities of H-aggregate (652 nm) and J-aggregate (902 
nm) bmds of 2b against time in 50% (vlv)  THF-water. 

The temperature dependent change of 2b was studied in 56% (vlv) THE. In 

this composition, significant amount of 1-aggregates ase formed. Upon increasing 

the temperature, the aggregate absorption at 915 nrn is gradually decreased with 

the concomitant growth of the monomer band at 757 nrn through an isosbestic 

point at 805 nm (Figure 3.22a). The change in the absorbance at 915 nm with 

temperature is shown in the inset of b e  Figure 3.22a. Cooling of the solution 

regenerated the aggregated species, indicating the reverdbility af the process 

(Figure 3.22b)- 

Concentration dependent absorption changes of the dye 2c in 56% (vlv) 

THF-water mixture are shown in Figure 3.23. fn 50% (vlv) THF-water mixture, 

considerable amount of J-aggregate was formed with increase in concentraZion of 
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the dye. The aggregation number was found to be 1.98, which indicates the 

dimeric nature of the aggregates Figure 3.24). 

a) 

Wavelength. nm Wavslength, nm 

Figure 3.22. Temperature-dependent absorption spectra of 2b in 56% (vlv) THF 
water mixture a) heating cycle and b) cooling cycle. Inset of Figure a is the plot of 
absorbance at 9 15 nm with temperature in the beating cycle. 

4M) 600 ebo IM 
Wavelength, nm 

Figure 3.23. W-vis absorption spectra of the squaraine dye 2c at different 
concentrations. Spectrum 'a' is for 2.0 phi and spectrum 'b' for is 20 pM of the 
dye in 5 6% THF-water mixture, 



log[mcmomer] 

Figure 3.24. Plot of log [aggregate] against log [monomer] of 2c in 44% THF- 
water mixture. 

Wavelength, nm 

Figure 3.25. (a) Temperature dependent absorption spectra of 2c and (b) PIots of 
the intensity of the absorption at 761 nm and 885 nm of 2c in 50% (vlv) THF 
against temperature. 

The temperature dependent conversion of J-aggregates of 2c in 50% (vlv) 

THF-water to the corresponding, monomer is shown in Figure 3.2%. In 50% (vlv) 

THF, 2c exists mainly as J-aggregates. The intensity of the monomer band at 761 

nm graduaIly increased with increase in temperature. At 70 O C  the aggregate band 

at 885 nm almost vanished with complete recovery of the monomer band. Plots of 
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the intensities of the absorption of the monomer at 761 nm and the J-aggregate at 

885 nm against temperature are shown as Figure 3.25b. 

The absorption spectral changes of 2a-c in different solvent mixtures 

indicate the role of 0-alkyl side chains of the phenyl group on the aggregation 

behavior. Dye 2a with the shortest side chain (0-butyl) formed only H-aggregates 

in both the solvent systems. The shorter side chains favored a card pack array of 

the transition dipoles and remained unaffected by the percentage of water content 

in the systems. However, for the dye 2b with 0-dodecyl side chains and the dye 2c 

with the branched side chains, the mode of aggregation was found to be dependent 

on the percentage of water content in the solvent mixtures, Dye 2b tends to form 

aggregates even in pure DMSO and the aggregation process is faciIitated with 

4% of water in DMSO. Aggregation of 2b in THF-water and 2c in DMSO-water 

and THE-water followed a similar pattern. For 2c, the branched side chain 

preferred the less strained slipped stack assembly than a sterically strained card 

pack assembly at lower water content. With increased water content, 

hydrophobicity of the side chains prevented the extended packing which resulted 

in the formation of the head-to-head packed blue shifted H-aggregates. 

33.4. Solid-State Absorption Properties 

The soLid-state absorption spectra of the dyes were quite different h r n  the 

corresponding solution state spectra. In the solid-state, broadening af the specba is 

observed with the formation of new absorption bands, which are blue and red- 
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shifted with respect to the absorption maximum in solution. It is well h o w  that 

in the solid-state, the absorption of  many of the squarahe dyes becomes broad and 

red-shifted to the near-IR region. This broadening of the absorption is due to the 

strong intermolecular interaction and aggregation, the type of which is determined 

by the structure of the dye. In most of the cases, squaraine dyes show similar trend 

of aggregation in solid-state as observed in solvent systems. 

In the solid-state, the dye 2a with 0-butyl side chains exhibited a blue shift 

in the absorption maximum (h,,, = 670 nm) relative to that in chloroform {L,, = 

762 nm). A red shifted shoulder band is also formed around 850 nm the intensity 

of which is relatively weak when compared to that of the blue shifted band. 

Comparison of the solution and solid-state absorption spectra of the dye is shown 

in Figure 3.26. 

Wavelength, nrn 

Figure 3.26. Absorption spectra of dye 2a, a) in chloroform and b) in the solid- 
state (film). 
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The dye 2b with N-methyl and 0-dodmyl side chains showed a broad spectrum 

when compared ta that of dye 2a (Figure 3-27), which indicates the formation of 

both H- and J-aggregates in almost equal intensity. 

Wavelength, nm 

Figure 3.27. Ahowtion spectra of dye 2b, a) in chIorofornl and b) in the solid- 
state (film). 

Figure 3.28. Absorption spectra of dye 2c, a) in chloroform and b) in the solid- 
state (film). 



A comparison of the solid-state absorption spectrum of the dye 2c having 

ethylhexyI side chains with the corresponding solution state spectrum is shown in 

Figure 3.28. In this case, the solid-state spectrum is relatively broader than that of 

2b. While the H-aggregates of 2b and Zc absorb at 680 nm, the J-aggregates of 2c 

in the solid-state showed the maximum red-shi? towards 960 nm which is 75 nm 

more than that of 2b. 

These studies indicate that the dye 2a with short side chains prefers to form 

H-aggregates both in the solvent mixtures as well as in the solid-state. However, 

the dyes with long alkyl side chains and branched side chains form both H- and J- 

type aggregates in the solvent mixtures and in the solid-state. The shift towards the 

near-1R region is found to be maximum for the dye 2c with 2-ethylhexyl side 

chains in the solid-state. This observation reveals that the branched side chains on 

the phenyl bridge prefer to form the slipped aggregates with minimum tilt angle. 

33.5. X-ray Diffraction Studies 

Insight into the molecular packmg of 2a+ in the solid state was obtained 

from their X-ray diffraction pattern. The peaks in the XRD pattern couId be 

correlated with the aggregation pattern of the dyes in the solid state. Squaraine 

dyes which form J-aggregates in the solid-state gave sharp XRD signals. 

Elongation and branching of the hydrocarbon side chains have significant 

influence m the molecular packing as evident from the comparison of the XRD 

data of 23-12 (Figure 3.29). The calculated wingspan of the dyes 2b and 2c are 



33.37 A and 19.83 A respectiveIy. The XRD peaks are observed at 20.47 A for 2b 

and at 13.17 A for 2c. These d-spacing indicate more closely packed interdigitaid 

assembly of the aggregates in the solid-state. A possible molecular packing 

diagram of the squaraine dye 2c is shwn in Figure 3.30. The wide-angle region 

remained broad revealing weak x-interactions between the dyes and hence the 

absence of strong Iong range orders in the solid-state. These observations imply 

that the 0-alkyl chains have significant influence on the inter-chain packing of the 

molecules. 

Figure 3.29. X-ray dihction patterns of the squaraine dyes 2a-c. 



Figure 330. A possible molecular packing diagram of the squaraine dye 2c. 

The present study reveals the crucial role of side chain substiruenrs in 

cmtrolliag the electronic abswption and aggregation properties of the E-extended 

squmine dyes 2a-c. These dyes form aggregates in solution as well as in solid- 

state. The hydrophobic interactions and the steric effects of the hydrocarbons 

chains play a major role in the aggregation process. Aggregates formed in DMSO- 

water and ITIF-water solvent mixtures bear resemblance to those in their solid- 

~tate. X-ray diffitiw patterns showed interdigitated packing of the dyes in the 

solid state. 
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3.5. Experimental 

3.5.1. General methods 

The general experimental methods used are described in Chapter 2 of the 

thesis. 

3.5.2. Preparation of bhpymles (la*) 

BispyrroIes la-c were synthesized according to the procedures given in 

Chapter 2. 

fa: Yield 63%; mp 141 'C; 1R ( D r )  v,, 2949, 2868, 1462, 1417, 1327, 1 197, 

1039, 1012, 954, 707 cm"; 'H NMR (300 MHz, C l X l 3 )  6 7.08 (d, 2H, vinylic 

J=16.26 Hz), 7.00 (d, 2H, vinylic,J=16.30 Hz), 6.91 (s, 2H, aromatic), 6.56 (5, 

2H, aromatic), 6.42 (m, 2H, aromatic), 6.09 It, 2H, aromatic), 3.96 (t, 4H, OCH2), 

3.63 (s, 6H, NCH,), 1.74 (t, 4H, CH,), 1.50 (m, 4H, CH,), 0.94 (t, 6H, CHI); 13c 

NMR (75.4 MHz, CDC13) 6 150.93, 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; W S  calcd for 

G H 3 & 0 2  m: 432.2777, found 432.2770, 

lb: Yield 48%; mp 80 OC; IR (KBr) v,, 2921, 2851, 1543, 1496, 1463, 13  10, 

1227, 1206, 1046, 960 cm-'; 'H NMR (300 MHz, CDC13) 6 7.14 (d, 2H, vinylic 

J=16.28 Hz), 7.05 (4 ZN, vinylic, J46.34 Hz), 6.97 (s, 2H, aromatic), 6,63 (s, 

2H, aromatic), 6.48 (m. 2I1, aromatic), 6.15 (m, 2H, aromatic), 4.01 It, 4H, 

OCHd, 3.69 Is, 6H, NCH3), 1.84 (m, 4H, C&), 1.51 (rn, 4H, CHZ), 1.26 (m, 32H, 
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CHI) 0.86 (t, 6H, CIA3); I3c NhGt (75.4 MHz, CDCI3), 6 150.95, 132.87, 126.60, 

123.44, 121.44, 117.53, 110.96, 108.24, 106.68,69.52, 34.19, 31.90, 29.63, 29.49, 

29.34, 26.30, 22.67, 14.10. HRMS calcd for C4QH6#N2O2 (m: 656.5281, found 

656.5263. 

lc: Yield 74%; mp 110 "C; IR (KBr) v,, 2934, 2857, 1543, 1491, 1424, 1325, 

1288, 1196, 1046, 953 cm-I; 'H NMR (300 MHz, CDCI,) 6 7.16 (d, 2H, vinylic 

J=16.30 Hz,), 7.03 (d, 2H, vinylic, J=16.23 Hz), 6.99 Is, 2H, aromatic), 6.62 (s, 

2H, aromatic), 6.47 (m, 2H, aromatic), 6.15 (m, 2H, aromatic), 3.92 (d, 4H, 

OCHZ), 3.70 (s, 6H, CH3), 1.78 (m, 2H, CH), 1.37 (m, 16H, CH2), 0.88-0.99 (m, 

12H, CH,); "C NMR (75.4 MHz, CDC13), 5 150.98, 132.94, 126.52, 123.52, 

121.40, 117.36, 110.31, 108.27, 106.78, 71.55, 39.85, 34.35, 30.85, 29.25, 24.17, 

23.12, 14-15, 1 1.32; Anal. calcd for C ~ ~ ~ ~ N ~ O ~ ( M + ) :  C, 79.36; H, 9.62; N, 5.14. 

Found: C, 78.96; H, 9.83; N, 5.14. 

3.5.3. Preparation of n-extended squaraine dyes (2a-c) 

The n-extended squaraine dyes 2a-c were synthesized according to the 

procedure given in the previous chapter. 

2a: Yield 36%; IR (KBr) v,, 2930,1620,1440, 1352,1283, 1096,939 cm''; 'H 

NMR (300 MHz, CDC13) S 7.77 (s, 2H, aromatic), 7.4 (m, 2H, vinylic, J = 15.61 

Hz), 7.17-7.10 (m, 6H, vinylic+aromatic), 6.92 (m, 6H, vinylic+arornatic), 6.63 Is ,  

2H, aromatic), 6.51 (s, 2H, aromatic), 6.16 (s, 2H, aromatic), 4.22 (s, 6H, NCHj), 

4.04 (s, 6H, NCH3], 3.48-3,67 (m, 8H, OCH2), 1.85 (m, 8H, CH2), 1.63 (m, 8H, 
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CHd, 1.03 (m, 12H, CH3); NMR (75.4 MHz, CDCl3), S 168.52, 152.45, 

131.65, 130.96, 130.22, 129.18, 120.84, 118.94, 115.49, 115.06, 113.64, 113.29, 

113.15, 110.43, 109.88, 109.06, 108.47, 107.35,69,45,69.19,34.19,33.09, 31.95, 

22.68, 13.98; HRMS cdcd for &H7&406 m: 942.5295. found 942.5321. Anal. 

calcd for C&~&06.H20: C, 74.96; H, 7.55; N, 5.82. Found: C, 74,97; H, 7.9% 

N, 6.07. 

2b: Yield 23%; IR (KBr) v, 2924, 1625,1491, 1434, 1351, 1284. 1206, 1093, 

865 cm-'; 'H NMR (300 MHz, CDC13) 8 7.80 (s, 2H, aromatic), 7,47 (d, ZH, 

vinylic J =15,67 Hz ), 7.19 (d, 2H, vinylic, J =15.41 b), 7.14 (m, 4H, vinylic), 

6.96 (m. 4H, aromatic), 6.90 (s, 2H, aromatic), 66.3 (5, 2H, aromatic), 6.52 (m, 

2H, aromatic), 6.15 (5, 2A, aromatic], 420 Is, 6H, NCH3). 4.04 (m, 8H. OCH2), 

3.68 (s, 6H, NCHJ), 1.88 (m, SH, CHz), 1.59 (m, 32B, CHI), 1.26 (m, 40H, CHI), 

0.88 (m, 12H, CH3); "C NMR (75.4 MHz, CDC13), d 169.79, 152.13, 132.65, 

124.01, 120.84, 118.94, 115.49, 115.06, 113.64, 113,29, 113.15, 110.43, 109.88, 

109.06, 108.47, 107.35, 106.1, 105.12, 69.45, 69.19, 34.19, 33.09, 31.95, 29.65, 

29.52, 29.43, 29.34, 26.33, 26.26, 22.68, 14.m; MALDI TOF calcd for 

Cg2H1 34N4QS 1 392.0303, found 1 392,06; Anal.ealcd for C Q ~ H ~ ~ ~ N ~ O ~ H ~ O :  

C, 78.36; H, 9.72; N, 3.97. Found: C, 77.93; H, 10.05; N, 3.92. 

2cr: Yield 25%; IR (KBt) v,, 2924, 1620, 1506, 1439, 1356, 1289, 1206, 1087, 

948 cm"; 'H NMR (300 MHz, CDCls) 5 7.82 (d, 2H, aromatic), 7.51 (d, 2H, 

Y inylic J = 16.10 Hz), 7.2 1 (4 2H, vinylic, J = 16.23 Hz), 7.1 8 (m, 2H, vinylic), 



7.10 (d, 2H, vinylic, J = 16.39 Hz), 7.01 (m, 2H, aromatic), 6.98 (m, 2H, 

aromatic), 6.89 (d, 2H, aromatic), 6,65 (s, 2H, aromatic), 6.51(m, 2H, aromatic) 

6.17 (m, ZH, aromatic), 4.30 (s, 6H, NCH,), 3.97 (m, 8H, OCH2), 3.72 (s, 6H, 

NCH3), 1.82 (m, 4H, CB), 1.51 (m, 8H, CH2), 1.25 (a, 24H, CHI), 0.89-0.99 (m, 

24H, CH3 ); "C NMR (75.4 MHz, CDCI3), 6 166.48, 152.22, 150.96, 132.66, 

23.08, 14.1 1, 1 1.30. MALDI TOF: calcd for C76H~mN40, (M?) 1 167.6464, found 

1 167.68; Anal. calcd for C7&IMN406.H20: C, 76.99; H, 8.84; N, 4.73. Found: C ,  
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Chapter 4 

2,2'-Bipyridine Bridged Bispyrroles: New Ratiometric 

Fluorescence Probes for the Selective Sensing of zn2+ 
- - - - 

4.1. Abstract 

Selet.five detec-tion of ions i . ~  importunt in variozrs Jeldlv of' uhrmi.~ttn an J 

bio~ogy. In this chapter, synthe,~h, charar~reriza~ian rrnd cation hzndinK sludi~s uf u 

,Jew 2,Z'-hipvridine linked hi,sp,wules IQ-d are dpsrribrd These moler.zii~s (ire 

,fifmd to be sekt.ctivc ,fluorescent s~nsors, ,for the derection ?f ZH". Fi7r cxam~pl~. 

while the uhsr>rption spectru nf la-d showed similar chat~ges ~ . i l h  a ~.al-iet~. of 

calions, [he emission spectral changes wilh 2n' ' were sign$ficunri~- djff=venr jkom 

other caticl~ls. The emission qf Ia-d at 53 7 nm was signifiranrlv qt~enuhed hv c~I'.. 

NI". fig'. CO", and ~ n "  ~jhet-c.os the titration qf 2n'- r.e.~zrlfed in n stro~lg 

orange-red em is^-ion at 635 nm (AE,, = 97 nm} thro~lglr an isoemissive point a[ 

601 nm. Alkali and alkul in~ eenth metal ions r.otr/b nnt effect ary nnticeable 

change fe the filorescbence. The Joh pIur and [he ratinmetrir. pior reveuled u I I 

compl~xation bet ween the ,flrm-op horc and the metal ion. The Benesi-Hildehrand 

plot gave a binding constant of 1.23 x ~dfclr ~n". Addition of zn2' into the non- 

emissive la-CU" r~.~er/ted in /he strong orange-red emission oj' IP-Zn" complex 

thereby unambipouslv pmving the .~elec~ivli'y of l a  ro tJrP seming qf zn'-. 

Bisp~vmle  Id with a polvether side chain ollnwed the detection qf ~ n " +  lrnder 

aqueou.7 physiolugiuui condirions. The mcucimzrm change in the Jluore.ruence 



inremity was observed in rhe pH windoul of 6.8-7.4 ~ ' h i c h  is s~tited ,far rhe 

detection o f ~ n "  in hiologicul system. 

4.2. Introduction 

Zinc is the second most abundant transition metal ion in thc human body, 

where it has multiple roles in bath intra and extra cellular functions.'-' A large 

number of proteins and en ymes  wcre identified to contain ~ n " .  Zinc is found to 

be associated with membrane lipids, DNA and 'RNA and plays importan1 roles in 

the ccntral nervous system (CNS). Zinc has b m  identified to be assmiatcd with 

severc neurological disorders such as Alzheimer's disease. tateral sctcrosis, 

Parkinsons disease and ~ ~ i l e p s y . '  Imense exposure to ~n'* can be neurotoxic, 

killing cortical neurons after scveral minutes. The World Health Organization 

estimates that more than 40% of children in Africa and Asia have stunned growth 

associated with limited dietary zinc.' The extent to which zinc deficiency 

conditions persist today is difficult to estimate because of the lack of suitable 

biuchemical markers for zinc ions. Besides growth. numerous body functions are 

affected, including immune, undocrine and gastm-enterological systems. Thus. the 

scope for the exploration of thc divcrse physiological roles of biological zinc 

demands sensitive and non-invasive technique for the real time local imaging of 

znlL concenrration. White the total concmtntbn of the ~ n "  in a cell is relatively 

high, thc concentration of the free zinc, which is not strongly bound to proteins, is  

extremely low and highly controlled. T h e  estimation of the free zinc has been 
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proved to be difficult using classical methods. Since 2n2' is silent to most of the 

analytical techniques, fluorescent techniques stand out as a method of choice. 

Based on the ion sequestering pathways, fluorescent sensors are classified 

into three groups namely 'fluorogenic chelating agents', 'fluoroionophores' with 

separate fluorophore and ionophore linked with or without a spacer and 

'fluorescent sensors3ased on resonance energy transfer.' 'Fluoroionophores' with 

an appropriate combination of the fluorophore and ionophores are the most widely 

used strategy in probe design. Ionophores, specific for znz' are limited to certain 

groups such as quinolines, bis(2-pyridylrnethyl) amine ( or di-Zpicolyl amine, 

DPA), linear and cyclic polyamines and some bioligands such as zinc-finger 

domains. 

Quinolines and their derivatives are the traditional fluorogenic sensors for 

zn2+ and many other metal ions.7 A milestone development in the history of zinc 

sensors h a p p e d  in 1987 when a sulphonamido derivative of quinoline, namely 6- 

methoxy-8-p-toluenesulphonamido-quinohe (2, TSQ), was used for the in vitro 

imaging of 2n2+ ions.' The fluorescence of the apo-ligand is too weak ta be 

observed, whle its 2nZ* complex erni ts strong fluorescence, with emission 

maximurn at 495 nm. Compound 2 is being used as a pH independent, non-toxic 

fluorescent probe for the selective detection of 2n2'. However, this has several 

limitations, the foremost being poor water solubility followed by the requirement 

for UV excitation. which may cause damage to the living cells. Water soluble 

derivatives of 2 were obtained by introducing carboxylic acid or ester group 



instead of methoxy group (3, Zinquin). "'* Another attempt to improve the 

solubility of TSQ was to replace the methyl p u p  on the benzene rings with rt 

carboxylic acid group (4, TLF-~n)." This probe was only sparingly soluble in 

water in neutral medium and was not widely adopted in bioassays (Chart 4.1). 

2 (rsw 3 (Zfnquln) 4 (TFDn) 

Chart 4.1 

Ward el 01. reported a series of zinquin homologues, several of them have 

higher fluorescent sensitivity and selectivity than TSQ.'"'~ Fluorescence of 

quinoline probes is independent of pH and the intensity of the emission increases 

100 fold by addition of zn2' owing to metal coordination to the quinoline N-atom, 

which inhibits a quenching pathway. Despite their ability to image intraceilular 

zinc, quinoline probes generate uncertainty in the measurement of free 2nZ" due to 

their ability to form mixed complexes with partially coordinated zinc in cells. 

Imperiali and coworkers have synthesized fluorescent ligands based on oxine for 

selectjve detection of zinc ions.I4 

Many fluorescent sensors utilize the principle of photoinduced electron 

transfer (PET) for the signaling of the binding process. Metal coordination to the 



receptor unit makes i t  a less cfticient electron donor to an attached fluorophore. 

Thus thc nativc fluorcscence of the fluorophore is restored. This sibmaling is 

highly selective for the analyte. Smsors opmting according to this principle are 

known as CHEF (chclation-enhanced fluorescence) type sensors (Figurc 4-1 ). 

0 
Flurophare & nonf!uorescen t Binding site - i i G x  fluorescent \* hv" 

hV 

Figure 4.1. Schematic representation of CHEF-type fluorescent scnsor for metal 
ions. 

The amino nitrogen of di-2-phenylpicolylamine (DPA) ligand is a good 

electron donor in PET process. [SPA bascd sensor 5 is  a typical PET sensor for 

protons and post transition metal ions like zinc (Chart 4.2).'"pon binding of the 

mctal ion, the quenching process is intmptcd and the fluorcscence quantum yield 

i s  increascd. In ordcr to shift thc cxcitation wavcicngth to the visible region, 

fluorescien and its derivatives were uscd as fluorophores. Only the anionic form of 

the fluorescien emits strongly, which means that the pKa values are an important 

factor for the pH dependent performance. Atrachmcnt of elcctron withdrawing 

groups renders bctter performance in a much broader pH rangc. Whcn the 

fluoraphores are connccted to DPA. the electron transfer fmm thc DPA facilitatcs 

quenching of the fluorescence. Th is  process is intempted when the amino 

nitrogcn coordinates 2n2'. Ncwport Green DCF (6) and Newport Green DPX (7) 



arc DPA based scnsors that shows fluorcscencc enhancement upon binding to 

zinc."' 

Chart 4.2 

Lippard and coworkers havc preparcd a serics of DPA based fluorescent 

sensors for zn2- detection. The first generation probes 8a (ZP I I and 8b (ZP21 

exhibit -3-6 fold fluorescencl: enhancement upon addition of one equivalent of 

zinc."." They havc high background fluorescence and can form dinuclear 

complexes owing to the presence of two DPA moicties on the xanthcnone ring. 

The second-generation sensors 9a-d contains an aniline-derivcd DPA-derivatized 

ligand linked to an unsymmetrically knctionalized fluorescien platform. Thcy 

exhibit low background fluorcxencc than the first generation probes due to a 

lowtring of the pKa values of the nitrogen atoms, responsible for PET quenching 

of the free ZP dyes,'''?' FIuorescent sensors 10. I t  and 12 (Zinspy family) that 

contains pyridyl-amine-thioether derivatized ligand arc watcr soluble and 

generally display - 1 -4-4.5-fotd fluorescence enhancement upon ~ n "  

coordination." The Zinspy sensors cxhibit improved selectivity Tor ZR" whcn 

compared to the di-(Zpicolyllamine-based Zinpyr family {Chart 4.3). 
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aa, X GI (ZPI) Qa, X = H (LP4) gc, X - FI (-6) 
8b, X = H (ZP2) eb, X - Cl (ZPS) 9d, X = OMe (ZP7) 
Sc, X = F (ZP3) 

s- "s 

x - .  , ' A  

, COOH 

'. 

Chart 4.3 

Another family of zinc sensors (ZnAF) was obtained by combining DPA 

with 5- or 6-aminofluorescien (Chart 4.4).2334 These compounds have an 

additional coordination h m  the amino nitrogen of the fluorescien derivative. The 

secondary amino nitrogen atom is a strong electron transfer quencher. As a result 

substantial fluorescence enhancement is observed upon binding of 2nZ'. The 

fluorescence of the znZ* complexes decreases below pH 7 in aqueous solutions. 

The difluoro derivatives 13b and 14b have lower pKa values (4.9) and behave 

better under neutral or slightly acidic conditions. 



Chart 4.4 

A number of sensom are r e p o d  with I,%-naphthalemide as the reporting 

unit anti DFA as the recognizing Upon binding to 2n2+, a five fold 

enhanoemen? In fluorescence is observed for 15 in physiologjcal conditions, DPA 

substituted coumarin 16 has also been used as zn2* sensor.'' 

Chart 4.5 

Czarnik and coworkers have reported a CHEF type sensor with 9,lO- 

bis(2,5-dimethyl-2,5-diazahexyl)~nhenc (17) for 2n2+ in acetonitrile?' The 

macrocyclic system 18 shows a large enhancement in fluores~ence?"~~ The 

protonations and the complexation at the macrocyclic potyamine moiety inhibit 

the quenching process by free nitrogen atom. The protonated 18 at pH 7 exhibits 



almost 120-faId larger fluorescence inmi ty  than that of the h e  ligand 18 (n = 2) 

at pH 12. 

17 18 

Chart 4.6 

Kimura et al, have reported a dansyl group attached aminoethylcyclen (19) 

which upon coordination with 2n2' results in a distorted square-pyramidal 

geometry."''32 The application of cyclen as a receptor for 2n2' in a sensor design 

was extended to a pair of probes utilizing xanthene chrornophores as the 

responding units. The sensors 20 and 21 have excitation and emission wavelengths 

LJk, as 495JS15 and 505/525 respectively, which are ideal for iniracellular 

studies. On saturation with 2n2+, the intensity of 20 is increased by 14 fold and 

that of 21 by 26 fold. Although, these sensors have exceptional optical properties, 

they have low affiniiy and require intricate multistep synthesis with low overaH 

yields.33 Owing to steric hindrance, these are kinetically very slow in metal 

binding, making them unsuitable for real time imaging. A hybrid of fluorescien 

and rhodamine as fluorophore and pyridine appended cyclen as the receptor could 

give only moderate enhancement in flu~rescence.~~ The methyl coumarin 
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derivative 22 has been used in 2n2* imaging of live rat pituitary tumor cells.31 The 

binding was very slow with a half-life longer than 60 min. 

21 

Chart 4.7 

The current interest in 2nZ+ specific sensors is based on ratiometric sensing. 

Ratiometric sensing behavior can be expected when the analyte binding changes 

the electronic properties of the chromophore resulting in absorption or emission st 

a different wavelength. Thus, a fluorescent ratiometric sensor responds upon 

binding to an mlyte by a shift in its emission maximum which may or may not be 

concomitaat with an increase in emission. This shin in the emission wavelengths 

should be enough to distinguish the I- of the coexisting 2nz+-free and 22'- 

bound species, allowing the determination of the ratio of emission maxima of the 

two species. Together with the laown binding constant of the sensor, the unlcnown 



- - -  

zinc concentration can be detwmined?6 A ratiometric signal is internally 

calibrated and neithm the Iight some nor the photobleaching affect the signal: 

ratio of the bound to unbound sensor. 

Ratiometric probes 23 (ZnAF-RI) and 24 (ZnAF-R2) were reported for 

2n2+, which utilizes the internal charge transfer in the fluorophore containing the 

electron donating DPA, conjugated to electron withdrawing benzofuran derivative 

(Chart 4,8).37 When these molecules form complexes with 2nZ', the wavelengths 

of the excitation maxima were blue-shifted, while the emission maxima remained 

unchanged. Sensor 24 is more soIubIe and has a better fluorescence quantum yield 

than 23 in water making it useful for biological applications, Eim and Briickner 

have reported a coumarin derived sensor 25 for the ratiornehic detection of zinc.38 

25 
23 {ZnW-RlJ 

COOH 2A (ZnAFU2) 

Chart 4.8 

The group of Lippard accomplished the realization of a ratiometric sensor 

based on the 2n2' induced shifi of the phenoxynaphthoquinone-mphthoxyquinone 

tautomeric equi~ibrium?~ Coordination of 251'' to 28 increases the overall intensity 

of the sensor and shih the spectnrm to one dominant peak indicative of the 

phenoxynaphthoquhone tautorner. The diacetate derivative of 28 has been used to 
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measure the changes in the intracellular zinc ion concentration in living 

mammalian cells. 

phcnoxynaphthoquinonc form naphthoxyquinonc form 

Scheme 4.1 

Later, Lippard ei at, coupled the zinc sensitive fluorophore 28 ta a zinc 

insensitive coumarin moiety through an ester functionality to give 29 (coumazin) 

(Chart 4,9),4"~s non-fluorescent compound can be hydrolyzed by esterase, 

separating the chemosensor and coumarin moieties, rendering both parts 

fluorescent. Excitation of the coumarin at 445 m and measuring the intensity at 

480 nm provides information about the cleaved sensor. Emission intensity at 534 

nm gives infomadon about the amount of zinc present. In the absence af 211". the 

ratio of enlission intensity Is3jAdKP is 0.5 and it increases to 4.0 upon saturation 

with ~n". 

The fluorescent zinc reporter Zinbo-5 (30) is cell permeable, binds with 

free 2n2' and shows significant zinc-induced changes in quantum yield. 4' The npo 

form exhibits a characteristic band at 407 nm (Of= 0.02) that shifts to 443 nrn (a 

= 0.10) upon binding with 2n2'. The 2n2' affinity of Zinbo-5 is much higher than 



that of DPA, indicating that the phenolate oxygen and benzoxazole nitrogen are 

likely chelating the metal as the third and fourth ligands. The utility of 30 in two 

photon excitation fluorescent (TPE) microscopy of mammalian cells is also 

demonstrated. 

Chart 4.9 

Thus, a survey of the current literature reveals a variety of ~ n "  sensors. 

most of which invoke multistep cmpIex synthetic steps. The present work 

describes the synthesis and metal ion binding properties of a few fluorescent 

bispymles having 2,T-bipy~idine as the cation binding unit. The synthesis of 

these molecules are relatively simple, they are highly fluorescent and are amenable 

for further functional group modifications. 



4.3. Results and Discussion 

4.3.1. Synthesis 

The bispymles la-d were prepared through a 3-step reaction as shown in 

Scheme 4.2. Bromination of 5,s-dimethyl-2,T-bipyrjdiw was carried out with N- 

bromosuecinimide. The bisbmmomethyl derivative 32 was converted to the 

corresponding bisphosphonate ester by Michaelis-Arbuzov reaction in 70-80% 

yield. The Wittjg-Homer-Emmons olefination reaction of the bisphosphonate ester 

33 with N-alkylpyrmle-2-carboxaldehydes 3 4 9 4  provided the bispyrroles l a d .  

The all trans configuration of the b i s p l e s  wwe confirmed from the coupling 

constants (J= 16-1 7 Hz) obtained from heir 'H NMR spectra. 

li3c-3 NBS. Al8N .. 
N CCt, renun. lt h a, wBr 

3* 32 
r! 

0 OEt 

t 

NaH, THF 

33 reflw, 10 h 
l a d  

la ,  R =  h- 

Scheme 4.2 

4.3.2. Optical Propertics 

The absorption and emission spectra of la-d, recorded in toluene, 

dichloromethane and acetonitrile showed intense absorption in the range 370-450 
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nrn due to n-TI* transition. In these solvents, these molecules exhibited broad 

absorption without noticeable difference in spectral shape from each other. The 

absorption maxima showed minor shift with polarity of the sohent. For example, 

in toluene, la  showed absorption maximum at 412 nm. Changing the solvent from 

toluene to acetonitrile resulted in a mere blue shift of 5 nm with absorption 

maximum around 407 nm (Figure 4.2a). 

Wwelength, nm Wavelength, nrn 

Figure 4.2. (a) Normalized absorption and (b) emission spectra of l a  in different 
solvents. 

The fluorescence emission spectra of the bispyrroles la-d showed intense 

emission with high fluorescence quantum ylelds. As the solvent is changed from 

toluene to acetonitrile, the emission became broad with a red-shift. For example, 

in toluene, l a  showed a structured ernission with two maxima at 463 nrn and 490 

nm. In dichloromethane the absorption is red shifted and a new maximum at 503 

m is observed. When the solvent is changed to acetonitfile, the emission is red- 

shifted to 537 nm (Figure 4.2b). The fluorescence quantum yields (Of) of the 

bispyrroles in toluene, dichloromethane and in acetonitrile were determined using 



quinine suIfhte as the standard. The Of values in toluene are found to be higher 

than that in dichloromethane and acetonilrile. All the bispp1es under study 

showed quantum yields d o v e  0.5 in toluene. The fluorescence lifetime 

measurements in toluene showed monoexponential decay in all cases. The optical 

characteristics of bispyrroles 1 a-d are listed in Table 4.1. 

Table 4.1. Optical properties of bispymles la-d. 

Toluene Acetonitrile 

BlW~rrole h,.,(nm)' ~,,,(nrn)~ Of h,,(nrn)' ~ , , ( n r n ) ~  @f 

ta  412 463,490 0.68 407 537 0.48 

Ib 412 463,490 0.71 407 537 0.47 

l c  41 1 463,490 0.67 407 537 0.47 

Id 410 463.489 0.61 407 535 0.45 

" absorption, emission 

4.3.3. Cation Blnding Propertics of l a d  

Photophysical properties of the bispysrole l a d  are highly sensitive to the 

presence of different transition metal ions. The responses of Is-d for a series of 

metal ions were studied in acetonitrile. The absorption spectral changes for the 

binding of different metal ions followed a similar pattern. Alkali and alkaline earth 

metal ions were not able to produce any noticeable changes in the optical 

properties of la-d except for M ~ ~ ' .  Figure 4 3  shows the absorption and zhe 

emission spectra of 1 a in acetoni tile upon addition of ca2' ions. 



Wavelength, nrn Wavelength, nm 

Figure 4.3. Changes in (a) the absorption spectrum and (b) the emission spectrum 
of la  (6 pM in acetonitrile) upon addition of Ca(C104)2 ; ( [ ~ a " ]  = 0-7 pM). 

Figure 4.4 shows the response of la  towards M ~ "  ions. Upon addition of 

M~"', the absorption maximum at 405 nrn was red-shifted to 422 nm and the eolw 

of the solution changed to pale yellow. Fluorescence maximum was shifted to 601 

nm through an isoemissjve point at 578 nm. 

Wavelength, nm Wavelength, nrn 

Figure 4.4. Changes in (a) the absorption specttum and (b) the emission spectrum 
of I a (6 pM in acetonitrile) upon addition of Mg(C104)2; (mg" = 0-7 pM). 

Addition of divalent metal ions of the first row transition series such as 

C U ~ ' ,  M2+, H~'*, co2+, and zn2' showed significant decrease in the 

absorption band around 407 nm with the concomitant formation of a new red- 
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shifted absorption band though two iscrsbestic points at 340 and 457 nm (Figure 

4.5). Since all these cations showed changes in the absorption spectrum, it was not 

possible to distinguish a specific cation by change in the W-vis  spectral 

properties. Therefore, we focused the stlldies on the fluorescence properties of the 

probes with these cations. 

Wavelength, nm Wavefength, nm 

Wavelength, nm Wmlength, nm 

Figure 4.5. Changes in the absorption spectrum of l a  (6 pM in acetonitrile) upon 
addition of (a) CO", (b) ~ i ' '  (c) htn2' and (d) H~'' (w27 in @). 



Wavelength, nrn 

Figure 4.6. Emission spectra of l a  (6 pM in acetonitrilc) with different divalent 
transition metal ions. Solid line indicates 1 a in the absence of metal ions. 

lnterestin~ly, the crnission of la-d at 5.17 nrn was significantly quenched by 

CLI", ~ i " ,  H ~ ~ ' ,  CO?', and MR" except for 2n2'. The fluorescence response o f  Is 

towards ~ n " ,  c;', FJi2', and ng2' are shown in Figure 4.6, The titration o f  ~ n "  

resulted in n strong orange-red emission at 635 nm (a,,, = 97 nm) through nn 

isoemissive point at 601 nrn (Figure 4.7). 

Wavelength, nrn Wavelength, nm 

Figure 4.7. Changes in (a) the absorption spectrum and (h) the emission spectrum 
of I a (6 l r  M in acetonitrile) upon addition of Zn(C10&: ([~n''] = 0-tr pM). 



Wav~length. nm Wavelength, nrn 

Figurc 4.8. Changes in (a) the absorption spectrum and (b) the emission spectrum 
of l a  (6p M in acetonitrile) upon addition of Cu(ClOd2; ([cu"] = 0-6 pM). 

Figure 4.8 shows the rcsponse of l a  towards CU". In all these cases, except 

2n2', other cations significantly quenched the emission of the probe. Therefore, l a  

is usefil as a fluorogenic probe for the specific detection of ~n". Besides 

transition metal ions, inner transition metal ions such as ce3', pr3', prn3+, ~ d *  and 

EU" arc also found to influence the optical properties of la-d. Partial quenching 

of the fluorescence is observed for most of the inner transition elements. A 

representative case of P? is shown in Figure 4.9. 

Figurc 4.9. Changes in the (a) absorption spectrum and (b) cmission spectrum of 
19 (frp M in acetonitrile) upon addition of ~ r . "  ions; ([pr3'] = 0-6 pM). 
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In order to have an understanding on the mode of binding of the bispyrroles 

ta the metal ions, binding of cu2' and zn2+ were studied in detail. The Job plot and 

Benesi-Hildebrand plots of l a  upon addition of znZt and CU*' m shown in Figure 

4.10 and 4.11, respectively. 

Figure 4.10. (a) Job plot and b) Benesi-Hildebrand pbts obtained for the titration 
of l a  with 2n2+. 

Mole fraction lflcuq x 1 OW' 

Figure 4.11. (a) Job plot and b) Benesi-Hildebrand plot obtained for the titration 
of l a  with cu2'. 

The Job plot and the Benesi-Hildebrand plots revealed a 1 :1 complexation 

between the fluomphore and the metal ion. The Benesi-Hitdebrand plot gave a 
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binding constant of 1.23 x 10' for 2n2' in acetonitrile. The binding constants 

obtained were comparable to the reported values for zinc-bipyridine systems. 

Bispyrrales la-d upon titsation with trifluoroacetic acid showed simiIar 

changes in the absorption and emission spectra as in the case of cation binding. A 

new peak at 475 was observed in the absorption spectrum while the fluorescence 

spec- showed a quenching of the original fluorescence as shown in the case of 

l a  (Figure 4,123. 

Wavelength. nrn Wavelength. nm 

Figure 4.12. Changes in (a) the absorption spectruln and (b) the emission 
spectrum of l a  (6 pM in acetonitrile) upon addition of trifluoro acetic acid. 

Ion responsive studies were carried out in HEPES buffer (50 mM HEPES, 

I00 mM NaCl) at varying pH of 6.4-7.4. Upon changing the solvent to water, the 

emission maximum of the bispyrrole was shifted to 600 nm and the 2n2'-bound 

species emitted at 623 m (Figure 4.13). 



Wavelength (nm) Wavelength (nm) 

Figure 4.13. Changes in the emission spectrum of Id (6 pM in acetonitrile-water. 
9: 1 V/V) upon addition of  a) Zn(C10r)2 and b) CU(CIQ~)~ .  

4.3.4. Cation Binding- Properties of 1 d: A Selective Sensor for znZ+ under 

Aqueous Conditions 

The hispyrrole Id with oxyethylene side chains has bcttcr solubility in 

acetonitrile and aqueous acetonitrile. Figure 4.14 shows the changes in thc 

absorption and the emission spectra of Id in 8:2 (v/v) water-acetonitrile mixture 

upon addition of ZII(CIO~)~ solution. 

Warelength,nm Wavelength, nm 

Figure 4.14. Changes in the ( a )  absorption and (b) cmission spectra of Id (6 pM) 
in X:2 (v lv )  water-acetonitrile rnixturc upon addition of Zn(ClO4): (0-6 pM). 





The plot of fluorescence intensity at 530 nm and a1 650 nm against the ~ n ' *  

concentration shows the change in fluorescence intensity upon ~ n ' ~ c o m ~ l c x a ~ i o n .  

making the probe a ratiometric sensor (Figure 4.171. An important rcquiremcnr o f  

a ~ n "  probe for any practical application i s  the ability for visual sensing by naked 

eyc, which is uscful for imaging undcr physiological conditions. Rispyrrole td 

satisfies thc above requirement as cvident from ihc changcs in thc emission color 

with different biologically significant catians as shown in Figurc 4 .1X .  Although 

alkali and alkalint: earth metal ions could not considerably changc the cmissinn 01' 

Id. t u 2 '  significantly qucnched the fluorcscencc. Only in the case of  ~n", a red 

cmission was obtained. Promisingly, in a mixture of alkali. alkalinc carth and 

transition metal calions. zn2- showed thc rcd emission with Id. revealing the high 

selectivity of the probe. which is ,  useful for biological imaging of 2n'-. 

Figure 4.17. Spectrofluorirnetric litfation curvcs monitored at 530 nm and 650 
nm. Fluorcscencc ratiometric plot constructed from thc intensities 650 nrn for Id 
( h  pM) upon addition of ~ n "  (0 - 8 pM). 



Figure 4.1 8. Emission ct~lor changes of Id in 20°A (v/v) water-acetonitrile mixh~rt 
with different metaI ions.(a) Id alone (b)  Id + Na* (c) td * ~ a "  (d) 1 d + M ~ ' -  (e) 
I d  + CU" and (0 Id + ~n'+. 

The most important crilcrion far a sclecdve cation probc is the ability to 

dctecr a specific cation in thc vicinity of other competing ions. This i s  particularly 

relevant in the sclective dercction of a cation in biological systems. In order to 

clarify this point we have added 2n2& into a solution o f  I d  containing CW" in 

which the original fli~orcscence of Id was completely qucnched. Surprisingly. 

upon addrtion of ~n". thc strong orangc-red emission corresponding to thc ~ n "  

coinplex appearcd (Figure 4.1 9) thereby unambiguously proving thc ability of I d  

to compcte with other metal ions in the selective sensing of ~ n " .  Addition uf 

EDTA to this solution rcgenwatcs the original fluorescenct of Id showing thc 

reversible nature of thc binding. 

For biological applications, i t is necessary to establish that meral ion 

binding occurs under aqueous biologicaI pH. For this purpose detailed studies of 

the effect of pH (HEPES buffer) on lthe emission properties were camcd out. Tl~c 

response o f  Id towards metal ions in HEPES buffer is shown in Figure 4.20. The 

fluorescence of Id and ld -~n"-ct l rn~lex  was rather insensitive to changes in the 



pH of the soIution in the range o f  6.4 - 7.4. exccpt for thc intensity. In acidic pH 

range I <  h.X). the fluorescence intcnsity of  the bispyrrolc and thc ~n ' ' -corn~ lcx  

wcre drastically low. On increasing the pH to 7, fluorescence intensity of the two 

spccics also increased and maintained a constant value up to pH 7.4, boyond 

which i t  showed a decrcaso. As cvident lio~n Figure 4.21b and 4.224 within the 

biological pll  window o f  6.8-7.4. Id did not show considcrablc emission intcnsity 

variation though fluorcsccnce dccrease is obscrvcd above pEl 7.1 and below pH 

6.8. 

Wavelength (nm) 

Figure 4.1 9. Changes in the emission spectrum of  (a) Id alone (6  pM) (b) Id + 
~ l e ' .  and (c) Id + CU?' ~ n '  in acclonitrilc-watcr ( I  : 1 ). 

Figure 4.20. Emission color changes of Id in HEPES buffer with different metal 
ions. la) Id alone (bl Id 4 ~ n "  (c) I d  + 0'- (dl  Id + Na' and K' and (el Id 4, 

~ a "  + M~". 



Figure 4.21. a) Changes in the emission spcctrum of Id. l b) Emission intensity 
variation of I d  at 600 nrn against diffcrcnt pH (HEPES buffer) in water. 

From a mechanistic viewpoint, the diamagnctic ~ n "  with d't'eelctronic 

configamtion having flexible coordination geamctry is advanzagcous for thc 

spec; fic binding. Molecular modeling o f  Id revcaled a tortional angle of 35.P in 

thu unbound stake. Upon binding of i!nZ', thc absorption and rmissiun of Id art. 

red-shiflcd due to a dccreasc in thc twist anglc between the two pyridyl moieties. 

leading to a near planar conformation of the i d - ~ n "  complex. Being a dl" metal 

ion. ~ n ' '  does not have non-radiative decay routcs. making the carnplcx an 

emissive species. In contrast, binding of the paramagnetic CU:' qucnches the 

emission though the ahsorption spcctra are red-shiftcd to the sarnc extcnt as that of 

zn2- complexes. Changes in the optical propertics of l a d  with different mctat 

ions can be rationalized as shown in Figure 4.23. Upon binding of ~n". thc 

absorption and emission of t a d  arc red-shifted. changing the initial fluoresccnct: 

"ON" stalc A lo the *'ON" state B. In contrast, binding of the paramagnetic ~u'* 

quunches the emission tu form thc fluurcsccncc "OFF" statc. Thus thc 



fluorescence technique becomes an efficient visual tool in distinguishing ~n'* 

from other competing cations at an emission waveIcngth that is compatible for 

biological samples. 

F i y r e  4.22. Changes in the emission spectrum of Id (6 pM) upon addition of 
Zn-' (6 pM) at physiological pH range (HEPES buffer) in water: (a} at pH = 6.8; 
(b) pH = 7,O; (c) pH = 7.4 and (d) emission intensity variation of Id after addition 
o f  2n2', monitored at 623nm. 



9. hv" 

"ON" state B 

f-7 zn2* 

' Cu2* 
"OFF" state 

Figure 4.23. Schcrnatic rtprcscntation of thc hindinp and tltc signaling cverlts. 

4.4. Conclusion 

2.2'-Bipyridinc hrrdgcd hiqyrrolcs arc tbund to hc usch l  prohrs for t h ~  

dctcction of  7.n' . Evcn t l iou~h tiic Iril,yridinyl ~noicly hinds t o  a vnricty of 

tratisltion metal cations ntld induces changts to thc ahsorption cpcctnim, 

I1uorcscc.n~~ propcnles showed sclcciivc responsc with ~ n "  . In all ohc r  c a m  

exccpt fbr %TI' thc iluorcsccnce is quenched. Rispyrrolu t d nith a polyctl~cr sidc 

ch;tin allowcd tht. dctccttcm nf ~ n - "  in aqucous conditions. Sinrc thc fluorcsccncc 

intensity of  Id is slrong irndcr physiological pH. thc i~ioluculc is  ;I reliahlc probe 

for zhc detection ~ n . "  ions. 

4.5. Experimental 

All solvcnts wcrc purified and dried hy standard mo~hods prior to use. 

.Llclting points werc. dc$ennincd with a Mcl-Tonp-Il n~elting point apparatus. 



NMR spectra were recorded on a 300 MHz Bruker Avance DPX spectrometer. 

FT-IR spectra were obtained on a Nicolet Impact 400D infrared 

spectrophotometer. High-resolution mass spectra were recorded on a JEOL JM 

600 Mass Spectrometer and MALDI-TOF mass spectra were obtained on 

Perspective Biosystems Voyager DE-Pro MALDI-TOF Spectrometer. EIectronic 

absorption spectra were recorded w a Shimadzu W-3101 PC NIR scanning 

spectrophotometer and the emission spectra were measured on a SPEX-Fluomlog 

F112X spectrofluorimeter. Fluorescence quantum yields were determined in 

spectroscopic grade CH3CN using optically matching soIutions of Quinine Sulfate 

(af = 0.546 in 0. IN H2SQ4) as standard at m excitatim wavelength of 360 nrn and 

the quantum yield is  calculated using equation 1. 

Of = WA,FdI&FrS (q:h:) ( 1  

where, A, and A, are the absorbance of the sample and reference solutions, 

respectively at the same excitation wavelength, F, and F, are the corresponding 

relative integrated fluorescence intensities and q is  the refractive index of the 

solvent. 

4.5.1.1. General procedure for metal ion binding studies 

Metal perchlorate solutions were prepared in spectroscopic grade solvents. 

Bispymles were dissolved in acetonitrile or acetonitrile - water mixed solvent 

system. Metal ion tittations were carried out by adding aliquots (1-5 pL) of the 

metal ion solution to the bispymle solution (3 mL) in a quartz euvette using a 



microlitre syringe. After addition of the metal salt solution to the cuvutte, the 

solution was shaken well and kept for 1 min. before recording the absorption and 

emission of the cation camplexed bispyrrole. 

For making the Job plot, aliquots of equimolar solutions of the probe (P) 

and the metal perchlorate (X)  were mixed in such a way that total concentration of 

(P+X) remains constant. The absorbance of each solution i s  then measured at a 

suitable wavelength and a graph is made showing the corrected absorbance vs 

molefraction of X or P. Maximum absorbance is reached at the composition 

corresponding to the stiochiornetry of the predominant complex. 

4.5.2. Synthesis 

4.5.2.1. Preparation of 5,5'-bis(brornornethy1)-2,2'-bipyrldlne (32) 

To a solution of 5,5'-dimethyl-2J-bipyridine (10 mmol) in 50 mL of dry 

carbontetrachloride was added N-bromosuccinjmide (20.5 mmol) and AIBN. The 

reaction mixture was refluxed for 18 h, cooled, filtered and the solvents were 

removed under reduced pressure to give the crude product which was fwther 

purified by recrystallization from CCL. 

Yield 85%; mp. 188 'C; 'H NMR (CDCI3, 300 MHz) 6 8.61 (m, 2H, aromatic), 

8.34 (m, 2H, aromatic), 7.79 (m, 2H, aromatic), 4.53 (s, 4H, CH2Br); "C NMR 

(CDC13, 75.4 FYIEIz) 6 155.19, 149.27, 137.70, 133.28, 121.25, 29.43, 

4.5.2.3. Preparation of 5,5'-bis-(diethylpho~phonornethyl)-2,2'-bipyridine (33) 

Compound 33 was prepared by the reaction of the corresponding bis 

bromomethyl derivative (32) (2 mmol) with 3 mL of triethyl phosphite at 80 



- 

for I0 h followed by the removal of the umcted viethy1 phosphite under reduced 

pressure. The product was used as such for further reaction. 

Yield 94%; 'H NMR (CDC13, 300 MHz) 6 8.30 (m, 2H, aromatic), 8.01 (m, 2H, 

aromatic), 7.34 (m, 2H, aromatic), 4.14 (m, 8H, OCHJ, 3.21 (s, 4H, CH,P), 1-12 

(Q f2H, CH3). ' 3 ~  NMR (CDCI3, 75.4 MHz) 6 155.21, 150.31, 138.63, 127.64, 

119.89,40.05,64.12, 15-98. 

4 5 2 3 .  Preparation of Bispyrroles l a d  

Bispyrroles la-d were synthesized according to standard procedure given in 

Chapter 2. 

(E, &5,5'Bis[(f -dodccylpyrsol-2-yl) vinyl]-2,2"-bipyridine (la) 

Yield 25%; mp. 92-93 T; FT-TR (KBr) v,, 2912,2846,1699, 1626, 1460, 1288, 

1082, 1016, 850, 704 crn -I; 'H NMR (CDC13, 300 MHz) 6 8.70 (m, 2H, 

aromatic), 8.30 (d, 2W, aromatic), 7,85 (m, ZN, aromatic), 7.07 (d, ZH, vinylic, J =  

16.08 Hz), 6.87 (d, 2H, vinyIic, J =  16.07 Hz), 6.71 (s, 2H, aromatic), 6.57 (m, 2H, 

aromatic), 6.18 (m, 2H, aromatic), 3.98 (t, 4H, NCH?), 1.95 (m, 4H, CHI), 1.77 

(m, 8H, CH2), 1.24 (m, 28H, CH2), 0.86 (1, 6H, CH3); I3c NMR (CDCI,, 75.4 

MHz) 6 153.97, 147.45, 133.55, 132.68, 130.92, 123.30, 121.46, 120.70, 119.06, 

108.56, 107.48, 47.11, 31.89, 31.63, 29.59, 29.54, 29.49, 29.31, 29.19, 26.80, 

22.65, 14.07; MALDI-TOF: W+H]+ Calcd for C4&70N4. 678.5600; found 

679.1352. 
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(E, E)-S 3'-Bis{lf-(2-ethyl) hexykpyrro!-2-ylj vinyq-2,2'-bipyridine (Ib) 

Yield: 34%; rnp. 85-86 T; lT-IR (KBr) v,,, 2925,2853, 1699, 1625, 1467, 1288, 

1069, 950, 850, 71 1 cm-I; 'H NMR (CDC13, 300 MHz) 6 8.70 (s, 2H, aromatic), 

8.34 (d, 2H, aromatic), 7.85 (m, 2H, aromatic), 7.07 (d, 2H. vinylic, J =  16.08 Hz), 

6.87 (d, 2H, vinyIic, J =  16.07 Hz), 6.67 (s, 2H, aromatic), 6.58 (d, ZH, aromatic), 

6.17 It, 2H, aromatic), 3.93 (m, 4H, NCH3, 1.76 (m, 2W, CH), 1.28 (m, 16H, 

CH?), 0.89 (rn, 12H, CH3); I'c NMR (CDC13, 75 MHz)  6 153.87, 147.36, 133.53, 

132.58, 130.96, 124.08, 121.20, 120.70, 119.16, 108.37, 107.34, 50.88, 41.27, 

30.54,28,65,28.56,23.86,22.94, 13.98, 10.63. MALDI-TOF: [M+H] ' Calcd for 

C38H54N4r 566.4348; fond 566.8965. 

(E, E)-5,s'-Bis{[ E -(3,74imetyI) octylpy rrol-2-ylf vinyl)-2,2'-bipyridine (I c) 

YieId: 43%- mp. 74 'C; lT-IR (mr) v,, 2927, 2857, 1699, 1632, 1469, 1222, 

1045, 950, 858, 712 cmL; 'H NMR (CDCI,, 300 MHz, TMS) 6 8.71 (s, 2H, 

aromatic), 8-37 (d, 2H, aromatic), 7.87 (m, 2H, aromatic), 7.10 (d, 2H, vinylic, J =  

16.04 Hz), 6.90 (d, 2H, vinylic, J =  16.08 Hz), 6.72 (s, 2M, ammatic), 6.57 (d, 2H, 

aromatic), 6.19 ( t ,  ZH, aromatic), 4.02 (m, 4H, NCH2), 1.76 (m, 4H, CH), 1.25 (m, 

12H, CHJ, 0.85 (m, 18H, CHJ): 13c NMR (CQC13, 75.4 MHz) 6 154.01, 147.44, 

133.52, 132.58, 130.72, 123.15, 121.52, 120.98, 119.34, 108.65, 307.53, 45.29, 

39.61, 38.81, 37.04, 31.92, 30.03, 29.70, 29.36, 27.94, 24.61, 22.65, 22.57, 19.60, 

14.1 1, HRMS-FAB: WJ+ Calcd for C4,H5$14: 6 18-47; Found 618.45. 



(E,&S,5'-Eis-~~~ethaxyethogy)ethoxy~ethy1] pyrrol-2-yl1vinyt)-2,2'- 
bipyridine (Id) 

Yield 45%; (Pasty solid); 'B NMR (CDC13, 300 MHz) 6 8 6 1  (s, 2K, aromatic), 

8.29 (d, ZH, aromatic), 7.84 (d, 2H, aromatic), 7.08 (d, 2H, vinylic, J =  16-05 Hz), 

6.80 (d, 2H, vinylic, J = 16.05 Hz), 6.70 (s, 2H, aromatic), 6.51 (m, 2H, aromatic), 

6.12 (m, 2H, aromatic), 4.12 It, 4H, K H z ) ,  3.69 (t, 4H, OCH*), 3.49 (m, 12H, 

OCH,), 3.43 (m, 4H, OCH2), 3.27 {s, 6H, OCH3; I3C NMR (CDCI3, 75.4 MHz) 

107.70, 72,05, 71.29, 71.00, 70.76, 59.16, 47.06; HRMS-FAB: m]' Calcd for 
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