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Nanoscience and nanotechnology are important areas of research at present 

due to their size and shape dependent properties in the nanoscale regime, which 

slre helpful in the development of new materials and devices. For example, 

nanomaterials such as nanoparticles, nanarods and nanotrrbes possess unusual 

optoelectronic properties and they are potential building blocks for nanoscalc 

devices. Such nanoscale devices will have improved properties as comparcd to the 

present day macroscopic devices. Although considerable progress has been made 

in recent years, several challenges still remain for realizing nanoscale systems. 

Some of the challenges in the area of nanotechnology include i) tailoring the 

optoelectronic properties of these nanoscale building blocks, ii) integrating these 

blocks into larger assemblies and devices of specific properties and functions. The 

"bottom-up" approach is one of the most efficient and popular methods for tuning 

the properties of nanomaterials, wherein 'building blocks in nanoscale' are 

integrated to larger assemblies of interest. It is possible to design photoresponsive 

nanomaterials by functionalizing nanoparticles with chromophoric molecules. 

With this objective, attempts have been made in this thesis for the design and 

study of chromophore functionalized gold nanoparticles. The major focus of this 

study is to understand the excited state deactivation processes of chromophores 

when linked to the surface of Au nanoparticles and to investigate the potential 

application of photoresponsive metal nanoparticles as photoswitchable controlled 

release systems, nanophosphors and sensors. 

The first chapter provides a general introduction to the field of 

nanotechnology and nanomaterials, with special emphasis on the past attempts to 

understand the photophysical properties of chromophore functionalized rnctal 

nanoparticles. A brief account of the various methods adopted for the synthesis of 

metal nanoparticles, their characterization techniques and approaches for 
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controlling the self-assembly is described. The last part of this chapter provides a 

brief description on the strategies adopted for the design of nanoscale devices. 

In the second cl~apter, a detailed description of the synthesis of goIcI 

nanaparticles functionalized with pyrene derivatives (PI ,  P2 and P3) and the 

excited state deactivation process of surface bound chromophores arc reported. 

Contrary to the belief that the singlet excited state of chromophores are strongly 

quenched on metal surfaces, we observe a suppression in quenching of pyrcnc 

fluorescence when bound to the surface o f  goId nanoparticles. Extensive 

spectroscopic characterization of pyrene functionalized Au nanopartictes were 

investigated by varying the i)  solvent polarity, i i )  distance of chromaphore from 

gold core, i i i )  loading of pyrenc on gold surface. The long flexible alky l chains 

tethering the pprene moieties in P2 and P3 allow intermolecular excfmcr 

formation, at higher loadings. Also, we report the first spectroscopic cvidence for 

photoinduced electron transfer betwcen a gold nanoparticlc and a surface-bound 

fluorophore P2 in a polar solvent. Singlet lifetime measurcments and transient 

absorption studies confirm that the excited-state of pyrenc transfers an clcctron to 

Au nanocore and the charge separation is sustained for several microseconds 

before undergoing recombination, 

The third chapter of this thcsis describes photoswitchable self-assernhlies <'rib 

amino acid derivatives by anchoring spiropyrans on to the three-dimensional 

surface of Au nanoparticles. A new photochromic spiropyran dcrivativc 

possessing thiol group SP and the corresponding model compound SP1 were 

synthesized and the former derivative was capped on to gold nanoparticles (Atl- 

SP). Bascd on the particle diameter of 1 .S-2.0 nm, i t  was established Ihat 

approximate1 y 130 molecules of SP were capped on each nanoparticlc. Irradiation 

of Au-SP with UV light resulted in the formation of the zwitterionic lnerocyanine 

form (Au-MC). Light regulated changes in the topographic properties of 

spiropyran capped Au nanoparticles ( i  .e., interconversion between the zwi tteri on ic 



merocyanine MC and neutral forms) were further exploited fnt* thc asse~nhl:' 0 1 '  

amino acids (L-tryptophan, I,-tyrosin) and amino acid based therapcutic agents 

such as 1,-DOPA as a scconri layer on Ati-MC. TFlc two poi111 clcclrustii~ic 

interaction hetwcen thc zwittcrionic merocyanine linked gold nantlpnrticlcs nnrl 

the amino acid dcrivativcs results in fhc fortnation oThighCy stablc ctlmplcses. 1-or 

examplc, the hair-life ( I , , ~ )  of Au-MC::::tyrosine cornplcx is - 14 Ir  LV hercas. thiit 

of AM-MC-+ AM-SP js 23 min. The An-MC::::arnino acid complcs dissociate5 on 

irradiation at 520 nm and undergoes thcrmal ring closurc to AN-SP. releasing ~ h c  

amino acid derivatives. The co~nplcxationldccompIexation cycle could he repcatcd 

several times. The Au-MC::::amino acid complexes were estimated usinz steady 

state and time resolved techniques. 

I n  thc fourth chapter, we rcport the synthesis of gold nanoparticles 

functionalized with bipyridine ligands and srudics on their cotnplcxation  villi 

transition and inncr transition tnetals in an e f i n  to develop nanosensors and 

nanophosphors. Synzhcsis and photophysica1 studies of a thiol derivatil-e o f  3.2'- 

bipyridyl. IRT and its three dimensional assembly on gold nanclpslrticlos (Atl-RT) 

are reported. Mctal ion bindins properties of these bipyridine Sut~ctionalized ~olcl  

nanoparticles were investigated, in detail. The strong coordination ability of CU" 

ions bring BTs on adjaccnt gold nanoparticles, leading to the formation of thrcc 

dimensional superstructures through metal induced self-assembly o f  ligands. 

Superstructures were characterized using TEM studies. A red shifted ahsorpt i on 

band at 780 nm was observed as a result of interpal-ticle plasmon coupling. 'l'he 

luminescence of EU"' and lb"' was found to increase many fold up011 

complexation with bipyridine capped on Au nanoparticle. Rased on c o n t i ~ ~ u n ~ ~ s  

variation ~ncrhod (Soh's). it is  concluded that a I : 1  complczration stoichinenc~ry 
1 1 1 , -  - I 1 1  exists betwecn BT on the surfilce of gold nanoparticles and I3u I T b . I Iigll 

stability constant (-lo4 M - I )  for the complex romation of AII-BT xsith liu"''l'h"' 

indicates that such systems may have potential application as nanopl~osphors. 'I 'l~o 



luminescence lifetimes of EU"' and ~ b " '  in the presence of BT were estimated as 

0.4 ms and 0.56 ms, respectively. The lifetimes of the lanthanide complex remain 

unaffected when functionalized on Au nanoparticles. Allostcric eCfects of ~ a "  and 

M$ on AN-BT:EU"' co~nplex in acetonitrile were also investigated. The dramatic 

quenching of emission observed in the present case revealcd that ~ a " / ~ g "  ions 

replace EU"' from AM-BT:EU"' complex. Such systems can bc utilized for thc 

design of nanosensors. 



CHAPTER 1 

Chrornophore Functionalized Metal Nanoparticles: 
An Overview 

1.1. An Introduction to Nanotechnology and Nanomaterials 

NanotechnoIogy, one of the most popular areas of research in this decade. 

is fundamentally changing the way in which materials and devices are fabricated. 

Broadly, nanotechnology can be defined as (i) the creation of useful materials. 

devices and systems through the control of matter in the nanometer Icngth scale; 

(ii) the exploitation of novel properties and phenomena developed at that scale.' 

Materials of any kind of matter, whose size is greater than that of molecules but 

too small to exhibit characteristic bulk properties can be classified under 

nmomaterials. Such materials are in the size regime of fcw hundreds of 

nanometers, in at least one of the three dimensions. Roughly, one nanometer 

m) can be represented as four fold the diameter of an individual atom or 

about 1/80,000 of  the diameter of a human hair. 

The importance of nanomaterials is based on the fact that manipulation of 

size and shape in the nano regime alters the quantum mechanical properties of 

matter. Hence it is possible to control fundamental properties like melting 

temperature, mechanical strength, magnetic properties, charge capacity and even 
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optical properties without changing the material's chemical composition. I-or 

example, depending on size, nanoparticles of gold can bchavc as conductors. 

semiconductors or insulators. Extensive rcviews2-"re avai lahle on thc s i x  

dependent properties of metal nanoparticles. The size and shapc dependent optical 

and elcctronic properties of metal nanoparticlcs open nzimcrous possil7i I i  t icl; f'ni- 

photochemists and photobiologists. particularly for cxploitine their role in lig111- 

induced chemical reactions. In the last decade, several rncthodologies l~avc  hccn 

reported for the synthesis o f  metal and semiconductor nanoparticles posscssin~ 

well-defincd sizc and shape. with high lcvcl of monodispcrsitv.' A grcalci- 

challenge En this area involvcs the hierarchical integration of nanoscale huildins 

blocks having defincd sizc and shape into functional assemblies. f ~ ~ r t h c r  to 

complex and multifunctional systems. 

A brief description of the size dependent physical propel-tics of r i~r ' ta l  

nanopart icles is szi~nmari~ed he1 nw. 

1.2. Size Dependent Properties of Nanoparticles 

Although colloidal nanoparticles were used right from mid 1 7'" century for 

ornamental decoration and staining glasses, i t  was MichaeI Faradey i n  I857 ivllo 

perfected thc technique- for thc synthesis of metal colloids and attempted to 

provide reasons for their brilliant color. He elucidated the mechanism of format ion 

of metal nanoparticles, explained t h a ~  thc "divided metals" fornied during 

reduction is rcsponsi ble for their fascinating color." 
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Recent advances in the field of nanoparticles indicatc that the metal 

nanoparticles cannot be simply treated as minute elements of a block of metal as 

implied by the term "divided metals". The conduction band present in thc bulk 

metal is absent in metal nanoparticles and they appear as discrete states at the band 

edge as shown in Figure 1. I .  

Decreasing size 

METAL METALIINSULATOR TRANSITION INSULATORb 

Continuum of 
empty states 

Figure 1 .l. Elcclronic siti~nlions with rcspccl to sizc dccrcasc in ~-rictals 

The size as cvcll as shape dependent optoelectronic properties 01'  

nanoparticles can be explained by the quantum confinement of electrons rparticlu i n  

a box approximation), which is responsible for thc changes in thcir proper-tics 

compared to the bulk. When the size of metal or semiconductor particles becol-r~e 

comparable to the wavelength of electrons, the electrons undergo quantum 

confinement and show properties of zero-dimensional quantum dots."-lie laivs of 

classical physics fail in explaining zero-dimensional quantum dot properties, and 

quantum confinement bchavior is interpreted in terms of quantum mechanical rulcs. 

The electronic situation in metals when transformcd from bulk to nano regirrie i s  

illustrated in Figure 1. I .' 
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NmoparticIes of noble metaIs such as Ag, Au and Cu possess strong 

absorption in the visible region often referred to as "surface plasmon absorption". In  

metals, the conduction electron (-) and ionic core (+) form a pIasma state. For 

nanoparticles. whose size i s  smaller than the wavelength of light. the confined 

electrons in them give rise to plasmon excitons, on interaction with electrornagnctic 

radiation. When an externaI electric field is applied to a metal, electrons move so as 

Plasmon absorption 

electron cloud 

Electromagnetic 
radiation - 

nucleus 

Figure 1.2. The oscillation of electron cloud in the presence of an 
electromagnetic radiation. 

to screen thc perturbed charge disttibution, further get disptaccd beyond the nciitr;~I 

state (Figure 1.2). When the clectron cloud is displaccd with respect tu Ihc nuclcar 

framework, a restoring forcc arises hetween the electrons and nucieus due 10 

coulo~nbic attraction. As a result, the electron cloud returns to the ncutral statc and 

establishes an oscillation. This oscillational frequency depends on various +'actors like 

the density of electrons, the effective electron mass, and the shape and size of the 

charge distribution. The surface plasmon absorption originating from this collective 

oscillation is termed as plasma oscillation (Figure 1.21.~ In a recent paper. 

Rechbcrger et a/. have reported the synthesis of arrays of gold nanoparticlcs on 

IT0 glass plates separated at different distances with respect to each othcr. and 
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investigated the interparticle plasmon interactions in the presence of polarized ligh1.' 

M e n  the polarization direction is parallel to the long axis of the array. a red shifted 

plasmon absorption was observed and a blue shifted plasmon absorption for 

orthogonal polarization. This is explained by means of a dipolar interaction 

mechanism (Figure 1.3) according to which polarization of the electron charge 

Figure 1.3. Assembly of nanoparticles at different distances with respect to each 
other and the illustration of the electromagnetic interaction between closcly spaced 
nanoparticles, (a) an isolated pattick, (b) a pair of close particles with thc 
polarkation of the exciting field paraIlel to the long particle pair axis and (c) 
orthogonal to the long particle pair axis.' 

distribution on metal nanoparticles in the presence of an external electromagnetic 

radiation results in additional forces between adjacent particIes, that may be cither 

attractive or repulsive, as shown in Figure 1 -3. These attractivelrepulsive fosccs 

lead to a change in the resonance frequency resulting in a bathochro~nic or 

hypsochromic shift. 

Another size dependent property is the dramatic effect on the surface arca 

on moving to the nanoscale. The surface to bulk ratio increases markedly with 



decrease in size making them suitable for catalysis with enhanced surfacc area. 

high edge concentration and unusual electronic properties.'0 For exampl s. a 

moparticle of 10 nrn diameter has -10 % of atoms on the surface compared to 

100 % for a particle of 1 nm diameter." 

1.3. Synthetic Methodologies of Metal Nanoparticles 

The design of nanodevices for electronic, and biomolecular applications 

require suitably hnctionalized building blocks of nan~~articles."." This has 

encouraged the development of supramolecular, l 4  biornolecular ' and 

dendrimericI6 methods for engineering materials at angstrom to nanoscale 

dimensions. Diverse kinds of such building blocks have been developed by 

constructing nanopalticle arrays on surfaces. Several methods have been rccenlIv 

reported for the preparation of nanoparticles in aqueous and nonaqucous solvents.' 

Current research in this area is focussed towards the design of rnetal and 

semiconductor nanoparticles with high degree of control over the size and shape of 

nanoparticles. 

Naked nanoparticlcs are unstable in solution and thcp agglo~ncratc rapirll!. 

Stabilizing agcnts such as tetraalkylarn~noniurn salts, phosphanium salts. ~hiols arc 

often used as protecting agents and they provide charge as wcll as solubil ill. 

properties which keep the nanoparticles suspended, thereby preventing t h a n  from 

aggregation.'7 The solubility of nanoparticles in a particular solvent could be 

achieved by capping them with suitable stabilizing ligands. For example. gold 
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nanoparticles fiinctinnalizcd with tetraalkq-lart~~noniurn salts are soluhlc in non-polar 

solvents \vhcreas mercaptopropionic acid stabi I ired gold nanopm.ticlcs arc n.nlcl*- 

s o l ~ b l e . ' ~  Pictorial representations ol' metallic clusters cappcd h> 

tetraalkylammoni 111n brotn ide, a3 ky I thiol and n~crcaptopsopionic aci ct 81-c r;ho\v~i i 1 1  

Figurc 1.4. Mctal nanoparticles possess s i x  dcpcndent optoclcctrc~nic prc~pcrtics r~ t ld  

hence anoiher Ibcus is on thc syn~hcsis of metal nanoparticles o T ~ ~ l ~ i t ~ ~ ( ~ l l c ' ~ l  S ~ L C  i111d 

assemblage. Whcn organic molecules such as thiols suitably cover t~nnupart iclcs. 

thcy bcco~ne scl f-organized in crystall i11e arrays of one, two or hrcc ditncncions ancl 

these stn~cturcs form t i le basis of' nanoscalc deviccs. Syntheses of nanoparticles 111' 

vnrq'in3 sizc hy employing pliysicnl, chanical and elcctmchcmical mctl~od\ I ia\ 'c 

hcen reported and a brief summary is presented hcre. 

TQAB capped Alkylthiol. capped Mercwptopropion ic 
metal nanoparticlcs metal nanoparticIes acid stabilized 

metal nanoparticles 
Figure 1.4. Piclorial represcn~ations of nletallic clusters capped by 
tetraal kylarnrnoniurn bromide, al kyl zhiol and mercaptoprapioni c acid. 

1.3.1. Reductive synthesis of colloids 

The simplest and by far the most commonly employed ~nctllod fbr tlit  

preparation of nancrparticlcs in aqucous media is by thc reduction ol' rnctal salrs 
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(for e.g., H[AuC141, AgNO;, H2[PdC14] and H2[PtC16]) using sodium citrate or 

18-20 sodium borohydride. An elegant method of preparing mctal nalopartic1t.s 

functionalized with thiols was rcportcd by Brust et n/., adopting cstractioti of 

metal ions to an organic solvent. followed by their rcduction." Another rncthnd 

adopts the use of alcohols as reducing agents, which allows bettcr control mVer  

particle sizc." Exlensive reviews on thc synthesis. charactcriration and rcaclions 

of monolayer protected metals are a~ai lahle .~ '  Punctionalization of rnctal 

nanoparticlcs with organic ligands by mcans of placc-exchangc and amidc forming 

coupling reactions giving rise to monolayer-protected gold clusters (M F'Cs) 11 ns 

been reported by Murray and cow~rkcrs . '~  

Metal nanoparticles can also be capped with conductive shell Ic-p.. 

bimetallic nanoparticlcs from silver capped gold particles). semiconductor sliell 

(e.g.. shell of CdS on gold nanoparticles) or inert shclI (e.g.. silica cagcd gold 

nanoparticlcs). Capping can bc done i~ situ if the reductive formation of  

nanoparticles is pcrfbrmed in thc presencc of the shell f'orming n~ateriat or s11cEl 

can be organized later througf) a chemical reaction on the surrace o f  the 

nanoparticlcs. Synthesis and characterization of such capped and cagcd tnetal 

nanoparticles are well doc~rnented.~'  

1.3.2. Electrochemical methods 

Electrochemical methods are also employed for the preparation o f  

nan~~articlcs." The electrochemical set up consists of a sacrificial anode 
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composed of the bulk metal to be transformed into the corresponding rnctal 

clusters. The supporting electrolyte consists of tetraalkyIalnmonium salts. which 

also serve as stabilizer for metal clusters. The various electrode processes are 

indicated below. 

Anode : Met hulk --) ~ e t  "+ + ne- 11.1) 

Cathode : Met + nc- + stabilizer -+ Met,,,, (stabilizer) (1 .2 )  

Overall : Met bulk + stabilizer + Met,,,,(stahi lizer) (1  -3) 

The overall process is the oxidation of the anode, for~ning inetal cations 

and subsequent reduction of the cations at the calhodc to Corm adatolns (equations 

1.1 - 1 .3).17 These adatoms form nanoclusiers (Metniin,) prolccted by ammoni urn 

ions. It is found that, on increasing the current density. particle s i x  dccreascs. 

Clusters of Pd and Ni are found to be Inore stable than Cu. Au. Ag nanoclt~s~ers. 

when synthesized electrochemically. Nanoparticlcs composed of two 1ncta1 s 

(bimetallic nanoparticles) are of intcrest in the catalysis of some organic rcact iorls 

and in fuel cell technology ." Electrochemical synthesis of bi~uelallic clusters o l' 

I - nickel and palladium have also been reported by using two anodes and a cathodc. 

1.3.3. Photochemical methods 

Several reports on photochemical methods for nanoparticle synthesis are 

availablc in the literat~re.~%more recently, the synthesis of lnctal nanoparticles of 

Au, Ag. Pt and Pd using phntooxometaIates as photocatalysts and stabilizers has 
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been reported by Troupis and coworkers." These photooxoinetalates (POMs) arc 

metal-oxygen cluster anions having ability to undergo stepwise, rnultieIectrorl 

redox reactions under different conditions. Recently. Sastri and coworkers 

reported the use of Keggin ions (a type of photooxometalates consisting 01' 

H3(PW 12040)) as UV-switchable reducing agents in the synthesis of Au core-/\g 

shell n a n ~ ~ a r t i c l e s . ~ ~  ,I'hey have also synthesized gold nanoshccts by reduction of 

chloroaurate ions using anthracene anions, which were generated by exposure to 

photochemically reduced phototungstate .2' 

Several other methods are reported for the synthesis of metal nanoparticles. 

These include the synthesis in gas phase30 or by ablation using high power lascr 

pulses." Metal nanoparticles can also be etched. electrodepositcd or synthesized 

directly on surraces or by using LB The simplest or all thesc is ihc 

reduction method of  synthesis summarized in Section 1.3.1, which doesn't reqi~ire 

any specialized laboratory equipment. 

1,4. Characterization of Manoparticles 

The ease of handling of MPCs (particularly, the excellent solubility in 

organic solvents) facilitates their structural as well as compositional analysis. 

which can be categorized as that of the central core (size and shape) and those o f  

the surrounding monolayer. Various methods adopted for characterizing core s i ~ e  

and shape as well as MPC monolayers are presented below. 
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1.4.2. Core size and shape 

Recent advances in high-resolution microscopy cnable t l ~ e  direct 

observation of nanoparticles and characterization of their size. shape and surfjcc 

morphologies.2' The direct measurement of the core size and shape is possible by 

means of transmission electron microscopy (TEM). In a recent article, Wang has 

reviewed the fundamentals of TEM, its applications in structure determination of 

shape-control led nanocrystals and their assemblies." TEM allows concornitan t 

observation of the self-ordering and regular core-care spacing found in thin MY3C 

films. In addition to high-resolution lattice imaging. 7'EM is  powcrful in 

identifying and quantifying the chernical and clectsonic structure of n:inomateri:~ls. 

Similarly. measurement of the core dimension is aIso possible by means oS small 

angle X-ray scattering (SAXS), laser desorption-ionisation inass spcctroscop!. 

{LDI-MS) and X-ray di ffiaction (XRD) rechniques. 

The UV-Vis absorption spectrum of a dilute dispersion of colloidal particles 

can hc calcrllntcd using Mic theory .'" -1'hcorctical s~udics and cspcsi!ncnlill 

findings havc shown that nano~nntcrials also posscss sliapc C I C P C I ~ ~ C I I ~  ~ p t i ~ i ~ l  

properties. The shape of noble metal nanomateria!~ could bc idenri licd hy ~near~s 

of UV-Vis absorption spectroscopy, making use of their plaslnor~ rcsonancc 

absorption. Reccntly, Noguez and ca\vorkers have theoretically investigated the 

absorption characteristics of silver nanomatesials as a hnction of their shape. 35 * 
few representative examples are shown in Figure 1.5- Gold nanoparticles possess 

characteristic plasmon absorption around 520 nm. Interestingly in ~ h c  case of  



nanorods of gold. the plasmon absorption is characterized by two hands. one at n 

shorter wavelength (-520 nrn) and the other at a longer wavelength.ih Thc cicctron 

cloud in nanorods has two modes oC vibration; IongitudinaI (parallel to thc IcngtIl 

of the nanorod) and transvcrsc (along the short axis). The short wavelength band 

corresponds to the transverse mode of vibration and the long wavelenglh band to 

the longitudinal mode of vibration. El Sayed and coworkers have theoretical I q. 

shown that the longitudinal absorption of gold nanorods shi iis to~vards  longcr 

wavelengths with increasing aspect ratio." Later on. llie dependence of  

longitudinal absorption of nanorods was cxperimcntally demonstrated in a scsies 

;x of nanorods synthesized photoshemicall y, having different aspect ratios: 

Figure 1 -5. Representation o f  the theoretically calculated variation in optical 
properties of silver nanoparticles as a function of shape." 
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IA.2. MPC monolayers 

Whilc scanning tunneling microscopy (STM) and atomic force ~nicroscop~. 

(AFM) can be used in conjunction with transmission electron inicroscop~. ('I'EM) 

to find the thickness of the rnonolayer on the surface of metal nanoparticles, NMR 

spectroscopy is informative about the structure and content of MPC rnono~a~ers." 

I 3  'H and C NMR resonances of MPC monolayers of alkancthiols are 

characteristically broadened relative to those of free alkanethiols; the f. actors 

include spin-spin relaxatianal (TZ) broadening. a distribution in cher~lical shi iis 

due to differences in Au-SR binding sites, and a gradient i n  monolayer packins 

density from near-core to chain terminus with associated dipolar broadening." A 

typical illustration is shown in Figurc 1 .6.14 

Figure 1.6. Rroadcning of thc 'H NMR rcsonarlccs of a -n~e thy l  prolons 
of dodecanethiol on the surfacc of gold.'" 

1.5. Supramolecular Self-assembly Using Metal Naneparticles 

The surface hnctionalization of nanoparticles allows their covalu~ll 

attachment, self-assembly and organization of surfaces. The functionalization of 

nanoparticle surfaces has led to the construction of nanoparticle dilners and trirncrs. 

controlled aggregates, wires, ordered monolayers and rn~ l t i l a~e r s . ' ~  ~ l ~ e  integration 



of hnctional nanoparticlcs with surracc has enabled the organization of ~ianoscnlc. 

devices including single electron devices." Chemical principles. in corn binatinn 

with symmetry considerations allow one to design rational strategies necessary for 

zhe construction of a variety of nanoscale systems with desirable shape, size and 

ultimately functions. The self-assembly process driven by noncovalent interactions. 

have long been exploited by nature, starting with photobiogenesis and t l~c 

subsequent evolution of living I h e  power and versatility of this inoti\.c 

have been illustrated by the reccnt investigation of ( i )  the noncovalent synlhesis ol' 

"rosette" aggregates, (ii) two- or three-dimensional self-assem bl ics of mesoscale 

objects by Whilcsides and coworkers,40 (iii) preparation of nanoporous molecular 

sandwitches by Ward et  a/.,'' and (iv) the synthesis of self organized nanoslruciurei 

by Stupp and coworkers." 

Reccntl~,. Wci et a1 using resorcinarene tetrathiol" (Figure 1.7) havc 

rcportccl scl K-organi7,alion ol'largc gold nanoparticlc arrays at thc air watcr- i11tcrfilc.c 

The hydrophobic interaction bctween the long alkyl chains has rendered the 

Figure 1.7. Gold nanoparticle functionalized with resorcinarene tetrathiol 
and electron micrograph of the corresponding self-organized assembly.43 
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encapsulated nanoparticles amphiphilic. hence pronioting self-organi~ation at the 

air-water intrrhce. 

Hy making use of  !he principles ol' sel t1organi;tation. Mirkin et a/, ha\ e 

reported a highly selective. colorimctric polynuclcotidc dctcction ~nc thod  based on 

rnercaptoalky 1 uligonucleotidr modified gold nanoparticle probe.44 introduction of 

a single stranded target nligonuclcntidc into a solution containing thc apprupriatc 

probes resulted in the formation of a polymeric network of nanclparticlcs ixith 11 

concomitant red to pinkishlpurple color change (Scheme 1 .  I 1. 

Scheme I .I. Representation of the concept [or the generation of aggregates of 
44 nanopartic les using oligonucleotides. 

Very recently. Shenhar and Rotcllo have presented a detailed seviuw on the 

role of nanopariicles as scai'rolds and building blocks for the IBhrication ot' 

molecular devices such as sensors in the nanon~utric dimension \\ithi con~pletc 

control of the 3-dimensional stnicturc by thc **hottorn-up" approach.'" 
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1.6. Chromophore Functionalized Metal Nanoparticles 

Major challenges in the area of nanotechnology are (i) tailoring thc 

optoelectronic properties of the nanoscale building blocks such as nanoparticles. 

nmorods, nanotubes and (ii) integrating them into functional assemblies and 

devices. It i s  possible to selectively tailor the optical and electrochemical 

properties of MPCs by capping the metal core with photolelectroactive molecules 

as shell materials. For example, extending the surface modification method to 

akylthiols possessing co-functionalized chromophore results in the formation of a 

weH-ordered and tightly bound photoresponsive shell of nanometric dimensions. 

encapsulating the nanoparticle core. A pictorial representation of photoresponsivc 

organic-inorganic nanohybrids is illustrated in Figure 1 -8. Such photoresponsive 

antennae-systems may have potential applications as building blocks in diverse 

\b 4' 
Spacer Phoforespo~rsive molecuIe 

Figure I .8. Photoresponsive organic-inorganic nanohybrid materials. 

optoelectronic devices (sensors, switches. biological probes, light harvesting 

~semblies) and photonic systems. 
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Even though rnatcrial properties of metal nanoparticles funcrional ized \vi th 

thiols have been studied estensively. reports on the detailed photoph>.s~cal and 

photochemical properties of these monolaycr protected clusters (MPCs).  nodi if red 

with photoactive chromophores are rather few. This indirectly reflects the general 

belief that the metal cores of MPCs strongly quench the excited states of the 

chromophores when attached on thc surface, through an energy transfer 

mechanism, i~npeding their photochemical properties and thus limiting their 

applications in devices. Interestingly. recent studies on tllc photophysical 

propertics of chromopl~ore linked gold nanoparticlcs froin this laborat or)," ;inil 

atherah havc suggested a dramatic suppression in the quenching o f  s i  nglci-cxc itcd 

state of these chromophotes when comparcd with their 2-D assembl ics. A \so. 

these rcsdts suggest that the chromophoric molecules when capped on to metal 

nanoparticles possess unusual photophysical as well as cxcitcd statc propertics 

(unlike unbound chromophores), which could be exploited for device nppl ications. 

4 7  I h Synthcsis or  MPCs bearing cliff'ercnt chrumophores such as py rciic, porpll>,ri 11. 

4 0 5 0 qoinoilc. floorcsccne. s t i  lhir~y I " and clansy l i 2  chro~nophorcs hiivc hccn rcporl c i l  

by various groups. A bricf summary on the pholochemistry of chromopt~orc 

functionalizcd metal nanoparticle is presented below. It may be noted that most o f  

the reports on the synthesis and photophysical properties o f  chron~ophor-c. 

F11nctic1tlali7cd rl~etal nanoparticles appcared in last few years and thc rcsu1l.s 

presenrcd bclocv arc not in  chronological order. but sufnrnarized lo understand tllc 

evolution of thc topic. 
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1.6.1. Photochemistry of chrornophore functionalized metal nanoparticles 

Functional groups such as amines, isothiocyanates and thiols bind strong1 y 

to the gold surface and can provide a link between the photoactive group and gold 

surface. One of the earlier attempts to bind functionalized organic rnolccules on 

AU nanoparticle was reported by Thomas el al. by incorporating a fluorophore 

namely 1-aminomethylpyrene ( P ~ - C H ~ N H ~ ) ~ '  and a model compound ''N labeled 

bemylamine (C6H5-CH2NH2) on 'TOAB capped gold nan~~aclicles.'~ The binding 

of "N labeled benzylamine to gold nanoparticles was probed using "N NMR 

~~eckuscopy. Two sets of signals were observed, one from the free molecuIes and 

the other from the molecules complexed to Au nanoparticles, In the case of 

1-aminornethylpyrene (P y-CFf2NH2) a dramatic enhancement of fluoresccncc 

(Figure 1.9) was observed on binding to the surface of gold r~an~articlcs.~' Py- 

CH2NH2 molecule in THF is weakly fluorescent since the intrarnolccular 

Figure 1,9. Fluorescence enhancement of aminomethylpyrene on the surface of 
gold.47 



quenching duc to electroil transfer dominates the dcactiualior~ ol' t hc singlcl 

excited state. Once tJy-CH2NH2 ~nolcc~lles are attached to the surfacc nf  gold. t l ~ c  

intramolecular clectron transfer fi-om the lone pair of the alnitle to p>rrene is 

suppressed whereby the fluosescei~ce is retained. 

Extendine the surfacc ~nodification method to alkyl thiols pc'rsscssi~ig (11- 

hctionalized chro~nophores results in the formation of chro~nophore 

funciionalizcd Au-h/lPCs, ~vhich could hc isolated from unbound cf~samophorcs and 

purified. Very recently Pcny and coworkers reported the synthesis of ultrabright 

suprmrnolecular heacons based on thc self-asscmbly of two-photon chror~~ophores o n  

silver r~ano~articles.~~ In biological imaging. there is a necd for fluorescenr iabrls 

with a large two-photon cross-section ( 6 )  and high quantum efficiency ( q )  to enablc 

detection at the singlc label level. In this MPCs. they c(.r\~ld pack -2500 

chromophores with a nanoparticle of <10 nm diameter (Figure 1.10). l'hesc 

Figure 3.j0. Schematic representation of silver nanoparticles coated wit13 
densely packcd chrornophorc (structure of chromophose is shown on left).'" 
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nanoparticles has one of the highest ever reported two-photon cross section. I h e  

high concentration of the chromophore and poly functionalizibility can ha1.c 

impact an ultrasensi tive detection. 

The above mentioned reports indicate that the fluorophore functionalized 

Au nanoparticlc are emissive in nature which i s  against the bclief that the c~nission 

of the chro~nophorc is total 1) quenched on metal surface (for e.g.. Au film). Thcrc 

are also several reports during last four years (2000-2003) illusiraring 

photoinduced energy transfer processes from surface-bound chromophores such as 

2+ 55 dansyl deri~ative,~' Ru(bpy); . fluorenyl derivatives6 and fullerene-tho" to gold 

nanoparticle. Gold MPCs possessing mixed monolayers of alkanethiolate and 01- 

carboxylalkanethiolate ligands (Figure I .  1 I ) were synthesized by Murray and 

Figure 1.1 1. Dansyl chromophore functionalizcd gold nanoparticles." 
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coworkers and functonalized them with chromophoric groups by reacting xvith 

fluorescent dansyl cadaverine molecules." In these systems. distance dcpcnden~ 

energy transfer were reportcd from the excited state dansyl group bound on gold 

MPCs. The ernission intensity for MPC-attached dansyl group varied with ( i )  thc 

number of dansyl sites per MPC, (ii) with the linker chain length betwccn the gold 

core and dansyl site and (iii) with chain lengths of alkanethiolates in thc 

mounding MPC monolayer coating. They also observed that cmission intensilics 

of MPC-attached dansyl labels are lower than those for equivalent concentrations 

ofdansyl units and MPCs in unattached form. 

In a recent effort, Sudeep ef a / ,  synthesized fullerene molecules containing 

hi01 functionality and attached them on the surface of gold nanoparticles (Figurc 

1 . 1 2 ) ~ ~ ~  An effecient energy transfer was observed from the excited state of 

Figure 1 .12. Fluorescence quenching of fullerene on gold nan~~ar t i c l c s .~ '  

fullerene molecules to the gold nanocore. Large clusters of gold nanaparticles 

appended with fullerenes werc observed under TEM. The cluster formation is 
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induced by the hydrophobic interaction between fullerene moieties. Here also the! 

observed an efficient suppression of intersystem crossing ( s '  - ) In nnot l~cl  

report, light induced energy transfer from tluorene appended on long alkyl chains 

to gold nanocore was suggested by Fox and c o w o r k e r ~ . ~ h c c o r d i n ~  to ilicm. a 

dramatic quenching of the singlet excited state of fluorene was ohscrved when 

bound to the surlicc of gold nanoparticles (Figure 1 .1  3).5"lso, thc intersyslcm 

crossing (from lluorenyl singlet to the corresponding triplet) ivas suppressed dui: 

to the fast energy transfer. No evidence of electron transfer was obselved in the 

case of fluorene capped Au nanoparticles. 

Figure 1 .I 3. Fluorene functionalized gold nan~~articles.~(' 

It is known for the past four decades or so that when a fluorophore 

molecule is bound to bulk metal surfaces, its singlet state lifetime decreases as a 

mult of energy transfer from the excited dye molecules to metal films. Distance- 

dependent quenching of singlet excited states of chrornophores on metal surfaces 



was observed by UTEXIIB~C and C O W O ~ ~ B T S . ~ '  In contrast, comparative sin(iies on 

the photophysical and excited state propertics of thc ct1ro1nop11orc.s ~ v h c n  

functionalized on sold nanoparticles ( Au-MPCs) were not available ti1 I rccc~i tl! . 

The first systcmatjc comparison ol' thc timc-resolvcd i lu~~icsccr~cc o t' a pr ) t . p l l , r i ~~  

on thc surfacc of' Au lr~etal fiIr-ns (Au-SAM) as rvcll as 011 gold ~lat~oparliclcls 

4 R (Figure 1.14) 11as been reported b!, Imahori e /  crl. ln  both the cascs. ~ h c  pc\l-ph~rin 

exhibited a biexpunential decaj with a short li\lcd and a lane lived c o ~ l l p o r ~ e ~ ~ t .  

The long livcd species cor*rcsponds cc, thu unqucnched specics cx11il~ilir-r~ 111cir 

intrinsic lifctimo. The lifctitnc of tllc short lived species in  Au-SAMs (0.04 n s )  ir; 

Thcsc results illdicalc ~ h a l  thc quenching of the sitlglel cxcitc~l slalc of' pot-ph! I - i t )  

by gold clus~crs I ! ~ L I  an C ' I I C T ~ ) .  ar;znsfer is ~nuch suppressed relative to crier-g! 

transfer qucliching on All( 1 1 I ) surfacc. 4 K 

Figure 1.14. Comparative study of' porpltyrin flur~rcsuence on ,411 nanopnrrictcs and 1\11 

gold electr~dc.'~ 

The comparative studics sumn~arized in the above section clearly indicatc 

that the photophysics of chrornophores hound on metal surface i s  significanll)* 

affecfed on transition from bulk metal to isolated nanoparticle. As me~~tioned in 



Section 1.1. depending on size. metal nanoparlicles can behate as concluctor.5. 

semiconductors or insulators. For understallding the effect of this transitioi~ 

behavior of lnelal nanoparticles tnorc clearly. Duikeitli cr a/." runciio~~ali/cil 

lissamine molcculcs on gold nanoparticlcs of different size and isulatcd t hc  

resontlnl cnel-gqp transrer nltc Tro~n the decay rates of t l~c  cxcitcd dye ~nolcculcc; 

(Figurc I . I5) .  Thc irlcrcnsc i l l  l i l i ~ i ~ n c  with decreasing particlc s i x  ( partic lc 

diameter range of 1-30 nm) Ivns indicative of thc decrcascd cfficienc! o r  energ! 

lransfer it1 snlaller size p;ti.ticles. 

r = 1,10,15,30 nm 

Trad Tmnrnd 

i ( )  

Figure I .I 5. Lissan~inc functior~alized gold nanoparticles 

In a inorc rcccnt study. Heeger and coworkers" also invesligated the rolc of '  

energy as well as electron transfer in llle quenching of emissio~l of co~!iugatcd 

polytncrs in the presence of gold nanoparticlcs oi' vary tng s i x .  'l'hcy suggeslctt 

that rcsonancc encrgy tsansfkr dominates tvhen tllc dia~llctor ol' Ail nanopnrticlc i s  

>2 nm. In slnaller particles, electron transfer dominates although no spectroscopic 

evidence was presented in the preser,t case for characterizing the clectron transfer 



products. The charge transport in the nanoscale was extensively ruvic\vt.d in a 

Photoinduced charge separatioil from S-aggregates of a chro~nophoric dyc 011 

silver nanoparticles was studied by Hranisav!jevic el a!." The dye uscd was ;I 

cyanine derivative, 5,5'-dichloro-3,3'-disulfopropylthiacy a n  sodium salt 

represented in Chart 1 .l. They have shown that photocxcitation of the plasmon in 

Ag nanoparticles coated with J-aggregates leads to exciton dynamics that arc 

much d i f k r e n t  from !hat of J-aggregate monolayers on bulk lnelal  surfaces. 

Specifically. chargc-separated states with a l i  fetilnc o t' ~ 3 0 0  ps bct\vecn thc .I-  

ttggregate and Ag colloid were formed. The observation is dimerent than that for .!- 

aggregates un thc surface of bulk metals, where exciton quenching is obscrvcd. 

Chart I .I. Photoinduccd charge separation of J-aggregates on silver 
n a n ~ ~ a r t i c l e s . ~ ~  

From previous reports on the study of chromophore funcrionalizcd metal 

nanoparticles, it is clear that so far no study has been carricd oul by varying thc 

concentration of chromophore on the surface of nanoparticles. Moreover several 

reports are available, indicating the possibility of electron transfer in s~nal f 111ctal 



nanoparticles, hut no spectroscopic cl~aracterization is available yet. 111 the second 

Chapter of this thesis, Ive have made a detailed investigation 011 the cscited s ~ n t c  

properties of pyrcne functionalized gold nanoparticles by varying the nu~nbcr  of 

pyrene pcr nanoparticle and solvent polarity. 

1.7. Applications of F unctionalized Metal Nanoparticles 

Having inade substarllial advancclncnts in thc synlhesis, charno~criznt~cw 

and assembly of rnetal nanoparticles. efforts are now on. to put thesc irilo desircd 

shape, sn as to extract f~~nctionalized nano~naterials for nano~echnolog> bnsccl 

devices in near ruturc. \I'l'ilh the fundamental finding that particles in  the nano-  

dimensions cxhibit fascinating physicoche~nical properties, tlicrc 1-ias hccn n 

plethora o f  scientific efforts to cxploit thcir  no\~cl properties; potc~itial nppl ic.alion\ 

of a few of thesc as future dc~eices have already been dcmonstl-atcd. 

Dispersions and coatings in the nanodirnension with increased sur face arca 

could bc palternedlordered at the nanolcvel, which could revolutionize industries. 

dealing with paints, drug delivery, telecotnt~iunicatio~i, corrosion-protection ctc. 

Colori~netric detection nf DNA hybridization has been demonstrated by Mirkin cl 

a/. using gold colloids coatcd with DNA strands, which is a ~i~ilestonc in probc 

44 - technology . I'hcsc aspccts have been illustrated i n  Section 1 . 5 .  -I'i~c ilbility r)  !' 

gold surface to bind with specific frlnctional groups lias ~nadc  them suitable for 

fluorescence patterning."' Colloidal gold adsorbs strongly to some protci~is. 

especially antibodies and could hc used in sensing. h4,65 



Closcly spaccd a r r a s  ill' mctal nnnuparticirs can act as ~ u i d e s  lily 

e l e c t r o ~ n a g ~ c  radiations (I\ a~ c ~ u  ides) and :I net\ el- method tijr guidins 

elcctro~nagnetic cnerg! . \vliich allo\\ s miniaturiration of cfu\.icc to sizcs l?clo\z thc 

diffraction limit. has rrccntl! hccn rcportcd by Maicr P I  rrl."" ( I -  igurs I -16). 1 licsc 

waveguides r e l ~  otl ncar-field in~cractions hct\tt.cn ~ l o s e l ! ~  spaced nnhlc mutal 

(10 nanopartjclcs h a t  can hu cl l ic iun~ly cxcitcd at their sur-Sacc plasmon ti-ucluenc? . 

Near-field ct7upl i n s  h c ~ ~ t  ccn adjacent particlus xcts up ccruplud plasmnrl n~tsdcs 

leading to cohcrcnt propagatiurl of cncrgq rzlong these arrn) s. Such sq stctns tnq 

contribute to aci~anocs in plas~z~onics. In a rcccnt piipttr, a r-nodiiied 

Figure I .I 6. Suhen~atic. rcpl-esentation ot' enc1.g) transfi-r b! means 01' war field 
1,; 

coupling Zletivcen clns-t.1 paced mctal nnnoparticlcs. 

illu~ninatio~i near licld scanning optical ~~ i ic rosc t~pe  (NXOM) mas ~ ~ s c d  as a local 

excitation sourcc of' a nanopa~.ticlc in these a r rv s .  -I ransport tjf csuitation encrg) 

in closcl! spaced a t - ra~s  of'  ~iiutal ~lunoparticlcs is studicd h~ imaging the 

h ' fluoresccrrcc (3 t' d! e-lillcd latcs bends pnsilionctl next lo tho 1ianop31-ticlt' arra) s. 
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00.70 nanoparticles. By making usc of the quantized capacitance behaviour ol' gold 

nanoparlicles. Kalnat and coworkers7 ' havc dcmonstrated rhe elec trocl~em i cal 

modulation of pyrene fluorescence (Figure 1 . I  8) on a nanostn~ctured gold electrotlc. 

Spectroclect~~ochc~nical experi~ncnts were carried out using a t h i n  la>*cr 

electrochemical ccll. As the electrode is biased to negative potentials, an  incrcasc 

in intensity of pyrene emission was observed. Thc overall shape of Ihc e~nissioil 

band remains the same suggesting that the photoactive molecule contributing in 

the emission is unperturbed. At potentials more negative than - 1 .O V. 90% of t l ~ c  

Figure 1-18. Deactivation of excited pyrene molecules on thc s u r h c a  o f  
gold before and after charging the gold nan~corc .~ '  

quenched en~ission is restored by charging the gold nanoparticles. Thc ~nodulation 

of fluoresce~icc. can bc explained on the hasis of charge transrcr interaction hel~vccn 

pyrene and gold nanocore at different applied potentials.7' In the absence of applied 

potential. the electron transfcr interaction between pyrcnc lhiol and gold nanocore 





bipyridine derivative which is attached to a gold electrode and a gold cluster by a 

chain of thiol 'clips'.70 In this system, by using the tip of STM, the current flow 

'&ugh the molecular switch is measured. When bipyridine is in the +2 oxidation 

state, no current flows w+hile on injection of electrons using STM to bipyridine, 

there is formation of bipyridine radical cation, resulting in a large current flow 

(Figure 1.20). 

P % 
-- 
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STM tip--'--- 

Gold Current \ -/ 
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I 
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Figure 1 -20. Thc molecular electronic switch using gold clustcxs and bipyridinc." 

The results presented here indicate that functionalizcd r~arlometrials posscss 

immense potential in miniaturizing future devices and nanotechnolog~~ will bc 

central to thc next epoch of technological endeavors. Nanotech~~ology unites 

chemistry, physics and biology and hence the possibilities are limitless. The 

design and devcloprncnt of nanoscale materials is not just cnol~gll ~o\v:trcls 



miniaturization. The physical as well as chemical propertics or thcsc materials. 

wbich are size and shape dependent often exhibit difference from the properties oi' 

the bulk material and these differences are not fully expiained by current theories. 

The major challenge is to understand and exploit these unique properties for the 

development of next gencrat ion nanodevices. 

1.8. Objectives of the Present Work 

As mentioned in section 1.6, it is possible to tune the optoelectronic 

properties of MPCs by independently inanipulating the prnpcrties of thc organic 

shell. In this context, we have functionalized gold nanoparticles with photoact ive 

molecules such as (i)  polynuclcar aromatic hydracarbotl (pyrenc), (ii) 

photochromic ~nolecule such as spiropyran and (iii) bipyridines. Excited statc 

properties of these surface-bound photoactive molecules were examined using 

steady state and time-resolved techniques. 'I'he second chapter of the thesis 

describes the synthesis of gold nanoparticles functionalized wit11 pyrcne 

tlCC ilh il chromophorc and study ol'thcir singlct cxcitcd slate dyna~nlcs orl Ail h u r l ;  

function of i) solvent polarity, ii) distance of chrornophorc h o n ~  gold corc and i i i )  

loading of pyrene on gold surface. 

In the third Chapter wc have investigated the photoswitchable sclf- 

assembly of amino acid derivatives by anchoring spiropyrans onlo the thrcc- 

dimensional surface of Au nanoparticles. The light-rcgulatcd changes in the 

topographic properties of spiropyran-capped Au nanoparticles (i.e.. 
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interconversion hetn-ten thc z\c.itterionic and neutral f r~ns  ) \ircl.c exp loi lcci [?)I. lhc'  

asse~nbly and release oJ: all~ino acids such as 1 , - tryptopl~a~i.  I -~!~rosii~c. !,-I I( , I ' J \  

and methyl-L-DOPA. 

In thc lbu~*tli Chapter, l ve  rcl-rorl thc sq'ntliesis of' gold n ; ~ ~ l c ~ p n r t i c l c ~  

hnctionalized with bipyridine ligands and the study of ~ h c i r  cc>~npIcsntinn sttirlrch 

with transition and inner transition metals i11 an erfort to de\.clop nancrscil\cll.s ;111~1 

nanophosphors. 
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Synthesis and Photophysical Studies of Pyrene 
Functionalized Gold Nanoparticles 

-=ifg -+ la- .  r ~ a L * y & t  .: 8 -? ; , -. . i= -,- - -- ~ z + < - ~ r ~ - * n ~ ~ w a a -  

2.1. Abstract 

Nanoparticles of gold (-2 to 3 nm) Tunctionalized with a mixture of 

dodecanethiol and pyrene alkylthiols (pyrenes tethered with dkyP chains of different 

hgths; PI, P2. P3) were synthesized and their photophysical properties were 

bestigated in detail. Steady state and time resolved emission studies indicate hat  the 

singlet-excited state of pyrene is quenched on the surface of gold nanoparticles. 

However, the quenching of pyrene fluorescence is far less on gold nanoparticles than 

on the surface of Au( I 1 1) as reported in the I itmature. While the singlet state of PI is 

quenched as a result of electron transfer processes to gold core, P2 and P3 follow a 

complex deactivation pathway. The long flexible alkyl chains tethering the pyrene 

moieties in P2 and P3 allow intermolecular excimer formation, in addition to electron 

tmmfer processes. In this Chapter, we report the first spectroscopic evidence of direct 

electron transfer between a gold nanoparticle and a surface-bound fluorophore P2, 

induced by pulsed laser irradiation. The suppression of s'-T' intersystem crossing 

process as well as h e  formation of pyrene radical cation, determined by transient 

absorption studies confirm the excited-state inleraction between the metal 
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moparticles and the surface-bound Ruorophore. The charge separation is sustained 

hseveral microseconds before undergoing recombination. 

22. Introduction 

Unique electronic and cheinica! properties of metal nanoparticles have dra~vn 

(he aflention of chemists. physicists, biologists, and engineers who wish to use thcm 

for a new generation of  nan~deviccs . ' "~  Electrochemical s t ~ ~ d i c s  have established ihc 

dmn-storing propedics of gold nanapadiclcs and their ability to act as an electric 

play on a given nanotc~nplate s t ~ c t u r e . " - ' ~  The molecule-like charging effects of 

@Id nanoparticles, i-e., the ability of storing and shuttling of electrons, is a potential 

property worth exploring for photoinduced electron transfer applications. 

Modification of the gold nanoparticles with flz~orophorcs is iinpclrtat~t for {lit 

2,15b16 development of biological tracers as well as optoclcctronic devices.' - Ciolcl 

moparticles themscIves show limited photonct ivily under UV-Visiblc i~radiatior~. 

dhough photoinduced fusion and fraglnentation have bccn obscrvcd undcr lnscr 

h d i a t i ~ n . " ~ ' ~  it is possible to tailor the optoelectronic properties of mctal 

moparticles by indepcndcntly manipulating the propcstics af thc shcll i .c.. 

organizing chromophores of specific properties and functions ~ I I  n~etal nnnoparticlcs. 

yielding photoresponsive organic-inorganic nanohybrid materia~s.''.~" This can hc 

achieved by extending the surface modification ~nctliod to alkyl thiols pnssessi~~g co- 

honal ized  chromophorc. resulting in well ordercd and tigl~tty bound 

pbotoresponsive shell of na~~o~nclric dimension, encapsulating the nanopatticie cnrc. 



Such metal hybrids of organic molecules assembled as hvo- ur tl~ree-di~ncnsion;~l 

architectures provide routes for thc design of hybrid materials wilh novcl clcctsical. 

@caI and photochemical properties. Also, the organization ol' denscl y packcd 

photoresponsive shell encapsulating the nanoparticlc core offers csci t i n_c 

opportunities for thc design of novel photon-based devices for sensing. switching and 

dmg deliveq. 

Most of the studies on thc interaction beh~ecn fluocopl~ores and inefal arc 

limited to bulk gold surfaces modified with self-assernbled rnonolayers. nil-cc~ 

binding of a fluorophore to the bulk ~netal surfacc oi'ten results in the Iota1 qucnchir~g 

25-28 of excited states. Both energy transrer and c!cctroll-transfer proccc;scs ;u.c 

considered to be major deactivation pathways for escited flul-~ropliorcs cln 1nct;ll 

surface. Indirect evidence for electron transfer bct~vecn the clil-omophore nrld thc goIt1 

surracc has heen obtained rrom photocurrent meanurcrncn~s.~~'~~' '  In contrast. I-cci.111 

studies on  he photophysical properties of chromophore-linked gold ~~a~l i rpxt icIc \  

2'1 ( ~ u ( b ~ ~ ) ; ? ' . "  f l ~ o r e n ~ l , ' ~  dansylm3' pyrcnyl, and pirrpl~yri~i'" dcriv;rli~,ci) Ii;nc 

suggesreti n drarnatic suppression in thc quenching of' thc singlcl-cxcitcd sralc n'hc11 

lhese chromophorcs arc tlenscly packed on Au nanopafliclc surfi~ccs and tllc tlcl;~i I \  

are prcscntcd in Chapter I . A bcltci understanding of the cxcitcd state prnccsscs I\ i I I 

enablc cl'l'cctive utilization of chsomophore-hnctiolzali;red 111cta1 nnnostr-uclr~rcs h i  

light-lier?.eqting and other specialized applications. 'Ihe possible dcac t i \x t  i on 

pathways of  ihe photocxcited f1uorophol.e hound lo a gold nar~opart iclc incl~iclc. 

( i )  emission from the chromphores hound on rhc rnelnl nanoparticlcs. ( i i )  



inlcnnolecular interaclions, (iii)  cncrpy trans fcr, and (iv) elcctron trans rc.1.. C ini 11 i 11 g 

insight into such processes using spectroscopic techniques i s  i~nportar~t for. tuning 111c 

For investigating the escited state interactions between cl~romopcrho~~cs ;~rlil 

gold nanoparticlcs, wc havc sclcc~cd a polyamrnatic hydrocnrho~l h:~sctl ninlcctrlc 

namcly pyrene which possesses interesting photoph ysical properties."'.'' l;ol- C Z B I I I ~ ~ ~ C .  

pyrcnc Ionns excitners as we1 1 as ~~ciplexes and act as clectron donors or acccpin~~s i 1 1  

phnfoinduccd processes. Ihcsc nspcc ts arc wcl l rlocumentctl and scvcral pyl-cnc hasct l 

photochcm ical devices such as molecular sensors. swi tchcs. transd~rccl-I;. l iplir 

harvesting systems have becn ,~ro~osed."-.'"~n this Chaptcr. wc report thc prcparal i VII 

of dodccanethiol stabilized Au nanoparticlc<. possessing pyrene molecules P 1. P2. P.7 

(Chart 2.1) tethered hy alkyl groups of  diffcrcnt clrnin Icngtks n~td  thc clctails (I!' ~ h c .  

light induced processes in thcsc chromophorc functional izcd M I'Cs. '1-l~c rclnth c 

ratio of pyrene derivative and dodccancthiol were varied ( 1  5%. 30"/0. h(lfln) (111 llic 

surfacc of gold nanoparticlcs in nrdcr to invcstigalc thc in flucncc of chl-~~nopl-iorc 

concentration on the pl~otophysical heliavior of ~hcsc ni~noparticlcs. Ciol(l 

nanopart icles functional i x d  with P 1. P2 and P3 are hereafter rcrerred as A tl-P I . 

Au-PZ and Au-P3, respectively. 

~ H ~ O ( C l I ~ ) 5 S ~ @ ~ ~ ~ z ~ ~ ( ~ ~ ~ z ) ~ ~ ~ ~  

0 

0 0 

PZ P3 

Chart 2.1 



2.3. Results and Discussion 

2,3.1. Synthesis and characterization 

Synthesis of PI .  P2. P3 jvas carricd ntlt as per Sclie~ne 2.1 : brni11itlc.c 12.23 

and 23h) wcrc prepared hy hllowitig a 1111c!eopliil it s~ibs~itutioil T C ~ I C I  ion n t 1 - 

:- 
was carriecl otlt ~ ~ s i n g  ~ h c  I ~ ~ C ~ I I C I ~  1.cp01-1cd hy FOX ancl conrrv-~CIS~. I>! I L.JL I in? I\ ; I  i l  

a miuturc of' tctrahutylammnnil~~n Iluot-idc n ~ i d  hcsa~~~ct l iy ld i s i ln t l~ ia r~c .  I hc ~ICI;II  I 

art ~ ivct i  in the I7sperimcl1t;1l Scr.1 ion 2.5 .  

Scheme 2.1. (a) PRr:. C ' I IC ' I J :  (b l  Rr(C'IS;),,Rr. Nnll,  T111.. rc l l l~\ .  ( c )  

hc.\-amethyldisilail~innc. ~cfrahi~tylnmmonii~m flooridc. TI IF. - I 0 "c. 
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Synthesis of gold nanoparticles functionalized with PI, P2, P3 was carried out by 

amodified procedure involving the biphasic synthesis reported by Brust et 01.'" 

The detairs of the synthesis and characterization of pyrenc derivatives as we1 I as 

pyrene functional ized gold nanoparticles are given in the Experilnental Section. 

The coverage of the photoresponsive molecule was varied by co-binding with 

alkyl thiols and thiol derivatives of photorcsponsive molecules (sec Schen*~e 2.2)- 

Scheme 2.2 Synthesis of gold nanoparticles with different loadings of  pyrenc 

in different proportions (1 5%, 30%, 60%) which enabled us to fix thc desired 

number of photoactive molecules around the metal nanoparticles. Also, co-binding 

with dodecanethiol ensured the uniform dispersion of pyrcne moieties on gold 
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surfaces without inducing any ground state aggregation. The schcmat ic 

representation of the h~nctinnalization o f  gold nanoparticles Ivith plfrcnc 

derivatives and dodecanethiol in different molar ratios i s  presented in Scheme 3.2. 

Removal of any ~ tnbound  fluorophores from tlie suspension was er~sured 17) 

repeated precipitation using ethanol and details arc prcscntcd in thc expcrimcnrnl 

section (Section 2.5). 

2.3.2. 'H NMR spectroscopic characterization of gold nanoparticles 

The surface functionalizat ion of gold nanoparticlcs ~c ilh pyrcn! I l igandh 

n7as investigated by means of onc-dimensional ' I  I NMR pcctroscop! . Figurc 2.1 

Figure 2.1. ? I  YMR spectra o fa )  P2, b) dociecanethiol. c )  a mixture of IB2 ancl 
dndecanetliiol (40:60) on the surhce of gold clusters. 

shows a representative exarnplc ivhcrc ihc 'H NMR signals of P2 and Au-P2 ;II-C 

compared. A sjgniiican~ broadening of tlie NMR signals (Tor esa~nplc.  cl- 



methylenc protons) was observed for P2 on thc surCace of gold nanoparticlcs. 011c 

nfthe factors con~ribut ing to the peak broadening is the dipolar spin relaxation (of 

P2 on the densely packed regions ncar to the thioIatelgold intcrracc. \vIic~i 

4 compared to frcc thinlntes. Another Fdctor which contributes to the broacler~ir~~ is 

the diffcrenccs in the binding sites Tor P2 molecules on Au nanoparticlcs. It rua! 

be nolcd that the surfaces of gold nanoparticlcs are not uni Ibrm. Tlic lictei*ogct~ci IT, 

arising due to thc non-unifo'onn distribution of thiolate ligands during s ~ i ~ t h e q i s .  

thus leads to the broadening o f  resonance peaks. 111 sul-nmal-y. Ihc b r ~ ~ a d e ~ ~ i i l ~  01 '  

NMR signals confirms the attachment of thc thiolates on lnctnl ~~anrrparrticlu 

surfaces. 

2.3.3. TEM studies of pyrene functionalized geld nanoparticles 

The size of Au nanoparticles was determined by mea~ls of ?'Lh,I c s j ~ e r i ~ n c n ~ s .  

The TEM and I-IRTEM i~nagcs  of Au nr~noparticlcs fi~nctior~nli;rcd \\,if11 1'2 arc shci~\ 11 

in Figure 2.2. Tt is obscrved that thc average size of gold nnrlnpar-ticles s? nthcsizccl is 

-2 nm. The size of the ligand is onc of the factors whicll inilucnces tllc sizc c ~ f  

nanoparticlcs during its fortnation. 11 i s  rcporlcd Illat arcncthiolate stahi l ized goId 

:o 
nanoparticlcs possesses lnrgcr sizc ihan alkylthic~late stabilized gold nanopm-ticlcs. 

In the present case, the average size of gold nanoparticles functionalized with P2 i s  

, similar lo that of alkylthiol protected clusters (MPCs). Although pyrcnyl groups arc 

bulky, they are well separated from the gold core by means of the alkyl chain a11d 

hence may not influence the sizc of the particles. 



Figure 2.2. TEM (a) and I IRTEM ( I > )  i n~accs  of gofd nanoparticlcs functinrlnll/c..! 
wirh P2. 

2.3.4. Absorption studies 

Dct~ils of  1hc synlhelic prcrcedu~.~ Ibr preparing pq.rene functional i /ct j  :I I I 

nan@,articles (Alt-PI. An-P2. AM-P3) arc prcscntcd in thc Experimental Section. I 11 111c 

preparation of these functionalized nanopnrt icles, not all ligands tnay rcact ~v i l l l  go I (I  

nanopadiclcs and the concentrations of thcsr urlreacted lipands mcrc cvaluatcd iizbrn t 

absorption spectra of the filtrates. 'Il~e co~~ccntmtion of t l~c pyrcnc alkyl thiol s per' :\I I 

nanoplillicle was estimated. assutning t l the reactcd chromopl~ores a1.c CI.CI I l! 

distriblltcd on each nanoparticle. It was cnrlier estimated that a nmuloparticlu o f  goId 

k i n g  2 nm size possesses approximately 3 1 4 atoms.4o Rntcd on the assumption ~ I I ; I I  Arl 

nanoparticles are spherical in shape, the n ~ u i ~ b e r  of pyrenc tnolecules fi~nctonal izcd ou 

he surface of gold were estimated as -30, 4.5 'and 55 for 15%. 30% and 6014  loading^ 

respectively in the case of Au-P2, 

Monolayer protcctcd gold nanopa~iclcs possess a charac-teris tic sur facc plusuic~n 

absorption bcmd, ccntcrcd around 520 IIIII, arising from Ihc interaction of' cxlc~-nal 



rlklromagnetic radiation with the highly polxizablc Au 5d"' clecrrnn~ o f  gold 

nar~o~articles."'~~ The absorption spcctra of pyrenc capped gold nanopmlicles nom~ali/e(l 

at 520 nm with diffcrcnt loadings ofP1. P2. P3 are presented in F i~ure  2.3. 

Wavelength, nrn Wavelength, nrn 

Wavelength, nm 

Figure 2.3. Absorption spcctra of Au nrtnnparticlcs func t io~~a l i~cd  with diffcrcn~ 
loadings of pyrene thiols (A): (a) IS%, (b) 30%. (c) 60% of Pl.(d) PI: (D): I n )  
OYO, (b) 15%, ( c )  30%. (d) 60% of P2: (C): (a) O%, (b) 15%, {c) 30%. ((1) 60%) 
of P3. in toluenc. 

In the present case. the absorption spectrum of An-PI, AII-P2 ar~d Au-P3 posscsscs 

hvo sets of bands; a n  ahsorption band in the IIV rcgiorl, cl~aractcristic. 01' 

functionalized pyrenc ~nolecules and a broad band in thc visible regio11 (--520 11111) .  

attributed to the surface plasmon absorption of gold nanoparlicles. A significant 



h p e n i n g  and broadening or surfacc p l n ~ ~ ~ l o i ~  nl~snrl~lior~ II.:I.I: nol icct l  Iclr all 1 Flc 

kecompo~inds. rlamptnine ,- ni'sr~r-hcc plas~nnn hand is  chnrncturislic of' ~rrinllcr grit(l 

11.1: nanoprticles (< 5 i i l r l ) ,  cal~pc11 with nrgail ic I I I O I C C I L I I C S  S I I C ~  as thiols. 

A comparisc711 of t11c n l ~ ~ c ~ r l ~ t i c l ~ ~  cl~nt'nctcris~jcs o S  1'1 ; ~ i c I  AII-P I .  ~ O < < C S \ I T I F  

dljTtrent 1oadiry.s of PI arc p~ .cwr~ tc~d  in I7i_cure 2 3:l. 171c sti-uctiu-cd ;117~01-j7t ~ O I I  171111115 0 1  

p!?all: mnlec~~lc arc il>~~r:d to l ~ c  sigili jic;tntl> ~ ~ c ' I - ~ L I I + ~ ~ c c !  in tllc cnw  r ~ l  I' I I ! . c - r : ~  

mr.lhtmlthiol). nllen I l~nut ion ;~ l~~cd  on to t11c .iu~.f;xc ili'grold rlar~opnr-tjc.lc. (trnccs - ; I '  10 'c. '  , 
indicn~ing a stmng grouncl 5tnlc it~tcracticj~i. fIlc :it~sot-ption cIlar-;~ctcr-istics of PZ rulcl 1'3 

iuncrionallzcd gol~1 nnncrpar4clcs l ao lc l in~  clit'f'crcnt conccn~ra t iu~l~  ot' ]??'lTll~' 

thromophorcs are presculcil i l l  Figures 2.3B nilcl 2.1C. T~~lcrestingly, thc ; i h s n r ~ t  ion 

Epcira of P2 and P3 cuppzti golci ~~nnop;~rliclcs i11.c allnost rhc il~lditi\'c SJYCC'II.;I ( 1 1  

dodecanetlriol cappcd yold nnd p!.roncthinls ol' I-espcclile I/~rtdings. in tach casc. 1 I I C  

~bsorption in thc 300-350 Ilm rcginn shoij tl~rcc distinct nlxorption I3;inds (3 13. .;?X. ; IIILJ 

Z J I  nm), corresponcling to thc ;~t~sorption of' 17) t . c ~ ~ c .  The s~nrcltucd t ~ t 7 ~ o i 1 ~ [ i o ~ ~  11a1111- 0 1  

prcue remain illorc or  Icss ur~pcr-tllrbccl (~r-ncc '1)-d'), ir~tlicatil~_c Iho n l ~ s c r l c ~  of' ' 1 1  I! 

gau~ld slate i~ltctnct inn. 

111c flcxihlc 171ct11yIcnc spacers in P2 ;IIICI P3 arc Inn? ~ t ~ o i ~ g h  to I7rcrc11I lllc 

throu~h h l ~ r ~ d  C ~ C C I ~ C S I I ~ C  i~itcraction of ITVTCIIC t o  gold tlilllnCorC in ,411-1'2 ; I I I ~  Air-1'3 

Also. the possibilih or dif'fercnt cnnfonncrs clirectly interacting ~ ~ i t h  gold is \.cI? ICS d ~ ~ c .  

lo the densely pncl*rcd ;~lkyl chni~js on AIL na~lopn~?iclos. Tl~c irltc~cli~itariot~ OI n 171111,! 

pol!nuclenr. ai40n~ntic I~vrlroca~hon lilic p?~.c~lc. ~ l ~ r n u i J ~  ~l~csc.  all\!ll ~ I I ~ I I I \ . :  is >1111 

mi~urnized bj  - .  hvdroplint~ic rcpr~lsii.e ii~lcmctions \ imith I ~ C  all<> 1 cllair~ rn(\~i.r its. l I I I C  



other hand pq~enj.1 ~noiety 011 Au-P1 is \ *enr  clnse 10 ~ h c  rllctnl sut-ficc nnrl 111c p ~ ~ i ~ r l ~ i l ~ t !  

of electronic perturbat ion is vcty Iiigtl. 111 an cnrlicr c o ~ ~ l r i l ~ ~ n i c ~ i t i o ~ ~  h> I t101n;r5 (11 ~ t l  

a similar f ror~nd s1;llc ir~lcmcliol, \v;I\ oh\cn cd h a i i  cci, I -1)) I . C I I ~ I I I C I ! , !  I t \ ~ n i i ~ ~  

and TOAB (Tct~-;ioctyl;~rn~~~c,~~i 11111 I ~ 1 - o ~ l l i d ~ )  s~nh i  l i 7cd go1~1. 

2,3.5. Steady state emission studies 

Pyrcnc has a charnctcr-istic s lrr~c~r~scd ci11is5iorl l ~ c t \ \  cCrl 375 l r  .?I)( 1 ; - I I ~ - I  

corresponding tn tllc sinulct <. c x c i t c d  s t a~c  oi'tllc rno~~olnci  f'n1.111 of' p! I - C ~ L , .  I\ h r ~ - ~ , i \  

I broad emission is obscrvcci bclii-ccn 450-550 nm. i11 cer(ai11 cnscs. :is i i  t -c .5~11 (11 '  

4 1  intermolecular excimcr- fi,rmi~tion. I'hc 1altc.t- cmissiorl is o l~scr~~ccl  i \ - h c ~ ~  t 0 c m  

~~nccntrnticlr~ of pvrcnc. i s  I l i ~ l l  C I I O L I ~ ~  to fi)rm cscitud s t ;~ tc  cli~ncri (11. i r~ 

~~nsIra ined/hctero ,cc~~ic~~~s l ~ l c - r i i : ~  whcl-cir~ tllc ~nohili t!' of' 1 1 1 ~  po l !~r~~~c: Ic ;~~-  i I r ( ) l l ? , i l  I( 

hydrocarbon n~olccules is minirl1i7utl. I t  i s  ~ v c l l  c s ( ak l i< l~e~ l  ( I - t ; ~ t  rllc. t i l ~ r 1 1 1 1 1 1 i i 1  

condition h ~ r  cscil~icr liit-~n:~tiorl in pyt-cnc i s  a p;lr;illul, sanrl i t  iutl O-pc ; I ~ ~ ; I I I ~ C I I ; L - ~ I ~  

wih an intcrplanar scparntion of 353 17111. -1-1 

The elnission spec t1.3 of di l'li.rei~t loadings of AII-P 1.  ri11-P2 nl~cl ;I 11- 1'3 ' II-C 

presented in Fig~irc 2.4. I n  a1 l the till-cc cascs, tho slr~icturctl C I T I  issinli. 

characteristic o f  ihe 1noIIomcr C I I I ~ S S ~ ~ I I  of' FYI-CIIC n7;is obscrvi'c~ ~ C ~ ~ I C ' C E ~  :375 10 

390 n m .  Intcrcstir~gly. ~ h c  cxci~ncr- Ii)~-~i~;ltioli of' ~ ~ y r c ~ ~ u  aIli!'ltI~iol;\lc.?: 

functionalizcd on gold t~nnopnrticlcs Ivas strongly dcpendc~i t o n  tllc Ior1di119 o t '  1111: 

chroruophr.rres arlt j  thc Ici~glIl oi' \he spaccl gt-0~117s. At ;I I O \ Y C ' I .  Ioaili~lg 01 '  1 ''!(I. 

excin~er fol-lnr~tior-~ \\-as not ohser\~cd iri all tlic rlirce cases. 'l'llis 111;1y hc ( ~ I I C  to I I I C  



testrictcd interaction bulcvecn py rene ii~oic~ics on a sil~glc nanopnrt iclc. I.CSLI l t I 

born tlic intcrdigi tation with long doclccnnctl~iol li91ntls. 

Eximer for~nntiors zvnc also itlvtst igatcd hy 1 . a ~  ing thc Iit~lirr I )~ .O~?CI . (  irk 

(Figjre 2.4). In tllc casc 01'An-1'1. n.hcl.c pyrc~ic i s  linkcd tn AH 11nn(y7;1t.riclc. 11! :! 

Wavelength, nrn Wavelength, nm 

Wavelength, nrn 

Figure 2.4. 13n,ssios1 spcct1.a of' Au nnnopnrliclc fi~nciitln:llizcd \\ it11 
dinerent loadings of pyrcne thiols (A): (a) 1 5%.  (b)  ?DO/o. (c) BO%I ol' 
P1: (B): (a) 15%. (b) 30%, (c) 60% ol'P2: {C}: (a) 15%. (b) 3O?/;r. I c )  
60% of P3, it1 tolucnc. (cscitatiotl wevclc~~gth .325 11111. ;\u 
concentrations wcrc kept canstan1 by np~icnlly matchins rhc soluti(~ns 
at 520 nnil.  

rneih!.lenc group, no csc i~ncr  c~nission n , a  ohscr\:ed c17cn ; ~ r  a higli l o ; l d i ~ l ~  ni' 

60% pyrene. In co11sti.asl. l i ~ c  excimer cnlission cenlcl-cd i i rou~~il  4x0 11111 



h o m e  proinineni Tor Au-P2 and Au-P3 systems at higher loading5 i 1;igurc. 

2.43 and 2.4C). It may he noted that All-P2 ancl  Au-P3 n:~~ionsscmblics pos5css 

five and eigll t methylene spacer grollps betlvccn Au nanopai.ticlc ;I nt l  17!r i .~~ic '  

chron~opl~oi-c. The s i t~~a t i on  is siighly c i i  f'fcl-cnt Inr ,411-P3 sqstcrii. il s l io~ \  ,.; 

prornlntnl escirner c~n iss io~ l  cven at In\\.' loadings o r  pyl-cnc ( 30" 1 1 ) .  ,111~1 

intertsti~~gly the excimcr ctnission is lnorc itltcrlsc t l~an t l ~ c  uor111a1 I1 uorCscci~ c c  

a1 60% loading. ?'he flexiblc alkql chain te thc l - ins pyrc'iie i n  : I I I - P ~  15 

sufficiently long enougl~ to pl.otrudr outsirlc the dodccanthiol la!cr+ a110\\ I T I F  

free interaction bctwecr~ pyrenc molecules. at l~igher loadings. On t hc othci- 

hand. pyrenc chromophores in Au-P1 are linked to Au nanoparticle by a singlc 

methylene group and the interplanar distance between the pyrene n~n lccu lc s  iq  

larger. duc 10 the r-cslr-ictions imposcd bqm t h u  cu rva l~~ rc  of' gold sill-li~uc. 111 t l ~ u  

G I ~ C  I)[ '  1411-1'1, 110 C S C ~ I ~ I C I .  ~r i i i ss io i~  \ \ ' ; I \  ~ I > s c I . \ c ~  C V C I I  i \ t  6040 load illgs. 111:1! 

bt i~ecausc Ihc pyrcnc ch romop l~o rc~  arc tlccply c~nbctlrlctl i~isiclc 

dodecanctl~iol. 

Tlie possibility o f  i'ormation of exci~ner  resulting from an i~ i l c r~~ar t i c l c  

internction is rulcd out. In  he present case. exci~ner clnission i s  dependent on 

the loading of the chromophorc. Any possibility for intcrparticle in tcractions 

may lead to the cxcimer emission. irrcspcctivc of tllc loading o r  I I ~ ~ C I I C  

chromophare. The spectral shapes of thc p las~ i~on  a b s o r p t i o ~ ~  of gold 

nanoparticle at different loadir~gs of pyrctlc nlkyltl~iol ( P l  . P2, and I'3; I-iprlrc 

2 .3)  ifere Inare or less the same, rulir~g oul the possibility of Ihe roi-lnalion (11' 





and ( i i i )  sol1 cnl polarity. T a  luorcsccncc 1 i l'et iines ivct-c mcnsu 1 . ~ ~ 1  li-c31ll 112 u 

fluorescence dcca? of 1'1, 1'2. P3 and tllc co r rc~pnr~d ing  pyrunc nlk!lthiol 

capped on golcl i~anoparticlc\ using a picosucnnci 5111glc pho~oii cnu~~ ! ing  s! slc111 

and h e  dcln i ls  arc. l>r.cscnlc~l in the I : \pcri i l~cn~al  Scct  1t>11. 111 ; \ I  1 I I I C \ ~ .  

experiments, thc s n l u l i o ~ ~ \  i\ CI.C thor~~rgl~l! ,  C ! C ~ ; I $ ~ C ~  I I + ~ I I ~  i l rqnn. I I I C  ~ t i ~ ~ ~ l ~ l ~ ' -  

werc cscitcd at 360 nm arld 111c ei-uissiot~ uollcctc~l a[  -390 11111 to c i , ~ l ~ ~ ; ~ t c '  ~ h c >  

deca!! o f  l l~c  singlcl-ckci1c.d h la te  thc n1ontnincr ivhilc t l ~ c  c x c i ~ ~ l c i  C ~ I I \ > I ~ > I I  

(consists of tllc gt.o~i  t l ~  conlponcnt a n d  rlcca>f cc~mpoi~cr~t)  Ivas n~ofiiiot.c~I ill ? I ) ( )  

nm. 'The decay componcnls of PI .  P2 and 1'3 i n  ~ o l ~ r c ~ l c  at 390 11111 ( S C C  tot. 

e ~ a n ~ p l e  lrace 'a' i n  Fiyurc  3 5j1. fnt- P2) and thc g r m ~ l h  anr l  clcca! uolnponcnl< 

at 500 n m  are ~ ~ r c r c ~ ~  tccl in -1.3 hl u 2.1 . 

The decay of' pyrcnr: \\ l l c ~  it  i s  nttocllccl to anotl~cr '  ~ n o l c c u l ~ ~ i .  crrnlporlcllr 

.I 4 I >  is often 111~lltiexp011~11tial: fix cxnn~plc. hi- tsic\poiicrlti;~l clcca? I \  r c p o ~  tc11 

4' for p)renl;l dcnclriiz~cr-s ancl thcii. pr-ec~rl-sr,l.\. 111 thc 17rc5~111 C;ISC tllc ~ t t ~ l ? o ~ l [ ~ ~ l  

pyrcnealkvltl~~r~lc;. P I .  1'2 i i r lr l  1'3, I'olloi\ I J I C Y I I C ) I I C I I ~ ~ ; I ~  cIcc '~~! .  hot11 J I  7 0 0  11111 

and 500 nln. Onc o r t l ~ c  c o i n p o ~ ~ c n t s  o S t l ~ c  bicxporlcntirzl clcca) at 3c30 11m 11~1i ; 1  

decay time of -8 ns and is as+igr~ed to  thc i~lllc~.cllt lii'ctitllc of'pjrcrlc a l k l t h r r ~ l .  

From the stcacl!. stntc c i n i < ~ i o n  it  ic; clcar ~ l i a t  the T I I I ~ I C I  c su i t e~ l  s t a t c  

deactivation of pyrenc :~lk>lthiol i~t'sultx 111 normal  cmis~iorl  nncl clxc1111cr 

formation. Thc short l i \  cd s lwc iu~  is aqsignccl to illc cl~~cr~cllctl pyrrllc ;III\J I t l ~ ~ r l l  

molecules, resulting lYom t l ~ c  interaction v, i t h  another ~so1111d ~ l i l l p  ~ C I I C  

alk~lthiol mcllccz~lc leading to thc formation of cscilerl qlrilc clin~crs. 
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Figure 2.5. Conlparison nf fluorescence dccay profiles; A 111 toluene of a )  PZ. b )  
Au-P2, II in tetrahydrofilran oT a) P2. b) Au-P2: C in dichloromctl~ane or  a) PZ. 
b)Au-P2; ill acetonitrile o f  a) P2, b)Au-P2; trace 'c' is f ~ c  lalip pl-ofilc in all plot\ 
and all Au-P2 s;unples has 60 O/o loading of P2. Emission was inonitored at 390 11111. 

The band at 500 nm corresponds lo IIlc cscimcr erz~ission. bascd or1 slcndy slnlc 

emission studies. and intennolccular interactions \yere i~~vcs t iga~cd  in dctail. 1 . 1 1 ~  

txc'imer decay of pyrene alkylthiols has a rise-time of -2, ns and a long-lived drc:~! 

EQmponcrit (notc thal the rise-timc and decay ol'esci~iicr Ivcre fittcd Ingetllcr). 'l'hc risc 

h e  at 500 n m  is altributcd to ttlc Ibrmation ofcxcin~cr in n d>)namic psclccss ~.ca~lt i~zg 

hm the intcrchromophoric interaction bclwccn a ground state and cscited statc pyr-t.nc 

molecule. This is supported by thc fact that thc decay kinctics or tllc sholl lilctl 



$mponent (-2 ns) at 390 nnm matches wclI with the rise-lime of the excinier. ?Ilc long 

hedcomponent at 500 nm corresponds to thc intrinsic dcca>f lime oI'pyt-enc escimc~. 

Table 2.1. FIuoresccnce l ifetirnesa-' and fi.nctiona1 contl-i h u t i o n s 5  f pyrcnc 
alkylthiols (PI.  P2 and 1'3) in tolucnc. 

Ftunrcsccncc lifctimcs 

System Decay at 390 nm Growth at Decay at 

500 n m  500 nm 
2 

TI. ns ~ 2 ,  ns L TI, 11s T[, ns %- 

( X I ' ~  (x2"/0) Cxz"/o> (;c,"/.) 

a ) ~ ~ a ~ l d ~ ~ ;  b) crror l i m i t  f 5'%; c) cxcited at 360 nm:  (1) X I  and  

The singlet lifctiines of pyrene a1 kylthiols (PI, P2 and P2) were investigated 

h solvents sf varying polarity (see traces 'a' in  Figures 2.5 A to D for P2) ancl the 

results arc sum~narizcd in Tablc 2.2. 111 all snlvcnt systcms invesligatctl, thc dccay 

bf the  unbound pyrcne alkylthiols follows a bicxponential dccay, wit11 long-livud 

(t,, 6.3 - 9.6 ns) and st~ort-lived (T?, 1.4 - 2.0 nsj components. Lifetiincs ol' thc 

long-lived IT, ) and short-livcd ( T ~ )  species and their fractional conlrihutiorl~ 

remain more or less unaffected ruling out the possibility of an electron transfer 



Couilil ro thr sur l i ice of gold nol-rnpart ic1c.s. \verc f i~l-~hci.  ini.cstis;~ted in ;I nnnl~ol;~l- 

rohrnz such as toIzrclic auld at-c prcsc~l~ccl ill 'I'nhlc 2.: (scc trnuc 'h' i n  I.'iyur.c 2 , 5  

!firir rclnti\,c. d i s ~ r i b ~ i t i ~ ) ~ i  ~ C I I I I I ~ I ~ C  Innl'r' or  less 1111affcctc~t for ,411-P3. i n  tcl luc~c. .  

f icqc rcsulls I I I I C  out tllc possibility ol' any qucnci~ing proccss (clcctron or- c.nul.z\ <. 

tranqkr) in rl{lnpolal- c o l ~  crils ( t t~ lucnc)  ii lien P3 is hrrur~cl Io ALL tlauopnrl iclcs. 

Dccny 31 -;On 11n1 Decay ;it G ~ ~ c n v t h  ; ~ t  
Solvent 500 nn? 50 0 nnl 

1,: ::ad t:; b) crmr l i m i t  -1- 5%; c )  cxcitcd nr .:GO ilm: d3 y, ;~nd 1: 



Chplcr 2 - Pyrene ,fimct ioncrlizecl gold n n n o [ ~ ~ r . ~  icEes 

The mcin~er characteristics (gmmvth and decay at 500 nm: Table 2.3 oT pyt-ctlc 

QlthioEs bound to thc surfacc of Au nanoparticIe (baces 'b' in Figures 2.5 A - 

Figures 2.5 D for AM-P2 rcprcsents the decay at 390 nrn in different solvents) Ivorc 

sbnilar to thosc of unbound pyrene alkylthioZs (Table 2.1 $. The exci~ner decay of Arl- 

l'2 and Au-P3 has a rise-time rest11 ting fmm the Formation of excimer ancl a long-livccl 

& component attributed to the decay ofthc excimer. Interestingly, an additional 

hl co~nponent with extreme!y short lifetime (r3) was observed whcn P 1 ancl P2 

are attachcd on gold n~noparticles ( T ~  = 27 ps Tor Au-PI, t3 = 48 ps for AH-P2) 

Table 2,3. Fluorcscencc l i fetirnc~"~ and fractional contri butionsd of pyrclw derivat i vcs 
(60 ?4) on the surface of gold in toluene. 

Fllloresccnce Lifetimes 

System At 390 nrn At 500 nrn 

T I ,  ns TI, ns r3. ns ~ 1 , n s  r ~ n s  KJ. [-IS x2 
7 

1- 
( ~ 1 % )  ( ~ 7 % )  ( ~ 3 % )  % )  ( ~ 2 % )  ( ~ 3 % )  

-- 

11 K ~ . T :  ; H I ( ~  TI: 11) crroi. li~nE( 1, 5%: c) c~ci lc ( l  a1 7hfl nsll: ( 1 )  i l l .  I? ;it113 xl. 

In dlc cr~sc I,!' An-!" land All-2'2, pyrcnc is l inkccl Azl nanopnrticlc hy s11clrI 

nclylcac groups, and ihc sliorr linker groups allow cll'ccr ivc intcract ion will1 Ail 



moparticlcs r c s u l t i n ~  in thc dc:~ctivalion n ihc photncscilcd f l u ~ r o j ~ l ~ o r c  ( I  I ( ,  

dther energy or elcctron trarlsfilr) evcn in nonpolar solvents such as t o l ~ ~ c n u .  

In polar solvcnts. phcrtoi~ld~iced electron trt?nsScr* process i q  

hodyna"micallS. more favor-ablc and ~ v c  have i~~vestigated thc cf'fect of' polarit! 

M the relative amplitude of various dccay co~nponents (scc traces 'b' in Figurcs 

25A - 2.5D). The fluorcsccncc dccay profiles of P2 and A w P 2  in solvcnts oi' 

varying polarity arc prcscnled il-I Figurc 2.5 .  11 is obscrvcd illat the t.clati\.o 

rbundancc of the short lived spccics ( z l )  increases signi ficnntly with i~lcrcase in 

dvent polarity (Table 2.4), cvhich is attributed lo ihe light induccd cleclron 

transfer from pyrcnc chromophore to the gold nanocore. 

Table 2.4. Coil~parison of  fluoresccncc decay times"c and rrnctional 
contributionsd of Au-P2 as n liinction of scrlvcnt polarity. 

I;luoresce~~ce Lil'elimcs of Au-P2 in different solvents 

Sblvent 
1 

TI. ns (xl%) Z ~ . I I S ( ~ , ~ ' % / ~ )  tj , 11 s (;120/o) 
- - L 

. -- 

Toluene 8.1(64) 1.3(22) 0.048(14) I .! 

a) TI, T: n ~ ~ r l  TI, h) crror l i r n  i t  + 5%; c) cxcitcd at 360 nln. (I) 7-1. X? ~IIICI ~ 2 ;  C )  111119 ~ ( 1  

component i s  ahsent: 0 tllc short Ilved species is thc 111;l-jor C O I I I ~ O I I C I I ~  : ~ I I C I  il I S  d i f f i c ~ l l l  to 
measure the l ifctimc since i r  i s  closc to the illsrrumcnt rcsponse limc. 

One of lhe possibilities Tor a fast dccay of the singlct cxcitcd stntc o f  pyrcnc 

in a polar solvcr~t may be illrough n s c l f - c l~~c~~ch i t~g  prnccss. i.c.. ~ l ~ r o u p h  



h p r e v  2 - P y ~ . c n e , j i ~ ~ l u / i c ~ n ~ - ~ I i z ~ ~ ~ I  gold i~crr~o~~cir-ticlc,s 

Banoparticles. A sclr quctlching proccss ~ v o u l d  Incan that the relative a111l7liludc of  

h quenched spccic should incrcitsc xvith the concenrralio~i of  pyrelie oli 

frimoparticles. I t  can be obscrvcd that the lifetimes as wcll as the relative alnplitudc 

of all the tlirec co~nponents are independent of thc co~~centration of py rcnc (Tahlc 

1.5) and the self-que[lching pathway 1111.ougl1 interaction of ac!jaccnt p r e n c  i s  

mled out. Thesc resulrs cleal-ly indicate h a t  ttlc quenching of the singlcl escilccl 

state of pyrcne bound on gold is not due to sel f-quenching processes but as a rcsul t 

of electron ~rans fc r  from t11c s i ~ ~ g l ~ t - e s c i ~ ~ d  state of p y r e ~ ~ c  to golcE na nolx~r-liulcs 

'Tal)lc 2.5. C:omparison ol' fl~~ol-csccnce dccny ti~-~ics"-' and 
fractional contri17uticlnsd of Au-P2 as a f~~nctinn of P2 loading. 

Lifctirncs oi'dil'l'crcnt P2 lnadcd gold 11anop;u-t ic lcs i 11 THF 

a )  r land T:; b) error l i tr i  i t  + 5?'0; c) chcitcil at -760 t i ~ i l .  d) nrld p. 

Thus. the main dcactivatio~~ channels of the singlet excitccl statc of p > ~ - c ~ i c  Ii~llicd 

on Au nanopart iclcs arc (a) ~iormal fluorcsccnce, (h)  in tcr~iiolecr~lar cscirilc~ 

formation and (c) thc co~~~pctitive electron transfer to the gold nnnocore. -1-lic li~.s! 

hvo processes arc fi~vour-able in  nonpolar solvents \\mlicr'cas thc lattcl. 0 1 1 ~ '  

dominates in polar solvents. 



2.3,7. Laser flash photo!ysis studies 

Sincc mclals 111 l l ~ c  ~~a~-top;~rticlc t l i r~lcr~sirm arc IIIOI.L' C I C ' C ~ I ' O I I C ~ ~ I I  i i  L' !11;1;1 1 1  1, 

bulk matcrial. thc csci tcd statc ot' flurnrc~pl~or-cc; l'lo1111d ( ( 3  tz~clal SUI.I~!L-L~. ~ ~ 1 1 1  :I I \ [  5 

participate in an elcctro~l- t ransfer  pl-occss. \!'c f ~ ~ r l h c r  pro\>c~i the l;llc 0 1  IT! rcrw 

quenching using tra~~sictll i i l lsorl>t i~n s p ~ ~ t r o s c o p ~ .  

I11gt~i+t' 2.6 s11mv~ 1 1 1 ~  ~ I . ; I I ~ S ~ C I I ~  ntlrorption hpcclra 01' 1'2 i ~ r l t l  :Ill-1'2 I r I 

degassed ancl air-snlr~r;~tccl '1.1 I I: s o l~~ l io r~s .  ' I ' l ~ c  di i'fcll-c~~cc~ ;~lwosl>till~~ .\j7cci 1.1 I 11: 

recorded fbllowing 337 11111 I;~.icr- pulsc cscita~ion or P2 ill dcgiisscd [ ' I  11 ~ I - ) I I  11ik31:- 

elihibits a m : i x i r ~ ~ ~ ~ r n  arrnut~l 425 ntn (il-ncc ' a ' ) .  'l 'l~is alxoqstion b;ir~d is c: I::! I.;IC tcri  i c 

Wavelength, nm 

Figure 2.6 I n )  Trnnsicnt ahsorplior~ spccrl-a of' (a)  clegnsscd 7'fTl: s ~ ~ l ~ ~ r i n t ~  
o f  P2. (11) dcgnsscil '1 '1 IF  solutinn o f  ) \u-P2.  ancl ( c )  osy~cnntccl  -I 111: 
solut iol~ of  A u - P 2 .  ill1 spcctra were rccorded 2 p s  a1ic.1- !.>7 11111 lahci- pl~lsc* 
esuilntinn. Insct s h n ~ v s  thc  absorption clccay ~tt-afilcs r.con~~di.d nr ; I I I ~ I  
340 Ilni. 

of' 1ripIc1-triplet nhso~-p~ior~ ol' p y r c n c  2nd is rc;~tEll!. i l r icr~cl~c.~l  in I)\! s r ~ l i l ~ c r l  



337 nm laser pulsc escitar ion o f  A ~ I - P ~  shows I I I C  fonnat ion 0 1 .  a trar~sicnt \i,ir 11 

absorptioll niasiu~i~in at 400 rli l i  ( t r ;~co '17'). I'inlc-r.esolvcd spcctra ~.cct~~.dcd ;!I 

bfftrnt timcs confirnl t l~c prcscncc ol' a singlc transient, i v l ~ i c l ~  dcca!..q ~ v i l h  :I 

8fctimc of 4.5 ps. Thc presence of' O2 in tho solution has 110 eff'cct 011 l l lu  

formation or decay of tllc trilnsicn t (trace 'c' i 11 Figure 2.6). 'I'hus. the properties nf 

k lransient observed with AII-P2 are distinctly dii'ferent fr'roln those rccorrlcd 

~ i t h  F2 solution. 

The pyrctlc cation radical has beer1 shotvn to absor-t:, s t ro~~g ly  in l l ~c  400-430 

mn regions. lividclacu it1 tlac Fiternturc suggests stmng dcpcndcncc o f  tl lc 

lhorption i n ; ~ s i ~ i ~ ~ l ~ n  of pyrcnc radical cation on the mediilm and suhsti tuenl.'" 

bxne cation radical formcd in polynorbol-ncnc cnd-laheled w iih pyscnc has hcet~  

hwn to exhibit absorption masirnum at 400 nn7. In Ihe prescnl case. \ve nttriburc 

i t 4 0 0  nm absorption band to the formation of an oxidation product. viz.. a 

ladical cation forined by the interaction o f  excited pyrene wit11 the gold nanocorc 

(mction 2.1). '1'11~ ahlivncc of' triplct-csciic(l slate in Wee 'h' (I:isur-c 2.C,) 

mlirn~s lflc role 01' I I I C ~ ~ I I  I Z ~ ~ I I  ~)C( I I -C  i n  s i ~ p p i ~ s s i l ~ g  tlic ~ I I ~ C ~ S ~ S ~ C I I I  crossi~~g ~III(I!OI' 

Ma1 qucndiing of thc t~+il~Icl c x c i ~ c d  stntc in rllc Alt-P2 syslcm. 'I'lic tlcc;iy 01' !lit 

Iransient absorption at 390 n m  and rccovcq n f  bleaching at 340 nn l  (scc 

tbsorption-titne profiles in thc inset of Figure 2,6) sliow a similar first-ordcr 

hftics with lii'ctinacs or  4.7 and 4.4 11s. r c s p ~ c ~ i v ~ l y .  'l'hc sltl~ilaritics I ' ~ C ~ I V C C ~ I  

he two processes suggcsl that the dccay of the  pyrelie cation radical correspond 



h p f e r  2 - Pyrene,firnclionaliztjd gold nrrnoparticlc,~ 

lo the recovery of parcn t fluorophore vio a back electron-transfer process (reaction 

2,4, Conclusions 

Pyrene chroinophores linked to gold nanoparticlcs using metl~>*lcno groups 

ofvarying chain lcngth werc prepared and their photophysical propcrtics nci-c 

investigated in detai I. The absorption propertics of PI (pprcne alky lthiols which 

possess short chain linkers) arc perturbed on tho surfacc of gold ~ v l ~ i l c  gror~nd statc 

inlcractiolis arc abscnt in pyrctlc tctllcrcd lIimug11 long alkyl chains (1'2 ; t ~ i i l  1'31 

h loadings of pyrene on gold ~lar~oparticlcs sho~vcd structured emissior~ tla11d5 

in nonpolar sol\.cnts. char.ac~cl.ist ic of  the normal Ruoresccncc. wtli I C  at Ilisl~c~. 

loadings an atlditiorlal cscimcr emissic>n band zvas obscrvcd. -1'llc l lusi  hlc 1 i t ~ l i ~ r  

pravidcs a topographical control on thc various irlteractions in  rhe r 111-uc- 

dimensional monolay ers 01' jTJrrene on 111cta1 nanoparticlcs. Icadirlg t o  thc 

lormation of escitcd state complexes such as esci~ners at higher loadings. I'hc 

suppression in the clucl~ching of the singlet-excited statc, obsei-vcd in hllcqc 

systems could be further extended for. the development of photocatalysts as ~vell  

as chclnicaI and biological sensors. ?'ime-~.csol\.cd fluoresccncc s t ~ ~ d i c s  il~rlicntc 

hat in polar solvcnts. phntninduced clectron transfer process. from pyrentl ro 1-41] 



core. is ]nore i21vourctI ~r hich \%as also prot'cd hy laser Ilush photolysis 

experiments. A ctlrtoor~ic rcprescntation of the irarious photophysical processes in 

pyrene t'unct ionalized gold llanopart icles is reprcsentcd in Scheme 2.3. 'I'l~c chargc 

seperation sustained tbs 4.5 ps hcSure rcco~nhination. indicating fcusibjlin. ( 11 '  

lnfermolecu la r c.vr'ildc.vo+ 

Interactions (high loading) 

1 Unquenched 

"Y Component 

Electron Transfer (polar solvents) 
to Metal Nanocore 

Scheme 2.3. Cartoo~~ic representation (11' i'arious pl~otophysical procusses it1 

pyreiic fi1nctiona1izt.d gold nanopartioies. 



2-5, Experimental Section 

2S.1, Materials and instrumental techniques 

Solvcnts and rcagcnts uscd xvcrc puri litd dnd dried IT? ~tandarcl  unclhods 

All starting malcrials and t-c;lgc.lit:, wcr-c p ~ i r c l ~ a s c d  from Cl iyn~a-:I  ldricll nilil -t\ cl-c. 

used as sucll. I ' I~ntopt~ys~cal  sluclics \\.crc ctlr.ricd 0 ~ 1 1  1 1 , i r l ~  \1~cctm,crhl31c ; ~ ~ i t l ~  

5ol\ents. A11 lnelting poirlts I i u r u  dclcrlnincd 11 1111 ;I Vcl- I CIII~T-11 ~nclf 111g 11\1111i 

I : apparatus and arc uncorrcctcd. ' I  I and C NMR spcctrL1 11 crc mc , t s~~rc t l  'I : ( I (  1 

\!Hz Rnllier A(hfnnce DI'X qxctroniutcr IR spcctr;i LL cr c ~.cco~.dcd till ;I h icr ) I  c I 

Impact 400D infi-ared spcctrophotomctcl-. Emission spcctrn \\ crc rccoi rlatl 1x1 J 

SPkCTRACQ spectrofluorimetcr arid corrcctcd using the prc>gr;lnl supplicd 17) ~ l ~ c  

manufacturer. Thc elcctl-onic absorption spcotra x i  crc reco~.ctcd on n C h i ~ i ~ a c l / ~ ~  

llodel UV-2 10 1 I'C' I 'V-V].;-K 1 I <  scn1111 inp ~ ~ ~ ~ ~ I - O ~ I ~ I O ~ O I ~ I C ~ C I . .  1:01- I 1 1 I ~ ~ I I C I  k c < .  

3 drop of' coIloidal gold s t~ l t i~ io r~  \{a< plcluccl In II c;~r-hc>t~ ci~niucl C.'u ?I 1 4  , i i ~ ( I  t l l ~ ~  

snlvtnl was allot\ ed to c\ :~pol-nic. S P C C ~ ~ ~ ~ C I I C  X Z ~ C I . ~  C L ~ I I I I ~ I I C ~  OTI d I I I ( r lc  1 1  1 I I hrlf 

trans~i~issiol~ clectrnr~ r~~icrcl~ctq~c:  

Fluorcccc~icc l i  f ~ t i l ~ l c s  11 crc M U ~ S U I . C ~  using n Tsunum i Spcct1.rl I'll! > I  c.\ 

jingle photon counting s! stcn~. Ti S~~pphi re  lascr. ha\ i t ~ g  n U~~ndarncrllnl 

unvelel~gth of' 033 nm. \\.as uscd as the excitation source. l ' l ~  a t  cr+agc o u t l 7 ~ 1 l  

pmucr 1s bX0 I I I ~ P  11 it11 n 1?~111 i j>  I?rri\'ei. nl' 4.5W ' I  hu 1311!\ci\ 1 ~ 1 1 1 1  01' l l l ~  I ; \ S C I  i \  ' 2 

ps The flcxilllc harmonic gcncrator ( I  I-IC;) givcs thc secn~ld harri~onic ( 4 h 7  n m l  

~ulput fro111 t l~e  I ' S I I I I ~ I ~ I  lawr sSrstem. l'hc fluosesccncc \ l a \  dutcctcd u\rrlg t ~ i t l -  

stage ~ ~ ~ i c s o c h n ~ ~ n c l  plnlc pl~c~toniultipl icr (MCP-PM 1 1<3 8094). I Ile i l u o i - c ~ c n ~ ~  



decay measurements 15 cre f~~ r thc r -  analyxc using the TDH software library. \vhicli 

includes an iterative shin o l  thc titled filnction as part o r  Xhnol~dnesc  o f  thc f i t  

criterion. 

2.5,2. Synthesis of 1 -(I -pyrenyl)-I -bromomethane, 2.2 

To a solution of I -p~~r'cncrncthanol (250  mg, 1.07 mmol) in dr!, 

dichlnronietl~ane (20 1111~) I;cpt in an ice-hath. IJBr3 was acldcd drolx\.i r c  \\,I1 I lc 

nirring. The reaction mixture n a s  stirrud for 12 h and then 11eutrt2li7cd \\ i t 1 1  

sodium bicarbonate so jut ion. Thc organic laycr \!as cxtmclcd \\ . i  111 

dichlr)ronlctl~;i~~c irrltl conccnlra(cd to givc 2.2 (3 17 111~. l .07 111n101) in ~ ~ o : i r l >  

quantilarivc yicld, IIIP 1 36- 1 37 "C. : l I< (KJ3i.) v,,,,,; 2952. 1920. 1649. I 5 0 3 ,  143.l. 

1177. 1181. 1065 cin": ' ! I  NMI< (300 MI 11, C'IICI;) ii. 5.75 (21 1. s, AI.C'I 13,) X . 0 0 -  

1 '  S39 (011, m. at -o ln ;~l iu) l~p~~?;  'C'  NMl i  (75 MI lz. I'l>C'i;) ii 32.15, 122.7K. 121i.S 1 .  

125,59. 126.23. 127.29. 127.66. 127.99, 128.20 ppln. 

2.5.3. Synthesis of I -(I -pyrenyl)-I -methylthiol, P I  

To a s~irred scllutiot~ ot' 2.2 (200 1n3. O.64 ~nlnol)  in dislillccl 7'1 11. 10 1111. l .  

kept a t  -10 "C. \vns addcd Iiesamcthyldisilathiatle ( 1  37.6 mg. 0.96 mmol) and 11111, 

( 1  mmol) or Iterahutylam~nc~niurri flliosidc from a 1 i'vt stock solutior~ in 1 1-11, 

contairli~lg 5 ?/n xvaLcr. 1 - ~ E C  reacti011 I I I ~ S ~ U I ' C  \\.as stirred rnr 13 12 and 111~11  ciilntc'd 

rrirfl clicl~lor-o~nctllmc. ?'hc o rga~~ ic  121) cr !!.as \\'nshcrt \ \ . i l h  salur.atctt i ~ r l l r n o ~ ~ i u r ~ ~  

chloride solution and ~ h c  solvcnt \\'as t-cmovcd unrlc~. rcclucec2 pscss~irc -l'l~c 



NUCI was precipitated bj. adding hcsanc to gi\,c 48 n1g IhO '%) of' PI. 11117 I04  

'C. IR (KRr)  v,,,,,,: 2941. 2868. 1 142. 850, 724 c m - ' ;  '1-1 NMR (300 bll I / .  C'TIC'I-) 

14.1 (2H, s. ArCH2.SII) 7 . M - 8 . 3 9  (9t-1. 111. a ro~na t i c )pp l~~ :  "C NMR 1 7  M1 I / .  

RI;) 6 26.89, 122.78. 124.81. 125.59, 126.23, 127.29. 127.66. 127.0'). 128 10 

ppm; Exact inass caiculatcd 238.0660. IM+)  found 248.0579 (E lL  high-rc.solutrl,n 

mass spectroscopy). 

25,4. Synthesis of I-(I-pyreny1)-2-0x0-7-bromoheptane, 2.3a 

lo  n s~ispcr~sio~l of' sc~t l i~~rn  111 dl-idu (200 111:. 0.8 ii~inol ) 111 c l r ~  1 I I 1  ( I0 1111 , 
~cas addcd 1 -1~yrs11crnctl1n11ol (200 ing. 0 8 1l1111ol ) ;lnd I , 5-CI i l l r o m ( ~ p ~ ~ ~ I i i r ~ ~ '  1 ! 2 4 

mmal) I I I  dl! -1'1 1 I ( 2 5  1111 ) drop\\ rw o\ c . 1 4  ;i pct-ioti 01 '  3 0  ~n in  i I L , L L I ~ O I I  

mnturc i l ~ l r  r e i l~~xcd  I i jr 10 11 0 1 1  coolitlg. thc  rcacllorl I I I ~ ~ ~ I I I C  i v o j  I I I I C I I C I ~ C ~ I  

kith cold natcr and the organic layer \ \ a$  extracted \\it11 dicl1lc7ron1ctllanc I I I C  

rollen1 was rclnoved under rccluced prcssliru and thc product as rec~-> \tall i/ctl 

hm a 111istut.e ( 1 : 5 )  of ctll? 1 acetatc ~ I I C I  I I C S ~ ~ I ~ .  to give 1 85  nig ( 8 5  94) of 2.3:1. 

1 mp R I  "C; TR (KDr) \ I , ,  ,,: 2950. 1920. 1617. 1593. 1434. 1 18 1 .  1 Oh-; c i i l  : I I 

N k  [1(10 17, C'DCl;) 6 1.5- 1.8 (61 1. in, all,>.l) 3.3-7.8 ( 2  I I ,  1. C1 1113r-) 3 .5 -3  h 

ilH. I. OCH?) 5.2 (21-l. 7. Arc1 1:) 7.9-8.3 (01 1 .  111. n n ~ n a t i c ) p p ~ ~ ~ :  ''c N h I R  ( 7 5  

?IIHz,C'DC~~) cC 24.96, 28.96, 31.52. -31.72. 70.07. 71.57. 7h.56. 123.44. 134.41. 

I?!.lX, 125.90. 126.00. 127.36, 127.64, 129.32, 130.81). 13 1.23. 13 1 5'1 ppru: 

hact  macs cnlculntccl 38 1.0854, (M I } fount1 38 1.0860 (I>A13 IligI~-r+csnl~~tir~r~ 

mass spcctroscopy). 



2.S.5. Synthesis of 1 -(1 -pyrenyl)-2-0x0-heptanethior, P2 

To a stirrcd s o l l ~ t i o l ~  nf'2.3:l (500 tiig, I .3 I 11imoI) ill diqtilIctf 'f'l [I: ( !(I n r i  1. 

kept nl - 1  0 "C. lvas r~tl(lctl I ~ c s n ~ i i c t h y l d i s i h t h i ~ ~ ~ c  (280 mg, 1 -77  ~nmol ) :11i(I I .i 

mL (1.5 1111-11ol) of' tcl-al~ulyln~nrnc~~~ium fluoride fi-otn a 1 M stock s o l u t i o ~ i  in TI 1 I 

eonraining 5 '?? water. 'Thc rtnct i n  ~ ~ ~ i x t t i t ' c  \\':is stirrccl ror 12 11 and lllcri ~lilutccl 

with dicltloromcthonc. '!-he organic layer \\.as ~\:nshcrl \vi!h saturated i ~ ~ l l ~ l t t l ~ l i l ~ ~ ~ ~  

Ehloridc solution :11i{I 1 1 1 ~  S O ~ \ ) C I I ~  EV;IS T C I ~ C ) \ - C C I  L~IICICI '  I ' C ~ T I C C ~  ~ I - C S , S ~ I ~ C .  1 - l r  

poduct zvns prccipilalctl hy adding IICS;IIIC lo  give 400 1112 (83 'XJ) ~11' 1'2. 11117 $8 

a C. IR (KHr) v,,,,: 294 1. 1868. 1 142. X5n. 724 cm": 'H NMlt  (300 MI lr .  CIIC'I :) 

8 1.44-1 -67 (61 1, 111. nlkj-1) 2 3 - 2 . 6 1  (21 I ,  t. CI l?S) 3.55-3.59 (21 1. t. 0C: l  I ? )  5.1 S 

OH. s. ArCFII) 7.96-8.35 (91-1, nl, arolnetic)ppln; ';c NMR (72 MHz. CDCI;) 6 

24.96, 28.96.32.52. 33.72. 10.07, 71 -57. 123.44, 124.46, 125. E8, 125.90, 126.90. 

127.35. 127.64. 129.32. 130.80. 131.23. 131.59 pp111: Exact mass c a l c u l a ~ c ~ l  

334.139 1. (MA') found 334. I 385 (FAR high-l.esolution ninss spect l-osco]~!~). 

2.5.6. Synthesis of 7 -(+l -pyrenyl)-2-0x0-I 0-brornodecame, 2.3b 

'l'cr a s~~spcnsion 01' s o ~ l i u n ~  I~ydrirlc ( 5  10 I I I ~ ,  2 1.5 m ~ i ~ o l )  ill city ' I  I I I  ( I 0 1111 1 

was addcd 1 - p y r . c r ~ c ~ ~ ~ c t l ~ ; ~ ~ ~ o !  (SO0 mg. 2.1 5 mniol) c l r ~ ( l  1 . 8-tlil-rri~1noj1~11ti111~. ( 3  g. 

l0,75 n ~ m o l )  in dry 'TI II: (2.5 1111 ,) dropwisc ovcr n pcriad of' 30 n ~ i n .  'l'lic ~.cactinn 

mimre was rcfluxed for 20 h.  On cooling. (hc rcaction tnisture was cluenchorl 

with cold water and tho orsanic layer w a s  extracted wit11 dichloromethnnc. Tlic 

soIvent was sei~lovcd undcr reduced pressurc and the prodr~cl was recl->.s~all ized 



from a mirturC ( I : ? )  of'~'fJ~!.l ;)ccI;ltc i111d IICS;IIIC. to git'c 636 rng 170 " A )  of' 2.311. 

m p 4 5  "C: I[< (Kl3 r )  v,,,,,: 2951. 1027. 1643. 1591, 143-1. 1 IS(]. tOh5 L I I I  I :  ' 1 1  

\ l l R  (300 MI IL. rrX-1;) 6 0.Ktj-I .25 ( 121 1. 111. ; l l l < ~  I )  3.3 1-3.35 ( 2  I I .  I .  CI l:I31 1 

. > 

].57-.3.hl (21 I .  t. Or1 1;) 5.20 (21 I. s. ArL'I 1;) 7 07-8 .3g  (ell-I. 111. ; ~ ~ L \ I I I : I L ~ C  jp11111~ '( 

- \?IR (75  YIIIz. C!l( ' l ; )  6 24,')O. ? S . ~ ( J .  33.72. 70 .07 ,  i I .%7. 70 .50 .  123.44. 

1!4,4h. 125.lS. 135.00. 12h.C)0. 127.36. 127.h-1, 1'19.32. 130.80. 111.21. I.;l.rc) 

r?m. 

1-57,  Synthesis of I -(I -pyrenyl)-2-0x0-decanethisl, P3 

To a stirrcd solutiol~ nf 2.311 (200 mg. 0.47 l-nmol) in ~iistillcri 1'ITT; ( 10 171l 1. 

kpt a1 -10 "C. \\.as i~clrlccl I~csair~cth! Irl iqiln~hianc.  ( 102 mg, 0 , T h  11111101 ) n r ~ r l  0 . 1 7  

m i  (0.6 r ~ ~ t n n l l  0 1 '  r c ~ . ; ~ h ~ ~ ( y I n ~ n ~ ~ - t n t ~ i u r n  f l ~ ~ n r i d c  fi-nni n 1 M stc.jcl; so l~ t i r \ i~  i l l  -1.1 I I 

tontaini~~g 5 '!% \vatcr. '1-hc t.caciior~ I I I ~ S ~ L I I . ~  \ ins  stil.rc(l i i ~ r  12 11 n ~ r d  !tici~ c l i l ~ ~ ~ c - d  

with dicllloro~i~ctl~n~~c. T l ~ c  r l r ~ ; ~ n i c  .. In>.cl. z t  as ivasIlcd \ \  it11 s;itr~~.atcil ;ut~rnclr~i [ I ~ H  

chloride soluiion nnd t l ~ u  s id \on t  Ivas 1.c11~ovcd ulldel- rcduccd prcssurc. I 

prodt~cl was prccipilntcd b!- arldin,y hcsa r~e  t c ~  give I O_i mg (60 '41) or  1'3. mp 00 

'C. 1R (KI3r) v,,,,,: 2941. 7868. 1 147. 8 5 0 .  724 c ~ n - ' :  'H UMR (300 P\/It l7. CRC'I:) 

31.00-1.29 (1211. 111. ;ilk>:l) 2.18-2.63 (211. t .  C'I-1,s) 3.58-3.62 (21-1. t .  ( . )<:I-1,)  5.2r) 

!!H. s. ArClT2) 7.97-S.40 (911. m, nrol~iatic)ppn~: ':c KLIR 175 Mi-I/,. C [ X ' l ; i  r; 

Nr i .  28.96.32.52. 3j.72. 70.07. 7 1 .57, 123.44, 124.40. 125. IS. 1 2 S . C ) 0 .  120 ' j o .  

17 ' I w , . ~ h ,  127.0-1. I??.-:?, I.>O.SO. 1.3 1.23. I -; I .59 ~ ~ I I I :  I :X:ICL III;K\ C ~ ~ I ~ I I I ; I I C ~ I  

F h , I  MI . (kl-I 1 I ~ N I I I ~  .<7(7. I !)(I0 ( I  !I * l ~ i g \ ~ - r c s o l ~ i [ i o ~ ~  I I I ~ I S S  S ~ C L , ~ I ~ O S L ~ O ~ ~ ~  \ .  



Chupier 2 - Pyrenejitt?clionctIizcd gold nnncq~rrr/icles 

25.8. Synthesis of gold nanoparticles (Au-PI,  Au-P2, Au-P3) 

Gold nanoparticlcs hnctionalized with PI, P2, P3 tvcrc synthesized 131. 

maadsorbing PI. P2, P3 and dodecane~hiol in different inolar ratios ( IS%, 30%. hO?+l). 

In a typical preparation of dodecar~cthiol/Pl ti~nctioi~nlizcd gold 

nanoparticles (60 % loading af P 1 ) .  an aqueous solution of 

h~drogentetrachloroaurtitc(III)I~ydrate (50 p~nol  in 2 III~,) bvas stir+r+cd s ~ i t l ~  

tetraoctylammoniurnnniun bromide (250 ymol in 5 IIIL tolucnc) for 5 n l i r ~ .  ~mtil all thc 

auralc ions were Iransfkired into the l o l u c ~ ~ e  layer. To this. a s o l ~ ~ l i u ~ l  oi' 

dodecanethiol and P I ,  in ~ h c  molar ratio 40:60 (mctal to thiol molar ratio Isas kc131 

as 1 ~ 1 1 ,  was added in 2 mE of TFIF. After stirring for 2 10 3 min .  sodium 

bornhydride (2.5 mmoI in 2 1n1, water) w a s  added and stirrcd ti7r- 3 11. 'T'llc h!.hri~l 

nanoparticles formed were purified by rcpeated precipitation and fill~.atin~i using 

ethanol( 1 00 mL). The browtl powder obtained was redispcrscd in  toIuene. 
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CHAPTER 3 

Synthesis and Photophysical Studies of Spiropyran 
Functionalized Gold Nanoparticles: Towards Controlled 

Release Systems 
.. $,Wa%x. JWPL 2-W my: *+kT ?Ma' W e  z r * #  

3.1. Abstract 

A new photochro~nic spiropyran derivative possessing a thiol group SP and 

fhe corresponding model compound SPT were synthesized, The former derivative 

was capped on gold nanoparticles (AM-SP) by adopting n biphasic extraction- 

reduction proccdure and the nanopart ides were purified by repeated precipitation 

and centrifugation. Based on the particle diameter of 1.5-2.0 nrn, it was established 

that approximately 130 rnoIecuIes of SP were capped on each nanoparticlc. 

hadialion of Au-SP with UV light resulted in the fornation of thc zwitterionic 

merocyanine form (Au-MC). Light regulated changes in the topographic 

properties of spiropyran capped Au nanoparticles (i.e., inter conversion between 

the zwitterionic inerocyanine MC and neutral forms) were further exploited for 

the assembly and release of amino acids (1,-tryptophan, L-tyrosin) and amino acid 

based therapeutic agents such as L-DOPA. Adopting this concept, gold 

nanopartide based photoswitchable double shell structures, consisting of 

zwitterionic ~nerocyanine as the first layer and a self-assembled amino acid 

derivative as the outer sheI1, were synthesized. The two point electrostatic 
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interaction between the zwitterionic mcrocyanine linked gold nanoparticles and 

amino acid derivatives resulted in the formation of highly stable co~t~plexcs. 

For example. the half life (t of A~I-MC::::tyrosine complex is -I  4 h, whercas 

that of Au-MC-3 Au-SP is 23 min. The AM-MC::::amino acid complex 

dissociates on photoirradiation at 520 nm and undergoes thermal ring closure to 

Au-SP, releasing the amino acid derivatives. The camplexation/deco~nplexatiori 

cycle could be repeated several times. The Au-MC:: ::amino acid complexes were 

quantitatively characterized using steady state and time resolved techniques and 

the details regarding the concentration of amino acid complexed as second layer 

and the rate constants for thc tl~crmal dissociatianlring closure of diffcrcnt amino 

acid derivatives are presented. 

3.2, Introduction 

Design of nanostructurcd rnolccular architecture through "'bottom-up- 

approach" offers wide range of possibilities for the construction of newer types of 

hybrid organic-inorganic systcms.'~" Tunable size and shape dependent 

optoelectronic properties of metal and selniconductor nanoparticles make them 

10-12 versatile building blocks for such systems. Chemical linkage of biologically 

relevant ~nolecules such as proteins, peptides, carbohydrates, lipids and DNA on to 

metal nanoparticles have led to the development of novel probes for biochemical 

investigation, with better sensitivity and greater penetration through tiss~es."~' " 
Furthermore, nanoparticle arrays and superstructures on surfaces are pronlising in 
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sensory applications and possess several advantages over single nionolayer- 

mays.15 Gold nanoperticles functionalized with biomolecules of specific 

properties and function are being used extensively in medical rcsea~.ch and  

disgnostics. l 6  For examplc. ultrasensilive biosensors incorporating gold 

nanoparticles and silver enhancement technique, has improved human IgG 

guantification, by two orders of magnitude.I7 Here the immunoassay is firs1 

amplified by gold nanoparticles and further magnified by silver staining. 

There have been successful attempts to fabricate molecular deviccs using 

nanopiirlicle scaffolds and these aspects were reviewed recently." Monolayer as 

well as mixed-monolayer protected clusters (MMPCs) can serve as scaffolds for 

molccular-level control of properties and as building blocks fbr macroscopic 

us;sc~~~l~lics. A mt~l~otopic: r.cccplor- I'ur Ilavin, rltilizi~~g lhc di;,~alidol~yriclirlc (llA1')- 

flavin three-point hydrogen bonding (Chart 3.1 A), have been reported as a n  

Chart 3.1. Nanoparticle scaffolds for molecular 



~leclectrochemical device.I9 The electron deficient F1, can be selectively recognized 

by DAP units through hydrogen bonding and the reduced form (FId) is inactivc. 

In an artcmpt to increase the specificity, multivalent rccognitiorl sitcs wcrc 

fabricated on MMPCs (Chart 3 .  I B) and the favorable rr-stacking with thc electron 

rich pyrene units assist the recognition.20 

Nanoparticle scaffolds could be used as a unique too1 for the creation aT 

catalysts, sensors and devices. They have immense potential for the development 

of solution-based sensors for small molecules, molecular shuttles for specific 

drug-delivery, highly efficient catalysts. stimuli-responsive surfaces, scaffolds 

for layet-by-layer construction etc. 

Switchable self-assembly is more important because of the high clegrec of 

contro1 and specificity. Switching of self-assembly can be ~ncdiatctl 

eIectrochemically, photochemically, thermaliy etc, of which photoche~nical 

pathway is the most powerful one. Photochemical self-assembly could bc 

~ncdiated hy incorporating photochromic rnoleculcs in thc systcrn. 

'Photochromism' can be defined as the reversible transformation of a single 

chetilical species induced in onc or both directions by UV, Vis or IR radiation 

betivccn two states having distinguishable ahsorption spcctral propcrtics. 

Photochromisin can be based on different phenomena like "E-Z" isomerizntiot~. 

electrocyclization reactions, cycloadditions, tautornetism, dissociation processes 

etc. Spiropyrans, spiroxazines and fulgides are exa~tlples of photochroinic 

molecules. Of these spiropyrans and related compounds are the most popular 
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because of their varied and numerous applications in different fields of science 

and technology. The discrete photoisomeric states of spiropyran exhibit 

distinctly different physical properties.2' In the absence of light, majority of 

spiropyran ~nolecules exist in the 'closed' spiro form (colorless and 

which when excited with UV light undergo photoisomerization to the 'open' 

merocyanine form (highly polar and z~ i t t e r ion ic ) ,~ '~  absorbing in the visible 

region. The ring closure to the spiropyran form can occur either thermally or by 

exposure to visible radiation. The closed spiro form is non-fluoresccnt while the 

open rnerocyanine form is fluorescent. Several novel applications have been 

considered based on the Iight mediated changes in their physical properties, for 

e,g., light induced polarity changes in spiropyrans have been used for ( i )  

investigating photoswitchable binding interaction on electrode  surface^,'^ ( i i )  

photomodulation of molecular conformation" and photoviscosity effects,24 (iii) 

wettability studies and photocapillary effects," (iv) chemical separation of 

molecules, Zha ions2" and transport of amino acids across membranes.''' 

Photocontrolled transport of tryptophan across lipid membranes has bccn 

demonstrated by Sunamoto et using spiropyran embedded in liposolnal 

bilayers of egg phosphatidylcholine. Here the electrostatic interaction between 

the zwitterionic merocyanine form of spiropyran and the zwitterionic form of 

amino acids was utilized for the transport of amino acids across membranes. 

More recently, variation in the optical properties of spiropyrans has been 

exploited for demonstrating three-stage molecular switching.27 
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The main objective of the present study was to design a core-shell 

structure cornposed of gold core and a shell of photoswitchable chromaphores, 

which can self-asscmblc biologically i~nponar~t molecules. Light mediated relcasc 

of  these self-assembled lnolecules could provide newer possibilities for the design 

ol drug delivcry systems with controlled release abilities. With this view. a 

photoswitchablc antenna systc~n was synthesized by anchoring 3-dimensionnl 

mys of photochromic spiropyrans, in the periphery of Au nanoparticle core 

(AN-SP in Chart 3.2). In this chapter, light regulated changes in the topographic 

propedies of spiropyran capped Au nanoparticles (i.e., interconversion between 

the zwitterionic and neutral fortns) were investigated and hrther exploited for 

assembling a layer of  amino acid derivatives such as L-tryptophan, L-tyrosin and 

LDOI'A (L-DOPA is crfcctivc for the treatment of Parkinson's discase and 

hypertension) around the core-shell structure. The spiropyran SPl (Chart 3 -2) was 

used as a model compound to quantify the properties of Au-SP. 

AuSP 

Chart 3.2 
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3.3. Results and Discussion 

3.3.1. Synthesis and characterization 

The thiol f~nctionali7ed spiropyran SP was synthesized through path~va!.? 

shown in Scheme 3.1. adopling lnodificd procedures.2R Fischer's base 3.1 was first 

converted to a manohronio dcrivative. which on treatment with base >.icldccl ihc 

methylene deri~lative 3.2. Condensation of compound 3.2 with 2-hydros~.-'- 

nitrobenzalclchydc yiclded thc bromo-functionalized spiropyran 3.3, whicl~ \vas 

rurther convcrtcd to thc thiol derivative SP by reacting Ivith 

hexamethy ldisilathianc and tetrabuty la~n~noniurn fluoride. Thc preparation o r  the 

model compound SPl involvcd tlze trcat~nent of Fischer's base (3.1) with 

Scheme 3.1. a) Hr(CHz)513r, 80 'c. 12 11, CH3CN, NaOH. b) 5-11it1-O-2- 
hydroxyhcnznldehydc. ctl-lannl. 75 ", 8 h. c) hcxamethyldisilathianc. 
tctrabutylarn~no1~i~1n1 fluoride. 1'1-IF. -10 to RT. 24 h. d) CHJ rt. 2 h. C:lIiCN. 
NaOH. 

iodo~nethane and the resultant quarternary salt was converted to the col-responcii ng 

methylene derivative using sodium hydroxide. On condensation of the ~nethylcnc 
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derivative with 2-h y droxy-5-nitrobenzaldehyde yielded SW. Detai Is on the 

synthesis, purification and characterization of SP, SP1 and the intermediates arc 

given under the Expcrirnental Section (Section 3.5). 

Gold nanaparticles capped with spiropyran (Au-SP) were syn~hcsized by 

reducing hydrogcntetrachloroaurate(II1)trihydrate in the presence of  

tetraocry l ammonium bromide, adopting a two-phase extraction procedure .2" Thc 

nanoparticles formed were purified by repeated precipitation and centrifugation 

For three times. Typically, gold nmoparticles functionalized with spiropyran were 

dispersed in toluene, precipitated by adding methanol and redispersed in a rnixturc 

(1 :5 )  of toluene and methanol, which was further, centrifuged for 40 lninutcs 

(6000 rprn). Details on ~ h c  synthesis and purification of spiropyran ftlnctionalizcd 

gold narroparlicles are provided undcr the cxpcrirnental section (Section 3.53. Co- 

binding with clodccanethiol during the surface modification ensured bettcr stability 

for thesc nanoparticles. 

3,3.2. TEM studies of spiropyran functionalized gold nanoparticles 

The transmission clectrcln micrograph of Au-SP nanoparticles, prescnkcd it1 

Figure 3.1 indicates an average diameter of -1.5 nm. The gold nanoparticlcs arc 

assumed to be spherical and based on the particle size (diameter of 5 -5-2.0 n11-1)- 

approximately ca. 130 molecules of SP are capped on each nanoparticle. From rl~c 

size of  the nanoparticle, the number of gold nanoparticles was calculated. For 

estimating the number of SP on each nanoparticle, it is  assumed that the SP 



Uhrrl~tur- 3 - Spirolq~rl~n,  fitncliflnalized gold naplopariiclea X4 

molecules are evenly distrihuted over each nanoparticle. The loss of SP wl~ilc 

syntl~esizinp nanoparticles was accounted from the optical density of the f;ltrate. 

Figure 3.1. TEM i~nagc of gold nanoparticles functionalized with SP 

3.3.3. Absorption studies 

17iic pl~ntochetnical ring opening of SP as wcll as tlic 

llicr~n;~l~photoche~nical ring closure of the merocyanine form is similal. to ihot o I- 

ather reported spiropyran systems. Absorption spectra of spiropyran capped go1 d 

Figure 3.2 Absorption spectra of (a) SP, (b) Au-SP, (c) Au-MC. 



nanaparticles Au-SP (trace 'b') and SP (trace 'a') in methanol are presented in 

Figurc 3.2. The broad absorption observed in the visible region for Au-SP is  

attributed to the surface plasmon absorption of gold nanoparticles. In the present 

cast. a significant dampening and broadening of the surface plasmon absorption 

was noticed and is characteristic of smaller gold nanoparticles (<5 nm). capped 

with organic molecules." 

Irradiation of Au-SP in methanol, with 360 nrn band pass filter, resulted in 

the hr~nation of an absorption band around 500 nrn (trace 'c' in Figure 3.2). whicll 

corresponds to the formation of the zwitterionic rnerocyanine farm (All-MC) as 

represented in Scheme 3.2a. The ability of zwitterionic rnerocyanines to bind with 

charged molecules2" was further exploited for organizing a second layer of 

molecules around the core-shell structures. Photoswitching of Au-SP to Au-MC 

I *\ 
Au- R 

Scheme 3.2. Schematic representations of the photochemical sing 
opening and closing of Au-SP a) in the absence af amino acid derivatives 
and b) in the presence of amino acid derivatives. 



and thc thcnnal ring closure reaction were investigated in the presence of various 

amino acid derivatives (L-DOPA. L-tryptophan, L-tyrosine, DL-DOPA) by mcan s 

of absorption spectroscopy. Interestingly, stabilization of the merocyanine fo1.111 

was obscrved in the presence of the above mentioned amino acid derivatives. 

blocking the thermal ring closurc. 

The absorption spectral changes for Au-SP and Au-MC systems OII 

addhion of diff'crcnt concentrations of L-DOPA and L-tryptophan are prescntcd in 

Figurc 3.3. The absorption spectral properties of Au-SP remains unaffcctcd oil 

addition of saturated solr~tions or different amino acid derivatives (e .g . ,  Irate ' a '  in 

Figures 3.3A and 3.3R). ruling out the possibility of any ground state interaction, 

For~llation of a visible absorption band (trace 'b' in Figures 3.3 A and 13) \$.as 

observed on irradiation with a 360 nrn band pass filter, In contrasl to the quick 

0.50 
U 
t 
I 

s L 

0.252 
-rl 

40 
Wavelength, nrn Wavelength, nm 

Figure 3.3. (A)  Absorption spectra of (a) a methanolic solution of Au-SP 
containing L-DOPA (42 mM), (b) immediately after irradiation with UV Iight 
(360 nm band pass filter), (c) after 2 h, (d) further irradiation with visible light 
(520 nm band pass filter) and (e) subsequent irradiation with UV light (360 tlm 
hand pass filter); (B) traces (a-e) represent similar absorption changes of Au-SP 
in the presence of L-tryptophan. 
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thermal ring closure of Au-MC in the absence of amino acids, an initial decrease 

in the intensity of the visible absorption band was observed in the present case and 

then the absorbance persisted, indicating the stabilization of zwitterionic 

merocyanine form on the surface of Au nanoparticles (trace 'c' in Figures 3.314, 

and €3). The two point electrostatic interaction between the zwittcrionic 

merocyanine form on gold nanoparticles and amino acid derivatives may result in 

the formation a stable complex2" (for e.g., Au-MC::::tryptophan complex), which 

in turn prevents the thermal ring closure of Au-MC (Scheme 3.2b). Irradiation of 

Au-MC::::amino acid complex, with 520 nm band pass filter, results in thc 

disappearance of the absorption band in the visible region (trace 'd' in Figures 

3.3A and By. These results indicate that the Au-MC::::amina acid complex 

dissociates on photoirradiation at 520 nm and undergoes thermal ring closure to 

Au-SP, releasing the amino acid derivatives. The complexation/dissociation cycles 

could be repeated many times in the presence of all amino acids under 

investigation. A decrease in the absorbance was observed with time (traces 'b' and 

'c' in Figures 3.3A and B) indicating that only a part of the merocyanine capped 

on Au nanoparticle is colnplexed with amino acid derivatives. This may be due lo 

b "on-availability of free volume inside the shell, for complexation" and the 

concentration of amino acid complexed as second layer on Au nanocore was 

estimated using fluorescence spectroscopic studies (Section 3.3.4). 
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3.3,3.1. Kinetics of thermal: ring closure of MC to SP and Au-MC to Au- 
SP 

The kinetics of thermal ring closure of MC to SP and Au-MC to Au-SP were 

estimated using UV-visible absorption spectroscopic studies. Under dark 

conditions, the rate of switching from MC to SP is given by equation 3.1 .27h 

-d [MClldt = kl  [MC] 3,1 

where t is time. IMC] i s  the concentration of MC at time 't', k l  is the ratc 

constant. and 1 MCIn represents thc initial concentration of MC, The concentration 

of MC ([MC]) is related to absorbance (A), measured at a particular wavclengtlt 

by equation 3.3 

(MCI = (A, - A,),'d~d 3.3 

where AE is the difference between molar extinction coefficient of MC and that of 

SP at a particular wavelength, 'd' is the path length and A, represents tl-le 

absorbance at infinite time at the same wavelength. Combining equations 3.2 and 

3.3 we get 

Fmm the linear plot o f  'A' versus 7' (equation 3.41, first order rate constants 

for thermal ring dosure (k,) of MC to SP and Au-MC to Au-SF were estimated. 

In thc present case, MC was generated by irradiating a solution of SP for 5 min at 

360 n m  on an Oriel optical bench using a band pass filter. The absorbance of MC 
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in acctoi~itrile at different time intervals was recorded (Figure 3.4). 'rhc ring 

clos~~rc. of MC to SP was followed in thc dark at 25 ", monitoring the decay of' 

the absorption band at 560 rim (Figure 3.5).  The inset of Figure 3.5 shows the plot 

of In(&,-Ao)l(A,-A,) against time for the elucidation of rate constant by iising 

equatioi~ 3.4. 

Wavelength, nm 

Figure 3.4. The absorption spectra of SP collected at different time 
intervals after irradiating with UV light. 

Figure 3.5. Decay of the transient absorption of a solution of SP in 
acetonitrile at 560 nm. following irradiation with UV light. Inset 
shows the plot of In(&-AD)/( A,-A,) against time for elucidating the 
rate constant using equation 3.4. 
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Similar experiments were carried out Au-MC and their stability was 

compared with that of the free MC. The rate constants for thermal isornerization 

-3 1 of MC to SP and Au-MC to Au-SP were estimated as 7.2 x 10 s- and 4.2 x lo-' 

s ' ,  respectively. The higher thermal stability observed for Au-MC, compared to 

MC may be attributed to the packing of the zwitterionic species in the monolayer 

protected clusters. 

L3.4. Steady state emission studies 

Recent investigations on the fluorescence properties of spiropyran based 

systems indicate that (i) the closed spiro-form has no strong emission while thc 

zwitterionic merocyanine form emits around 650 nm2" and (ii) multiexponcniial 

decay o r  the merocyanine, observed in the time resolved fluorescence is attributed 

to different isomeric species.'2 The emission spectrum of An-MC is shown in 

Figure 3.6, 

Wavelength, nrn 

Figure 3.6. Emission spectrum of Am-MC (excitation wavelength 520 nm). 
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I11 the prescnt case it is difficult to estimate the exact fluorescence quantum 

yield due to the overlap of the rncrocyaninc absorption with that of the plasmon 

band of' gold nanoparticlcs. A solutio11 of Au-SP was irradiated using a 360 nln 

band pass filter, continuously for 3 min, in the presence and absence of different 

amino acids. The lamp was turned off and the emission intensity at  640 n m  was 

iecordcd at intervals of 10 rnin for all the samples (Figure 3.7). 

Time, min 
Figure 3.7. Changcs in fluorescence intcnsity o f  Au-MC at 640 nm 
in the presence of (a) L-tyrosine (14.2 mM), (b) methyl DO13A (30 
mM), (c) Dl,-DOPA (33 mM), Id) L-DOPA (42 mM3, (e) L- 
tryptophan (1 6.7 mM), (f) in the absence of amino acid derivativcs. 

In the case of Au-MC, the emission intensity decreased gradually with time and the 

solution became practically non- fluorescent after 1 20 min. Interesting1 y. in the 

presence of various amino acids. an initial decrease in emission intensity was 

observed and then the fluorescence persisted (traces 'a-e' in Figure 3.5) for a long 

time. For the different systems we investigated, no appreciable changes in etnissiorl 
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intensities wcre observed for one hour. Rased an the changes in cmission intcnsily. 

it is conclr~ded that a fraction of the rnerocyanines capped on Au nanoparticlc gets 

mmpIcxed with amino acid derivatives (shown in Scheme 5.3) by rncans of  t t ~ c  

dectrostatic interaction behvcen the zwitterionic MC and amino acids, making ill a 

, m a t i l e  system for the controlIcd release of amino acid derivatives, in high 
I 

concentration. 'She concentrat ions of the amino acid derivatives complexed as a 

Au-MC-amino 
acid complex 

Scheme 3.3. Schematic representations of the photochemical sing opening 
and closing of Au-SP in the absence and presence of amino acids. 

second layer on Au-MC in its photostationary state were estimated using '11 NMR 

and fluorescence spectroscopic measurements. 

3,3,4.1. Estimation of the concentration of MC1::::amino acid complexes 

The isomer equilibrium constants in the pho~ostationasy states and thc 

concentrations o f  dj ffesent MC 1::::arnino acid complexes could be estimated 

using 'H NMR spectroscopic methods from the signals corresponding to thc 



various characterisiic groups of SPl  and MC1 (Scheme 3.4). It is difficult to adopt 

'H VMR spectioscopic methods for estimating the concentrations 01' 

1nerocyanine::::amino acid complexes bound on gold nanoparticles (All-  

MC::::nrninn acid complex) since the signals of thc alkyl protons of thc thiol 

funclionalized spiropyran (SP) overlaps with the gem-dimethyl protons. Thcrcfol-c 

emission spectroscopic methods were resorted to. A calibration curve of thc 

emission peak areas at different concentrations of the merocyanine: : : :amino acid 

complex (cstirnated using NMR studies, see proceeding paragraphs) was obtained 

by using the model compound (SPl), for various amino acids. This calibration 

curve \yas further used for estimating the concentration of thc 

merocyaninc::::amino acid complex bound to gold nanoparticle. 

SP? MCI 

Scheme 3.4. Isomerimtion of model compound. 

The ' H  NMR spectroscopic signals corresponding to the various characterislic 

groups of spiropyran and rnerocyanine forms are well established. 2 13-33.34 The gem- 

dimetfiyl protons of the model spiropyran (SP1) appear at 1.07 and 1.18 ppm. 

respectively. The corresponding protons of the open rnerocyanine (MC1) are 

observed as a singlet at low field (6 = 1.72 ppm) in methanol-d4. The contributions 
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of SP1 and MC1 in the photostationary state were estimated on the basis of the 

integration values of the gem-dimethyl proton peaks. The SPl-MC1 

isotnerization equilibrium (K) was estimated as 0.25 and the extinction coefficicrlt 

of MC1 as 3.01 x lo4 M-' cm" (error limit f 5 %). Similar isomer equilibrium 

constants are reported earlier for other spiropy ran  derivative^.'^ 

The concentrations of the various merocyanine::::amino acid complcxcs 

formed were estimated as follows. The 'H NMR spectrum of SPI was recorded 

under dark, in methanol-d4, containing a known volume of toluene as intcrnal 

standard and calibrated using the pcnk corresponding to the methyl protons. 

Methanolic solutions of SP1 were irradiated for 60 rnin in the absence and i n  thc 

prcscricc o f  cli fferent an~ino acid derivatives in a Rayonet Photochemical Rcactnr 

(irradiated using 360 nm lamp in a 2 rnm quartz cell) and their 'H NMR spectra 

were recorded immediately (in less than 5 rnin). Absorption and emission studies 

havc shown that the uncomplexed form of the merocyanine completely reverrs 

back in around 90 rnin, whereas the merocyanine: : : :amino acid complexes are 

reasonably stable under these conditions. The irradiated SPI solutions containing 

different amino acid derivatives were kept under dark for 90 rnin and the 'H NMR 

spectra were recorded again. The concentrations of merocyanine: : : :amino acid 

complex were estimated by cninparing the integrations. By this procedure il was 

estimated that in the photostationary state a solution containing SP1 (3 mM) and 

L-DOPA (4 mM) yielded 0.3 12 mM of merocyanine::::L-DOPA complex (-42 O/o 

yield based on MC1 concentration). 
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For generating the calibration curve of the emission peak areas at different 

concentrations of the complex, solutions of MCI::::amino acid complexes werc 

prepared in methanol under conditions identical to those employed for the '11 

NMR spectral studies. Eniission peak areas of the complexes were recordcd allct- 

Figure 3.8. Calibration graph of emission peak areas obtained at different 
concentrations of MC::::DOPA complex. Inset shows the emission 
spectra obtained for different concentrations of MC::::DOPA. 
[MC::::DOPA]: a) 0,44 pM, b) 0.88 pM, C) 1.33 pM, d) 2.2 pM, e) 3.08 
1iM. fj 3.96 pM. 

diluting with inelhanol. The 1nerocyanine::::amino acid co~nplcx is found to he 

more or less stable on dilution. The possibility of quick dissociation on dilution 

was l-~lled out hy kceping thc resultant solution for 611 min (any dissociation ivill 

lead to Ihe formation of unbound rnerocyanine). No appreciable decrease i n  'thc 

emission intensity due to the thermal ring closure of decomplexed rnerocyanine 

was observed. A calibration curve was obtained by plotling thc emission peak 

areas obtained for different concentrations (for example Figure 3.8) of ~ h c  
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comples versus the concentration of MC::::arnino acid (determined by mcans or 

I H NMK spcctral studics). 

3.3.4.2. Estimation of the concentration of Au-MC::::arnino acid 
complexes 

Calibration curves presented in Section 3.3.4.1. (for c.g., Fjgurc 3.8) ~\.cl-c 

used to dctcrrnine thc concentrations of amino acids complexed as a second laycr 011 

Au core-shell structures. Emission measurements in Sections 3.3.4.1 , and 3.3.4.2. 

werc carried out in one stretch and instrumental parameters (slit width etc) {vcre 

kept idcnlical for ct~iission studies. In a typical example, An-SP (6.9 pM') in 

methanol was irradiated in a 2 mm quartz cell in the presencc of varying 

concentrations of L-DOPA for 60 min using a Rayonet Photochemical Rcaclor (360 

n~n).  Irradiation conditions wcrc kept identical to those ernploycd Tor ' I  I NMR 

Wavelength, nrn 
Figure 3.9. FIuorcscence spectra of Au-MC::::DQPA formed at 
different concentrations of L-DOPA; [L-DOPA]: a) 0.1 1 mM. bl 0.23 
mM, C) 0.34 mM. d) 0.46 mM. 

spectral studies (Section 3,3.4). Solutions were kept under dark for 90 111in. 

allowing the thermal ring closure of unbound merocyanine on Au nanoparticles. 
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The emission spectrum of the resultant MC::::L-DOPA complex bound to Au 

nanoparticle was recorded (Figure 3.9) and the concentrations of the complex 

fomcd were estimated from the calibration curve (Figure 3.8) and are presented in 

Tablc 3.1. Sirnilar procedure was adopted for estimating the concentrations n f  

various Au-MC::::amino acid complexes and the concentrations are represented in 

Tables 3.2 and 3.3. 

Table 3.1. Au-MC::::L-DOPA complcx formed on photoirradiating a solil l ion 

of  Au-SP (6.9 FM) in the presence of 1,-DOPA. 

Table 3.2. Au-MC::::L-Tyrosin complex formed on photoirradiating a 
solution of Au-SP (28 pM) in the presence of L-Tyrosin. 

[L-Tyrosin] [Au-MC::::L-Tyrosin], Yield of 
[Au-MC::::L-Tyrosin]" 

mM PM 
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Table 3.3. Au-MC:::: L-Tryptophan complex formed on photoirradiating a 
solution of Au-SP (28 pM) in the presence of L-Tryptophan. 

[I.-Tryptophan 1 [Au-MU::::L- Yield of 
Tryptophan]. 

m M  [Au-MC::::I,- 
PM Tryptophan]* 

*hcrsrd on SP concentwtion. 

3.3.4.3. Thermal stability of Aw-MC::::amino acid complexes 

In dark, Au-MC::::amino acid complexes dissociate very slowly and the 

dissociationlring cIosure folIowed iirst order kinetics in all the three cases. The 

thermal dissociation rate constants were obtained by monitoring the changes in the 

emission intensity as a function ortime at 640 nm (Figure 3.10). 

Time, min 
Figure 3.10. Changes in fluorescence intensity of Au-MC at 640 nm 
in the presence of (a) L-tyrosine ( l4 ,2  mM). (b) [,-DOPA (42 mM). (c) 
L- t~p tophan  ( 1  6.7 mM) and (d) in the absence of amino acid 
derivatives. (Initial value was taken after 90 min for the comp1exes.) 



The half-lifc for the thermal ring closure of merocyanine to spiropyran on thc 

surfacc of gold, in the absence of amino acid derivatives, is estimated as 23 min. 

Spiropyran capped gold nanoparticles containing various amino acid derivatives 

were irradiated for 30 rnin. The solutions were kept under dark for 90 min. so thar 

majority of the uncotnplexcd inerocyanine on Au nanoparticles isomerizes back to 

the spiropyran. E~nission intensity at 90 rnin was taken as the initial intensity (In)  

Emission intensity (I,) was mcasured at different time Intervals (t) for sevcral 

ho11rs (- 10 11). 

The rate constants fbr the thermal ring closurc of the merocyanines were 

calculated using equation (3.5). Blank experiments carried out in the absence ot' 

amino acids indicate that the emission intensity of Au-MC decreascs to c? 

minimum value (I,), which remains constant. The corresponding backgrou~~d 

values were taken into account. while calculating the rate constants for the thermal 

dissociation of Au-MC::::amino acid complexes 

2.303 log 10 - la 
k = 

-5 - 1  'l'hc dissociation rate constants at 25 'C were estimated as 1.4 x 10 s fbr 

Au-MC::::~yrosinc complex, 2.2 x lo-' s'l for Au-MC::::L-DOPA complex and 

5 - I  3.3 x 10-' s for Au-MC::::tryptophan complex. It may be noted that the half-lifc 

(t1;2) for thermal dissociation/ring closure of Au-MC::::tyrosine complex- is  

-14 11, whcreas the tl ,z  of AM-MC-Au-SF is 23 min. The Zowet values of 

tber~nal dissociation rate constants obtained for these complexes indicate that the 
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amino acid derivatives are tightly bound to the pholocheinically generated Au-MC 

and arc reasonably stable for any practical application. 

Thc rclalive einissiot~ intensities of the Au-MC::::amino acid cotnplescs 

formed depend on the concentrations of the amino acid derivativcs. E~nission 

spcctra of Au-MC at differcnt concentrations of amino acid derivatives (L-DOPA. 

L-tryptophan and 1,-tyrosine), obscrvcd 90 rnin after irradiation, are presented as 

Figures 3.1 1 -3.1 3. Emission lncasuremcnts were carried nut i n  one slrctcll and 

instrl~~nentnl parameicts (slit width etc) were kept identical. It is nbscrvcd that 111c 

emission intensity is greater for soIutions containing higher conccntra~ions of 

amino acids. But the low solubility of amino acids is the bottle neck for i~nproving 

the yield of Au-MC::::amino acid complex formation. Attempts were made to 

removc unbound amino acid derivatives present along with Au-MC: r : :amino acid 

complexes. From a concenirated solution, it was found that unbound amino acids 

precipitate out first, leaving Au-MC::::amino acid cornplexcs in solution. 

550 600 650 TOO 750 

Wavelength, nm 

Figure 3.1 1. Emission spectra of Au-MC at differcnt concentrations 
of L-DOPA observed 90 min after irradiation, [L-DOPA]: a )  14.2 
pM, b) 28.5 CLM, c) 42.8 pM, d j  57.14 pM. 



Wavelength, nrn 
Figure 3.12. Emission spectra of Au-MC fornled ar dii'fcrcnt 
conconrrations of L-tryptophan observed 90 min after irradiation. 11,- 

Wavelength, nrn 
Figure 3.1 3. !11nission spcctra ol' Au-MU for~ncd nl cli St'cl-en1 
concentrations of I.-tyrosin obsewcd 90 rnin after irradiation. 11 .- 
tyrosin]: a) 13.4 pM, bl 26.8 pM, c)  40,2 yM, d l  53,7 btM, 

3.3.5. Time resolved fluorescence studies 

lAllc ibrmation of An-MC::::alnino acid cornplcx was fin-thcl. confi~.tnccl 17) 

[ ~ I I W  I - C S I I I Y C ~  ~ ~ U O ~ C S C C I I C L .  sf~idics. AS a representative cxnmplc. tlle si tqlct-cscilctl 

slolC 1 '  A - t  n complex was investiga~ed. Thc solutio!~~. i l l  c;lcli 



cnsc were irradiated for 3 ~ninutes using IJV pencil lamp (3611 nm) and the lamp 

was turned off for time resoZved fluorescence measurements (in all the cascs, nrc 

aerc able to acquire 10.000 counts in less than tula minutes). The unbound 

mcrocynninc. MC followed a hiexponential decay in metI~anoI, with two short- 

li\-ctF spccics ( I 00 ps and 266 ps). Lifcti~nes and relative ah~nclance OF t~otl i  tl~csc 

spccics ranain morc or less unaffected after linking to Au t~n~ioparriclcs (AM- 

MC)('l'ahle 3.4). Intereslingly. an additional component, with a longer l i  fetimc ( -3 

ns) was  ohservcd in thc prescnce of tryptophan. The long-lived species is assigtlctl to llic 

An-R1 (:::::[I-ypropllan complm and ils rclativc abundance increased with increasing 

Table 3.4. 'l'i nnc rusolvctl flurrrcsccncc li fctirnc ilatalWc' and rhct ional 
ct~n!ributionsl"'. 

Conc. of 
q ,ns  TI, ns TJ. ns tryptophan, 

InlME 1 ~ a  % I  1 x 2  "h1 
'%,I 

(49) (3 7) ( 1  4) 

[a] r l .  T: and T?. [b] The quaiiry of the fil is j~tdgcd by means of !he u s ~ ~ a l  stat is4 ical 
paramctcr R' (0.98 - 1.4): crror limit $ 5%. [cj excited at 467 nm and c i i i i s s i ~ n  
I'oll~\\~cd at 640 nm. Id ]  x , ,  1: a ~ d  x:.  



I~p tophan  concentration. The two point electrostatic interaction betwcen AM-M C 

and tryptophan [nay restrict the torsional dynamics of merocyanine, leading to 

longer lifetimes. 

3.4. Conclusions 

In conclusion, wc have de~tionstrated the photoswitchable self-assci~~bl>~ of 

dilrcrcnt amino acid derivatives by anchoring spiropyrans on lo the 3-dimensional 

surface or Au nanoparticles. It is possible to control the local concentration nl' 

amino  acids on An-nanoparticle scaffolds by suitably regulating the number of 

spiropyrans capped on the surface. The ability of these systems for light mediated 

binding and rcleasc of lnolccr~les by making use of the electrostatic interactiotl 

bchvecn thc zwittcrionic ~noleculcs offer intriguing possibilities for designing drug 

deli~ery systems with controlled release abilities. A cartoonic representatio~~ ol' the 

light driven 3-D self-assembly and release of amino acid derivatives is represented 

in  Schemc 3.5.  The site-specific binding properties of Au nanoparticles observed 

+ Amiao stitl 

dcrivathes 

Scheme 3.5. Representation of the controlled-release of amino acid 
desivativcs using Au-SP. 
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in biological systems make thein more attractive for such applications. Tllc Ion 

solubility of amino acids in methanol i s  a bottleneck for achieving highcr 

concentrations of MC::::amino acid cornples on the surface of gold nanoparticles. 

3.5. Experimental Section 

3.5.1. General 

Solvents and reagents used were purified and dried by standard methocls. 

A11 starting ~natcsials and reagents were purchased froin Sigma-Aldrich and 1vel.c 

11sed as such. The atnintl acid derivatives were purchased either from Sigu-la- 

Aldrich or froin S. D. l ine chemicals. India and were recrystallized befhre use. Alj 

meltir~p points were deterrnincd with a Mel-Temp-II melting point apparatus a r ~ d  

arc uncorrected. 'H and "C NMR spectra wcrc measured on a 300 MFlz t3r~lkcr 

Advance DPX spectrometer. IR spectra were recorded on a Nicolet Impact 400U 

infrared spectrophotameter. The electronic absorption spectra were recorded on an 

Agilent 8453-UV-visible (diode array) spectrophotometer. E~nission speclra i ~ c l . c  

recorded on a SPECTRACQ spcctrofluorirneter and corrected using thc progran-t 

slipplied by the manufacturer, 

3.5.2. Instrumentation 

3.5.2.1. Steady state experiments 

Il-ratlintions wcl-c carricd r ~ ~ ~ l t  ~lsing hand pass Iiltcrs (360 r-lm anrl 520  11111) 

on a11 Oricl Optical Rcnch cquipped with a 200 W high pressurc mercury l a ~ n p .  111 

[hc t i~nc  dcpcndet~t emission spectra, each spcctrum was recordcd with minimu111 
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excitation slit width and rnaxirnuin scan rate in ordcr to avoid ring closurc (MC In 

SIP) by the excitation light source. 

3.5.2.2. Singlet lifetime studies 

For the characterization of the singlet-excited state of MC, Aa-MC, Au- 

MC::::tryptophan cotnplex, the solutions, in each case were irradiated for 3 mi11 

using spectrolinc pencil lainp model 36-3 80 longwave UV (365 ntn) and the pei~cil  

lamp was turned off for time resolved fluorescence measurements (in all 'the cascs. 

10,009 counts were acquired in less than two min). Fluorescence lifetimes were 

measured using a Tsunami Spectra Physics single photon counting system. Ti 

Sapphire laser, having a fundamental wavelength of 934 nm, was used as thc 

excitation source. The averagc output power is 680 mW with a pump power- of 

4.5W. The pulscwidth of the laser is <2 ps. The flexible harmonic gcnerator 

(FHG) gives the second harmonic (467 nin) output froin the Tsunami laser sqfstem. 

The fluorescence was detected using a two-stage microchanr~el plate 

photomultiplier (MCP-PMT R38094). Thc fluorescence decay rneasuremcnts wcrc 

fi~rthei- analyzed using the IBH softwarc library, which includes an jtcrativc shift 

of the fitted function as part of X2 goodness of the fit criterion. 

3.5.3. Synthesis 

3.5.3.1. Synthesis of the methylene derivative 3.2 

Rcfluxing a mixture of 2,3,3-tritnethy lindolinine and cxccss 1,s- 

dibro~nopentanc in acetonitrile for 24 h yielded the quarternary salt as a viscous 



residue. which when treated with NaOH without purification yielded (75 %) the 

meth ylene derivative 3.2. 

3.5.3.2. Synthesis of Compound 3.3 

Catnpound 3.2 (720 mg, 2.06 mmol) and 5-nitro-2-hydroxybenzaldel~yde 

(410 mg, 2.47 rnrnol) were refluxed in dry ethanol (8 mL) for 8 h. On cooling. a 

precipitate was formed which was washed with cold ethanol. Recrystallisatiol~ of' 

tflc precipitate from ethanol gave 3.3 (570 mg, 60%) as a white powdcr. 

mp I01 'C. FTIR (KBr) v ,,,,,; 3730,292 1, 290 1,2362, 1546, 1499. 1 182. 872 cm" : 

'H NMR (300 MHz, CDCI,,TMS) G 1.28-1.86 (m, 12H, alkyl) 3.13-3.19 (m, 2H. 

NCI-I,$ 3.35-3.39 (t, 214, J = 6.6 Hz, CH2Br) 5.85-5.88 (d, lH, J = 10.36 1-12, 

vinylic) 6.54-6.57 (d, lH, J = 7.73 Hz, aromatic) 6.72-6.75 (d, IH, d = 8.42 Hz. 

aromatic) 6.85-6.89 (t, 1H, J = 6.94 Hz, aromatic) 6.89-6.92 (d, lH, J = 9.99 Hz. 

vinylic) 7.07-7.09 (d, 1H, J = 6.78 Hz, aromatic) 7.16-7.20 (t, lH, J = 7.15 Hz. 

aromatic) 7.99 (s, lH, aromatic) 7.99-8.02 (d, lH, J = 11.22 Hz, aroinatic)ppii~: 

13 C NMR (75 MHz, CDC13)G 19.8, 20.6, 24.8, 25.9, 25.8, 28.0, 32.3, 33.6, 43.5. 

52.6, 106.6. 108.5, 115.5, 118.4, 119.4, 121.7, 121.9, 122.7, 125.8, 127.7, 128.1. 

128.6 ppm. exact Inass calcd. for C23H25N203Br [MH?]: 457.1 127, found 457.1 1 17 

(FAB, high resolution mass spectroscopy), 

3.5.3.3. Synthesis of Compound SP 

A mixture of tetrabutylammoniurn fluoride (62.9 mg, 0.24 mmol) and 

hexa~nethyldisilathiane (46.8 mg, 0.262 mmol) in THF (2 inL) was added to 
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co~npound 3.3 (100 mg, 0.22 m~nol )  in THF (2 mL) kept at -10 'C. The mixturc 

was allowed to warm to room temperature, while being stirred and was fui-tl~er 

slirrcd at rooln temperature fbr 12 h. The reaction mixture was diluted wit11 

dichIoromethanc and then washed with saturated ainmonium chloride solution. 

The organic layer was concentrated and the product SP (40 mg, 60 %) was 

obtained by precipitation and recrystallisation from a mixture of ethyl acetate and 

hexane (1:5) as a yellow powder. ~mp 92 'c. FTIR (KBr) v,.,; 3434. 2962. 2621. 

2854. 2355. 1600. 1506, 1472, 1337, 1263 crn "; 'H NMR (300 MHz. CDCI?, 

TMS)G 1.17- 1.56 (m, 12H, alkyl) 2.57-2.62 (t, 2H, J = 7.28 Hz, CH2SEI) 3.13-3.19 

(m, 2H. NCS12) 5.83-5.87 (cl, IH, .I = 10.56 1-12, vinylic) 6.54-6.56 (d. 1H. J = 7.72 

1-12, aromatic) 6.72-6.74 (d, I H, J = 8.74 1-12, aromatic) 6.83-6.88 (t, lf1, .l = 7.5 1 Hz, 

aromatic) 6.88-6.91 (d. IH, ,T = 8.93, vinylic) 7.07-7.09 (d, IH, J = 7.28, aromatic) 

7.15-7.20 (t, IH, J = 7.06 Hz, aromatic) 7.99 (s, IH, aromatic) 8.01-8.02 (d, 113, S 

= 8.36 Hz. aromatic)pprn; '' C NMR (75 MHz, CDCl,) G 19.8, 26.0, 28.4, 28.7. 

38.4, 38.6, 43.5. 52.6, 106.6, 108.5. 115.5, 118.4, 119.4. 121 -7 ,  121.9, 122.7. 

125.8. 127.7, 128.1, 127.6 ppni. cxacl mass calcd. for C2.S~12hN201s [MIJ'I: 

4 1 1 . I  742, found 4 1 1.1 745 (FAR, high resolution mass spectroscopy). 

3.5.3.4. Synthesis of Compound SP1 

Synthesis of SPI was carried out similar to that of SP. The quarternizatinn 

in\pol\led the stirring of 2.3.3-trirnethylindolinine and iodoniethane in acetonitrilc 



with ice-water circulation. Compound 3.4 precipitated out which on condensation 

with 5-nitro-2-hydroxybenzaldehyde afforded SPI in very high yields (90 %). 

3.5.3.5. Synthesis of gold nanoparticles Au-SP 

'1'0 a stirred solution of tetraoctyla~nrnonium bromide (0.056 g. 0.1 02 

m~nnl)  in 5 mL toluene, an aqueous solution of hydro~c11- 

tetrach loroaurate(T1T)tri hydrate (9 mg, 0.022 8 mmol) was added drop~vi se. 

Co~npound SP (10 mg, 0.0248 mmol) in 2 rnL toluene was added to the abovc 

solurion. Afier 30 min, an aqueous solution of sodium borohydride (9 mg. 0.23 

mmot) was added dropwise and stirred for a further 3 h. The organic layer tvas 

collected and suspended in cthanol (75 ~ 1 , ) .  I t  was kcpt in icc and Ihc prccipihtc 

obtained was suspended in a mixture of toluenc ( I  mL) and methanol (4 rn L). 'l'h i s  

was centrifuged at 6000 rpin for 40 inin and the precipitate obtained \ \as again 

susperlded in toluene-methanol lnixture and the process was rcpealcd t h  t-icc 10 

re~nclvc any unbound thiol frotn t hc suspension. 
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CHAPTER 4 

Nanophosphors, Nanosensors and Superstructures 

from Bipyridine Functionalized Gold Nanoparticles 
TI-- - * 

4.1. Abstract 

Synthesis and photophysical studies of a thiol derivative of 2.2'-bipyridy I. 

BT and its three dimensional assembly on goId nanoparticles (Au-BT) are 

reported. Metal ion binding properties of these bipyridine funetionalized gold 

nanoparticles \Irere investigated in detail. Thc strong coordination ability of CU" 

Eons brings BTs on adjacent gold nanoparticles closer, leading to the formation of 

three dimensional superstructures through metal induced self assembly of ligands. 

Superstructures wcre characterized using TEM studies and a red shifted absorption 

band was observed as a sesuIt of interparticle plasmon coupling. The luminescence 

1II . of Eu was found to increase manifold upon complexation with bipyridine capped 

Au nanoparticle. Based on Job's continuous variation method, it is concluded that 

a 1:l complexation stoichiometry exists between BT on the surface of gold 

nanoparticles and ~u"'i7.b"'. High stability constant (-1 0' M") for the complex 

for~nation of Au-BT with EU"'/T~"' indicates that such systems may have potential 

application as nanophosphors. The lu~ninesccnce 1 i l'etirnes of ELI"' and ~ b " '  in the 

presence of BT were estimated as 0.4 rns and 0.56 ms. respectively. The lifetimes 



of lanthanide complexes remain unquenched when functionalized on Au 

nanoparticles. Allosteric effects of ~ a "  and ~ g "  on AU-BT:EU"' complex in 

acelonitriIe werc also investigated. The dramatic quenching of emission observcd 

in ihe present case revealed that c~"/M$ ions replace EU"' from AU-BT:E~"'.  

4.2. Introduction 

Manipulation of metal nanoparticles with organic ligands is gaining 

considerable attention due to their processibility, ease of tunability of tlicir 

physicochemical properties, and bi~corn~atibility.~" ' In addition, the fascinating 

size as well as shape dependent optoelectronic properties of metal and 

semiconductor quantum dots bestows them with immense potential in 

nanophotonics (e.g. plasmonics) and nanoelectr~nics."-'~ Plasrnonics is a fa51 

growing technology;'9 by means of near-field coupling it has been recently 

demonstrated that closely spaced arrays of metal nanoparticles can act as guides for 

electromagnetic  radiation^.'^ Such waveguides are usually prepared by means of 

elcctron beam lithography, Several approaches have been suggested for tailoring 

supramolecular-assemblies of nanoparticles for nanophotonic devices. A summary 

on various possibilities of nanophotonic materials and their applications was 

reviewed recently by Prasad and  coworker^.^' 

Another approach of designing nanophotonic materials is by linking 

photoresponsive molecules around metal nanoparticles. In this Chapter. a novel 

strategy for the design of well ordered supramolecular-assemblies of nanometer 
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dimcrlsion by functionalizing chelating groups on metal nanaparticles by using 

chemical methods and further organizing rare earth metal ions around gold 

nanoparticlc core by ligand induced coinplexation is reported. Incorporation of rare 

earth co~nplcxes around gold nanoparticles could yield interesting phospl~orescent 

~natcrials. The lnultifaceted characters of phosphorescent materials offer a wide 

range of research and development possibilities in diverse areas of photonics. 

eleclronics, material science, and biology (see, for example, refs. 22-25 on the 

design, properties and a~plications of phosphorescent materials). A brief 

introduction on the photaphysical properties and applications of rare earth based 

phosphorescent materials is presented below. 

4.2.1. Photophysical properties of lanthanide complexes 

The photaphysical properties of Ianthanide complexes are extcnsivel>. 

investigated in the literature2' and a brief outline of their basic fcatures are 

suin~narized bet ow. 

{I) The emission of lanthanides results from transitions involving 45 orbitals. 

which are forbidden transitions. As a result, the absorption coefficient of 

lanthanides is low (-10 ~ - ' c m " )  and possess long lifetimes (rangees h l n  0.4 - 

0.8 ms) due to the forbidden nature of t l~c  transition. 

(2) Lanthanides display line like emission spectra unlike organic chromophores. 

The emission observed in the red as well as ncar-infrared region depends on 

the nature of lanthanide metal ion. 



(3) Due to their weak absorption, lanthanides are usually not directly excited, bur 

arc rathcr excited through chelated organic Iigands. 

(4) kanthanide complexes possess high absorption coefficient in the UV region 

and very high quantum yicld of emission in the visible and ncar-infrared 

rcgion. The main route o f  non-radiative decay in these systems is by coupling 

to the vibrations of water. 

Con~plexes of rarc earth metals like EU" and ~ b j '  with organic ligands i i  ke 

bipyridine, phenanthroline,2%ar found ro show strong emission due to an energ-  

77.B - transfer from the complexed lig~nds to the rare earth ions (antenna efiect). 1 . 1 ~  

7 mecl~anism involves thc sensitization or the ID, - Fj emission or thc rnctal ion by 

illc ir ipic~ excited state of thc heterocyclic ligand. An abbreviated schctl~c ol' this 

absorption-cnergy transfer-emission (A-ET-E) process is shown in Figurc 4.1 .2" 

Sin~lct excited states 

Ligand Eu3+ 

I t 

Figure 4.1. Mechanism of luminescence from lanthanide complcxcs by 
means of fluorescence resonance energy transfer from 1 igands.29 
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The n-system of the heterocyclic Iigand encapsulating the metal cation is 

electronically excited to its singlet state by irradiation with UV light. The energy 

from the SI  Eevel is transferred in a radiationless way to the triplet state of the Iigand 

by a precess known as intersystem crossing. The chefating lignnds act as enerp 

donors by transferring the excitation energy to the complexed lanthanide cation by 

an intramof ecrrlar energy transfer process (review of antenna effect and resonance 

energy transfer in lanthanides is given in reference 24). The chelated lanthanide 

metal cations in turn emit at Ionger wavelengths while an undesirable loss of energy 

may occur by fast emission from the singlet excited state of the ligand. 

Lanthanides as we11 as their chelate complexes are widely used in 

luminescent devices and as biological probes owing to their unustrar photophysical 

properties which include millisecond lifetimes, large stokes shift, high quantum 

yields and excellent solubility. A few of the present day applications of lanthanide 

complexes are briefly described below. 

4.2.2. Lanthanide complexes as biological probes 

Lanthnnide co~nplexes are much superior probes for biological applications 

compared to organic fluorophores, Organic fluorophores display fluorescence 

lifetimes between 1-10 ns. All biological samples display autofluorescence (from 

the aromatic residues), which usually decays in nanosecond timescafe, as does the 

fluorescence of most fluorophores. Similarity in their lifetimes is one of the major 

limiting factors in high sensitive detection of biological samples. Lanthanide 
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complexes are uniquely fluorescent, which display long lived emission with deca! 

limes 01% 0.5-3 ms and continue to emit following the disappearance of 

auto fluorescence rrnm biological samples. Hence Ianthanide corn plcses Ilavc 

widespread usc in high-sensitive detection, particularly for il~~munoassays. For 

cxalnpIc. antigen-antibody interactions arc investigated by using photnacti~~e 

Ianthanide cornpIexes possessing long Iuminescence lifetime, colnparcd to e~nissior~ 

lifetimc of aromatic rcsidues in proteins.29 

In biological and artificial systems, allosteric regulation is effective in 

control ling molecular functions (for example, molecular recognition and catalytic 

activity)."' Allosteric effccts occur when the binding properties o f  a ~nacrolnolcculc 

c h a n ~ c  as a consequcnce of binding of a second ligand (or metal ion) to the 

~nacromolecule, altering its affinity towards the first ligand (or metal ion). If both 

the ligands are the same then the phenomenon is termed as "homotropic allostcric 

cffect" and if different. termed as "heterotropic allosteric effect," For cxa~nple. 

lanthanide ions were reported to substitute biologically important ions such as 

calcium in many calcium dependent proteins.3o 

4.2.3. Lanthanide based phosphorescent materials 

Synthesis of phosphorescent materials, with high emission yield. is a field of 

considerable importancc due to their industrial as well as technological applicalio~ls. 

For example, the oxides of europium, terbium, yttrium and cerium are widely used 

in the manufacture of fluorescent lamps. Also, rare earth cotnpovnds arc used 
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extensively as phosphors in a wide variety of products, including electrolurn inesccrl t 

devices and display screens in cathode ray tubes. Conventionally, the size of' 

phosphors used in such devices i s  in micrometer range and they are synthesized by a 

"top-down'' approach such as ball milling (Scheme 4.1). The phosphoresce~lcc 

qumti~um y ietd of such materials is critical for technoIogica1 applications and could 

bc enhanced by increasing the surface area by designing phosphors of uanometi+ic 

dimension. 

Scheme 4.1. Top down approach currently used for preparing phosphors. 

Design of nanostmctured phosphors (nanophoshors), adopting the "bottom 

up approach" and thereby increasing the surface area may be a convenient way lo 

enhance the phosphorescence efficiency of these systems (Scheme 4.2). Linking 

phosphorcsccnt molccules on the surface of Au nanoparticles could give rise to 

phosphors in the nnnometric size rcgime. 

Scheme 4.2. "Bottom-up approach" adopted in this chapter for the synthesis 
of nanophosphors. 
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In the present study, a thiol functionalized chelating molecule. namely 

bipyridine. was anchored to gold nanoparticles. Bipyridine ligands h a w  been 

extensively used as a chelating group for metal ions. Among these the 2.2'- 

hipyridine ligands arc excellent due to their robust redox stability and casc of 

functi~nalization.~' Chelates of' tnctal ions containing two or inore 2,2'-bipyridinc 

ligands possess well-defined spatial arrangement and a representative c s a ~ n  ple i s  

shown in Chart 4.1 ." Such lanthanide complexes with well-defined geomctry f i n d  

potential applications in luminescent devices as well as in nanophotonics and 

optocIectronics. In the present study, a thiol derivative o f  2,2'-bipyriclinc 

(BT)(Chart 4.2) was synthesized and functionalized on the surface of gold 

Chart 4.1. 

Chart 4.2. 
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nanoparticles along with dodecanethiol (dodecanethiol is omitted in thc 

representation of Au-BT for clarity). Bipyridines which possess co-ordinatiori 

sites for complexation with metal ions, arranged on the three dimensional susfacc 

of gold nanoparticles, can be visualized as an antenna system. 

A detailed investigation on the photophysical properties of bipyridinc 

capped gold nanoparticles was carried out with the following objectives. 

( i )  Exploring the self-assembly of Au-BT in the presence of transition metals 

like CU" which could gjve rise to a high density 'ion-sponge' (Au- 

BT)(Chart 4.2) having potential application in medical diagnostics." 

(ii) Fabricating nanophosphors of EU"'/T~"' by taking advantage of FRET 

(fluorescence resonance energy transfer) from BT to the lanthanide ions 

which can have potential applications in display devices. 

( i i i )  Exploiting such phosphorescent complexes for sensing biological 1 y 

important metal cations (for example ca2'/MgZf ions) by making use of 

allosteric effectJ4." (high local concentration of lanthanide colnplexes 

around Au nanoparticle and site specific binding of Au nanoparticle make 

these systems attractive for biological application). 

4.3. Results and Discussion 

4.3.1. Synthesis and characterization 

Synthesis of the thiol derivative of 2,2'-bipyridine (BT) was carried out in 

two steps as shown in Scheme 4.3. The mono bromo derivative (4.2) of 5,5'- 



dimethyl-2,2'-bipyridine (4.1) was prepared by its treatment with N- 

brotnosuccinimide. It was then converted to the corresponding thiol derivative 

using a procedure reported by Fox and cow~rkers.~"he details of the synthetic 

proccdure, spectral characterizarion of BT and intermediates are givcn i n  thc 

Experimental Section 4.5. 

Scheme 4.3. Reaction scheme for the preparation of BT and Au-BT. a) 
NBS, CHC13 b) HMDST, TBAF c) dodecanethiol, HAuCL, TQAB, NaBH4. 

BT was attached to gold nanoparticles (Au-BT) by adopting a modification of 

Brust's method.' The gold nanoparticles were co-binded with dodecanethiol in order 

to impart better stability for Au-BT. RemovaI of any unbound BT and dodecanethiol 

from the suspension was ensured by repeated centrifugation using ethanol and the 

details are presented in the Experimental Section (Section 4.5). Bipyridine 

f~~nctionalized gold nanoparticles (Au-BT) were characterized by means of electronic 

absorption and transmission electron microscopic studies. 
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4.3.2. Absorption studies 

'Theoretical calculations suggest that, 2,2'-bipyridine exists in a rrcrrzs 

confnrnmation in the solid state and also when dissolved in organic solvcnts anti 

basic media.'7 The absorption spectrum of BT was recorded in solvents of varying 

~olarity, from cyclohexane to methanol. Representative examples are shown in 

Figure 4.2. 

The thiol derivative of bipyridine (BT) in acetonitrile possesses two 

absorption maxima; one at 249 nm and ather at 295 nm. It has been reported that 

the latker band orginatcs from a rr-IT* transition." The rnonoprotonated Fonn of 

2,Zm-bipyridines has a cis conformation, stabilized by a cationic hydrogen bond.'" 

As a result of the cis-conformation, the n-n"ransitians are shifted by about 20 n m  

towards longer wavelength regions and possess higher intensities. Further addition 

Wavelength, nn 

Figure 4.2. Absorption spectrum of BT in acetonitrile. Inset shows 
the absorption of BT (a) in methanol and (b) in dichloromethane. 

of acid results in the formation of the diprotonated forms of 2,2'- bipyridines. In 

order to reduce both steric hindrance and electrostatic repulsions, thc cis 



conformation of the tnr-rnnpro!ona~cd 2,2'-hipyridinc usually transfi>rnrs 4 0  a wrru.v 

conti)rmaticln in the diprotonnted form, resulting in a shift nf 12 nni lowards 

shorter wavelengths.'%c have investigated the effect of trifluoroacctic acid on 

the ahsorption properties of BT arid spectral changes were different from tlic 

previous ohscrvat ions. I'hr spccbr;d changes are reprcsentctl in Figure 4.3. 

Wavefcngth, nrn 

Figure 4.3. Effect of trifluoroacetic acid on the absorptinri 
properties of BT, [?'FA]: (a) 0 pM, (b) 37 pM, (c) 74.2 pM. (11 
1 1 1.2 pM. (c) 148.3 1iM. (1) 185.4 pM, (g) 222.5 p M .  

O n  adciilion of  various ct>ncenlsrztions of trilluorc~acct ic acid to l3T. IIO 

s i ~ r ~ i  ficnnt cll;lngc in thc absorhallcc was ohscrvcd l'or thc s11ot.r wnvu Ic~igtli I ? : I I I ~ .  

Tlw irrtonsi ty or  295 ntn I-rand decrcascd considerably with the concomil;i~~t 

crnergcncc of a ncw hand (h,,,, at 3 18 ntn). On further addition of acid. rin 

signilicant spectral change was observed for I3T. indicating that the ci,c 

conli,rmation is maintained hot11 in the folded monopro~onatcd as ~vcll  ;is !hu 

dfprobonntcd spccics. The two isosbcstic points abservcd at 270 nm nrld 306 I I ~ I I  

rcprcscnt thc cxistcnce of the protonatccl ns ctlcll as thc iron-protonatcd lbrms of 



BT. A diprotonated form of hipyridine derivative with cis confor~nation was 

eilrlics reporlcd by Albrechl-Gary and  coworker^.^^ it is observcd that the solvcnt 

polarity has l i t t le influence OII the absorption properties of RT. Tl-ic inset in 

F i p m  4.2 represents the absorption of BT in solvents of extreme polarities: 

dichloromethanc and metl~anol. Molar extinction coefficients of the cornpnut~rl 

BT lor both tllc bands, in solvents of varying polarity were evalualed and arc 

s u m ~ n ; ~ ~ - i z c d  in 'l'ahle 4. I .  

Tsblc 4.1. Absorption characteristics of l3T in different solvents 

Solvcnt Molar absorptivity (E) ,  ~ ~ ' c m  ' [  

I , ,  (249 nm) hZ (295 nm) 

C' yclohexane 1.37 x 10' 2.24 x lo4 

[3icliloroinell1ane 1.29 x lo4 2.07 x 10' 

Tctrahydrofiiran 1.41 x 10" 2.30 x I 0' 

Aceto~lilrilc 1 .33 10' 2.17 x 10" 

Me~hanol 1 . 4 0 ~  10" 2.12 x 10" 

4.3.2.1. Absorption properties of Au-BT 

The absorption spectrum of gold nanoparticIes f~~nctionalizecl with bipyridinc 

thiol (Au-RT) was recorded in acetonitrile (Figure 4.4). The solution of AH-BT 



Figure 4.4. Absorption spectrum of Au-BT recorded in acetonitrilc. 
Inset shows I I IC  TEM i~tiagc of Au-BT placed on a carbon cnatcci Cu 
grid. 

in tolilc~~c iv3s diluted using ncctnnitrilc and the toluene content in the resulta~lt 

soiutinn was <3 %. The concenlration of RT per Au nanoparticle was cstirnated 

hasctl on  absorption and transmission electron microscopic studies. The  

functitrnalizatinn or  bipyridine ligands on nanoparticles is not quantitative and lllc 

conccn trat ion of thc unreactcd ligands was esti~nated from the nbsorptior~ intellsit> 

oi' thc filtrate. Also it is  assumcd that the reacted chromophores are cvcnl) 

tlistribufed on each nanoparticle. 

'I-EM ilnagc shown in t11c inset af Figure 4.4 exhibits particles 01 '  

approximately 4 nm size. 'The TEM image of Au-BT was recordcd by placing 

drop of the dilute solution of nanopariicles in toluene on a carbon coatcd Cn r i d  

and tlic solvc~z~ was allowed to evaporate. From the mean diameter of gold corc in 

Au-BI*  (-4 nm), an averagc formula of A u ~ ~ ~ B T ~ ~ ~  was estimated. Tlic abo\*o 



calculation is based on the tight-packed spherical model, according to which gold 

nanoparticles have a densely packed core of density 58.0 1 atorns/nm3 covcred with 

a skin of hexagonally closed-packed gold atoms." Assuming onifo1*111 srirfacc 

caveragc, the number of BT per r~anoparticle is calculated as -340 based on t l~c  

amount of BT reacted (absorption spcctral studies) and size of metal core (TEM 

shidics). 

The ahsorption spectrum of Au-BT (Figure 4.4) consists of t ~ v o  bands ill 

the UV-Vis region. It represents an additive absorption spcctrurn corresponding lo 

the ahsorpticn of BT and that of gold nanoparticles. The hand a1 301) nnl 

corresponds to the characteristic absorption of RT whiIc the hroad band ccntcrcd 

aroul~d 520 nln corresponds to the plasmon absorption of gold nanoparticlcs. For 

Au-BT, the short wavelength band of BT is merged with the absorption of gold 

nanoparticles. The n - n* transition of BT at 295 nm is observed as a shoulder 

when functionalized on to the surface of gold nanoparticle. Murray and coworkers 

have irlvestigatcd the surface plasmon characteristics and the Rvcrage size of gold 

nanoparticles. stabilized with arencthiolate ligands." In ilic prcscnt cnsc. 

bipyridine chromophore is linked to the gold nanocore by a single inc~hylenc 

spacer. The strong interaction of the bipyridine cl~romophore and plasnlan 

electro~~s of thc nanopartjcles results in the pcfiurhation o f  the c l ec t ro~~ic  

properties or both bipyridine and gold nanoparticles. Thus. as in the case of' 

aret~ctbiolate stabiIizcd g d d  nanoparticles, the plasrt~on absorption baud of' AM-UT 

is h r ~ a d c r . ~ '  
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4,3.2.2. Absorption properties of BT and Au-BT in the presence of 
cations 

As ~nentioned in Section 4.2, bipyridine ligands form strong complexes 

with inner-transition metal ions, which could yield highly phosphorescent 

materials by means of FRET. We have investigated the complexation of Au-BT in 

the presence of lanthanide ions namely EU"' and ~ b " '  by following their 

absorption properties (Figures 4.5-4 -6). 

On addition of increasing concentrations of EU"' to BT, there is a decrease 

in Ihe intensity of the n-n* absorption band (295 nm) corresponding to that of BT. 

along with thc concoinitant emergence of a new hand around 320 ntn (Figurc 

4.5A). Similar absorption changes were observed for BT on addition of various 

Wavelength, nm Wavelength, nln 

Figure 4.5. Absorption spectral changes of A) BT and B) Au-BT i n  the 
presence of different concentrations of EU"';[EU"']: (a) 0 pM. (b) 12 pM, (c) 
24 IIM, (d) 36 pM, (c) 48 liM, ( f )  60 1tM. 

cnticcnirations of acid. 'l'he elneigcnce of a new ligand to ~netal charge t ranslr  

(1.MC.I') band at 320 ntn indicates the strong interaction between rhc ligand n ~ ~ d  

I 1 1  m c ~ a l  ions (l iu ) as wcll as the c t~a~lgc  in ~ h c  confonnation ofthc ligat~d. on 111cti11 



coordination. Similarly. the effect of increasing concentrations of EU"' on the 

absorption properties of Au-BT is represented in Figure 4.5B. The emergence of  

an LMC'I' band at 320 nm for AH-BT clcarly indicates the effcctive coordination 

of ~u"' with BT functionalized to gold nanoparticles and also the change in ihc 

conforniatian of BT brought about by rnetal coordination. The inset of Figurc 4,513 

represents an expanded view of the LMCT band in the case of Au-BT. Similar 

changes in the absorption characteristics of Au-BT were observed in the presence 

ol'l'h"', and arc presented in Figure 4.6. 

300 400 500 600 700 800 

Wavelength, nm 

Figure 4.6. Absorption spectral changes of Au-BT in the presence of 
different concentrations of Tbn';[Tb"']: (a) 0 pM, (b) 33.2 pM, (c) 66.4 pM, 
(d) 99.7 pM. (e) 132.9 pM, ( f )  166 pM, (g) 199.3 pM. 

'Transition metal ions are known ro coordinate strongly with bipyridine 

ligands.'" The absorption spectral changes for Au-BT associated with the addition 

of vaciclus conccntraiians oS copper(lI)pcrchloratc (Figure 4.7A) indicatc thc 

cmcrgencc of a new band a t  780 nm, in addition to the LMC1' band ohscrvc(l a1 



Figure 4.7. A )  Eff'cct of CU" on ihe absorption properties of Au-BT. [cu"]: (a) O 
pM. (b) 3 1.6 pM. ( c )  63.2 pM. (d )  94.8 pM, (t) 126.5 pM. (f) 158 pM. (g) 189.6 
pM. B) TEM image o f  An-HT in the presence of CU". C) TEM image of AM-BT. 

320 nm. With thc emereence of the new hand at 780 nm, one could also observe a 

concomitant decrcase in the plasmon absorption band of An-BT at 520 nm (inset 

of Figure 4.7A). The strong coordinating ability of ~ u "  ions can bring the BTs on 

ad.jacent sold nanoparticles togcther, leading to the formation of superstructures 

through metal induced thrce dimensional self-assembly o f  ligands. 'Thc 

concoinitant emergence of the absorption band at 780 om originates finm 

interparticle plasmon coupling resulting from the close interaction of metal 

particles in thc superstructures. In the absence of CU" ions. plasmon ahsorption 

band was observed for Au-BT only at 520 nm, Willner and co~vorkers have 
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demol~stratcd thc appearance o r  an additional red shifted absorption hand in gold 

nanoparticle ~ u ~ e r s t r u c t u r e s . ~ ~  Metals can he considered to be in a plasma statc 

con~poscd u f  posiiivcly charged nuclei and negatively charged clectrons. In tlic 

presence of an  electrotnag~~eric radiation, these electrons are perturbed so as In 

screen tlzc nuclei from the external radiation. The   notion of clectrons tvith respcct 

to the nucIci is governed mainly by the coulombic attraction between the nuclei 

and clectrons. Hence the electrons oscillate with a particular frequency referred to 

as "plasmon frequency ." This collective oscillation of electrons in metal 

nanoparticles is called dipole plasmon re~onance.'~ 

Thc red shjftcd absorption observcd in the prcscnt casc is attl+ibl~lecI to 

inlcrpr~l-ticlc plasmon coupling, l'acilitated by the formation of s u p e r ~ t r ~ ~ c t ~ i r c s .  

\hlhcn two metal nanoparticles are placed close (at nanoinetric distance) to cacll 

other, an additional force (either attractive or repulsive) act on the elcctron cbargc 

cloiid of both particlcs.3s As a result the repulsive force within a single parliclc 

~ c a k c n s ,  Icading to a correspondingly lower resonance frequency fol- the 

oscillation of the electron cloud. 'This reduction in the frequency or oscillatiot~ is 

reflected as a red shift in the absorption. 

Copper ion induced self-assembly of Au-BT was co~~clusively 171-rjvcd rro~n 

illc TEM imagc of Au-BT in thc prescncc of CU" ions. The images arc pi-csciiictl 

4 0 
ctllnlllot1 iijr bilay cr agglomcrales. In thc prcscnl casc. ring strucr11t.c~ ivilll 

cstcrllal di;~~nctcr of about I 0  I I ~  arc observcd. Thus, hascci on TEM sluclics, ~ h c  



absorption at 780 nrn is attributed to an interpartide plasmon band (originating 

from the overlaping of electronic levels of gold nanopaflicles) in the 

superstructure. Similarly some sort of self-assembly was observed for Au-BT in 

the presence of EU"' and the TEM images are shown in Figure 4.8. However, in 

this case no interparticle plasmon absorption was observed. 

Figure 4.8. TEM image of Au-BT in the presence of EU"' at two different 
magnifications. 

The staichiometry for the complexation of inner transition metal ions with 

BT on the surface of gold nanoparticles was investigated by means of the 

continuous variation method." In the present case, the concentration of ~ n " '  was 

varied to that of BT on the surface of gold (tnole ratio) and the absorbance of 

LMCT band at 320 nm, was monitored. ARer successive addition of metal ions. 

solutions were kept for -5 rnin for equilibration. 'The metal to ligand stoichiometry 

was estimated from Job's plot presented in Figure 4.9A. In the present case. the 

absorbance of LMCT band at 320 nrn increases on successive addition of metal 

ions until the concentration of the ligands on the surface of gold becomes equal to 

that of ~ n ' "  ions. On firther addition of ~n'" ions, the LMCT band remains 



unat'fclcted indicating that all thc llgands have been used up. Based on t l ~ e s c  

studies, it is concluded that a 1 : 1 complexation stoichiornetry exists between BT 

on the surface of gold nanoparticles and ~n"'. 

Mole ratio [Eu:AuBTJ 11[€u] x IQ'~M 

Figure 4.9. Plot o f  A) absorbance at 320 nm for Au-RT in the prcscnce 
of increasing concentrations of EU"', B) Ao/(A-Ao) versus reciprocal 
conceniration of EU"' for the complexation of Au-RT with ELI"' in 
acetoni trile. 

The stability constant for the complex formation of AII-BT with ~ n " '  was 

estimated using the Bencsi-Hildcbrand equation (Equation 4.1) for a 1:l metal to 

ligand stoichiornetry. The equilibrium constant for the formation of Au-RTr::En 

complex was determined from thc relationship (Equation 4. I) ,  

wherc A and An are the absorption of the complexed and uncomplexed Au-BT at 

320 nm, K is the equilibrium constant for complex formation, E and E' are thc 

molar ahsorptivities of rree Au-BT and compIexed Au-BT, A pIot of &/A-A. v.s 

l![E',u] gavc a straight line (Figure 4.9B) further confirming the 1 : 1 cornples 

formation between EU"' and BT on gold surface. The equilibrium constant (K) was 



estimated from the slope and Y-intercept, and was found to be 2.3 x lo4 M - I .  

Significantly high association constant indicates the credibility of this system for 

potential applications as nanophosphors. 

4.3.3. Steady state emission studies 

The e~nissian spectra of BT and Au-BT measured in acetonitrile arc 

presented in Figure 4.10A and 4.10B. The broad unstructured emission band. 

observed Tor BT between 320 nrn to 450 nm, (excitation at 300 nm) i s  

characteristic of bipyridine fluorescence.'' The fluorescence quantum yields or 

bipyridines are very low due to their high intersystem crossing efficiency to the 

triplct excited states.40 The emission spectrum of Au-BT in acetonitrilc i s  

presented in Figure 4.1 0B. 

Wavelength, nm Wavelcngth, nm 

Figure 4.1 0. Emission spectra of A) BT and B) Au-BT, in acetonitrile 
after exciting at 300 nm. 

Investigation of the luminescence behavior of Au-BT in the presence nT 

varying concentrations of lanthanide ions (ELI"', ~ b " ' )  has indicated a dramatic 

enhancement of lurninescencc on excitation of  BT capped on the surface of gold 



nanopaflicles. All luminescence ~neasurelnents wore recorded after exciting  he 

charge transfer hand at 320 nm. The emission spectral changcs of Au-BT it] 

acdon ittile containing vnqing concentrations of EU" and ~ b " '  are rcprescnted in 

Figure 4.1 1.  'J'ht. drunatic enhancement of emission observed in the present case is 

atzributeci to the ct'ficient iluoresccnce resonance energy transfer (FRE?') from BT 

to the coordinated ~ n " '  ions on the surface of Au nanoparticles. 

Wavelength. nm Wavelength, nm 

Figure 4.1 1. I .uminesccnce spectrum of Au-HT in acetonitrilc. A) on addition of' 
various concen~rations of EU'". 1F.u 1: (a) 2.4 pM. (b) 4.8 pM. (c) 7.2 pM. (d) 9.7 
pM. ( e )  12 pM- ( f) 14.5 pM and €3) on addition of various concentrations of 'rb"'. 
[~b" ' ] :  (a) 5 . 5  pM, (b)  1 I p M  ( c )  16.6 1 M .  (d) 22 pM, ( e )  27.7 WM after exciting at 
320 nm. 

Europium (111) ion is known to have a pro~nincnt crnission a! 6 1 5 nrn ( 'D~-~F  

by tluorescencr: resonance energy transkr from bipy ridinc."' V a y  ing concentrat ions 

of EU"' were addcd to a solution of Au-BT in axtonitrile and emission propertics 

\vest. investiga~ed (Figurc 4.1 I A). An cnhancemtnt in the tluorcscence intensity at 

615 nm was ohserved with increasing EU"' concentration and the lurnincscence lcvels 



Chapter 4 - Bipyr idine functional ized gold nanoparticles 135 

off on addition of EU" above 15 @I. Absolute quantum yields of Au-BT: EU"' and 

Au-BT: ~b"' systems are reported in the following section. 

Similar complexation studies were carried out with ~ b " '  ions. The 

enhancement of luminescence from ~ b " '  on complexation with bipyridines capped 

on Au is presented in Figure 4.1 1 B (excitation wavelength 320 nm). It is reported 

that complexes of ~ b " '  possess a prominent emission at 545 nm ( 5 ~ 4 - 7 ~ 1 )  by 

fluorescence resonance energy transfer (FRET) from bipyridine.)' Saturation in 

luminescence intensity was observed at higher concentrations of ~ b " '  ions. 

The excitation spectra of Au-BT in the presence of EU"' ions and ~ b " '  ions, 

following the emission at 545 nm, are shown in Figure 4.12. The excitation 

spectrum at 320 nm matches with the charge transfer band of the lanthanide ion 

complex of Au-EST (Au-BT: ~n"'). These studies indicate that the iu~ninescence 

originates from the excitation of the charge transfer band (CT of lanthanide ion 

complcx of Au-BT at 320 nm). This is followed by fluorescence resonance energy 

transfer (FRET) from the bipyridine ligand to the D levels of the lanthanide ions, 

which hrther relaxes to different F levels through radiative emission. The 

phosphorescence of Au-BT: ~ a " '  and Au-BT: ~ b " '  complexes, (illuminated 

using cl 320 nm UV light source) are shown in the inset of Figure 4.1 1 .  A 

lulnincscencc enhancement of I 04- lo5 fold was observed for ~u"'r~b'[' ions when 

cornplexed on Au-BT. The luminescence quantum yields of Au-BT: EU"' and Au- 

BT: ~ b " '  complexes were obtained by the method described by Haas and stein4' 

using (a = 0.028 in aerated water)49 as a standard for the 
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complex, and quinine sulphate (@ = 0.546 in 1 N H~so~)'' as a standard for the 

~ b ~ '  complex. The luminescence quantum yields were found to be 0.0096 and 

0.038 for the Au-BT: EU"' and Au-BT: ~ b " '  complexes respectively. It may be 

noted that there are -340 BT molecules attached on each nanoparticle surface 

( -4 nrn diameter). A novel "bottom-up" strategy is reported here for the design of 

nanophosphors by functionalizing bipyridine groups on metal nanaparticles and 

further organizing rare earth metal ions around gold nanoparticle core by ligand 

induced complexation. Such supramolecular complexes may have potent j af 

application in display devices. 

Wavelength, nrn 

280 320 360 

Wavelength, nm 

Figure 4.12. Excitation spectrum of Au-BT, A) at maximum concentration of 
europium [Eu]: 14.5 pM (emission followed at 61 6 nm) and B) at maximum 
concentration of Terbium [~b"']: 27.7 pM (emission followed at 545 nm) in 
acetonitrile. 

4.3.4. Time resolved luminescence studies 

Phosphorescence lifetimes o f  the complexes of Au-BT with ~ n " '  were 

n~casured in a SPEX model 1934D phosphorimeter equipped with a flash Iamp. 

Thc signals from the sample falIing on the photomultiplier are collcctcd by a 
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control module for a preset length of time. The solutions were thoroughly 

ilcgassccd before carrying o u ~  l i  feti~ne studies. Plots of the luminescence dccay lor  

EU"' /T~" '  ions, in the presence of BT and Au-BT arc presented in Figures 4.13 and 

3.14. 

Time, ms Time, ms 

Figure 4.13. Phosphorescence decay profile of EU"', A) in the presence of Au- 
BT, B) in the presence of BT. 

Time, rns Time, ms 

Figure 4.14. Phosphorescence decay profile of ~ b " ' ,  A) in the presence of Au- 
BT, B) in the presence of RT. 
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Thc fluorescence intensities decay exponentially with first order kinetics ovcr time 

t! obcying equation (4.2), 

1, = la mp(-t/~)  (4.2) 

where lo and I, are the fluorescence intensities at zero time and at time t. 

respectively. The emission Iifetime of fluorescence, T, was obtained by fitting the 

fluorescence decay curve into equation (4.2). At room temperature, the luminescence 

lifetimes of EU"' and ~ b " '  in the presence of BT are 0.4 ins and 0.56 ms. 

respectively. Interestingly, linking on to gold nanoparticles does not inflricnce thc 

luminescence lifctirnes of the bipyridine complex of EU"' and ~ b " '  ions. The 

lurninesccncc lifetimes of AU-RT:E~"' and AM-BT:T~"' cornplexcs wcrc 

cstimatcd as 0.36 n1s and 0.7 ms, respcctivel y. 

4.3.5. Allosteric studies 

The emissive supranloiecular complex around Au nanoparticle was further 

used for sensing biologically important metal cations as well as transition metal 

ions. Thc influence of alkali metals ( ~ a , '  K'), alkaline earth metals ( ~ a . "  M ~ , "  ) 

and transition metals (CU? ~ i , "  ~n,") on the lurninesccncc property of AH- 

BT:E~"'  complex in acctonitrile was invcstigatcd. A dramatic quenching of ihc 

lumincsccncc was nbscrvcd on addition ol. nlknlinc carlh mct;lls ( ~ a , "  M~.") and 

transition metals (cu,~' ~ i ? '  2nq2+) to an acetonitrile solution containing Au- 

RT:EII"' complex while no influence on luminescence intensity was observed in 

the presence of alkali metals ( ~ a '  and K'). The relative decrease in the 



fluorescence of Au-BT-Eu with different metal ions is shown in Figure 4.15. In 

all these measurements. sufficient time to attain equilibrium was given (5  min) 

after each addition of metal ions. 

The relative decrease is much larger for transition metal ions compared to 

alkaline earth metals. The better binding ability of the transition metal ions over 

EU"' and their similar in size are responsible for the displacement of EU"' from 

AU-BT : EU"' complex compared to alkaline earth metals. 

I 

m Calcium 
Magnesium 

A Copper 
r Zinc 
+ Nickel 
4 Sodium 

Potassium 

Figure 4-1 5. Relative decrease in the luminescence intensity of Au-BT-Eu in 
the presence of various concentrations of  different metal ions. 

Earlier studies indicate that biological activity is ofien retained, or at least 

34.35 partially by systems in which ca2' has been replaced by l,n3+ ions. Hence their 

isomorphous substitution with ~n'* is a promising way to exploit the rich and 

varied spectroscopic properties of ~ n "  ions for obtaining information on the 

structural aspects of the biochemistry o f  Ca and M$. Since gold nanoparticles 



Scheme 4.4 Pictorial representation of the isomorphous substitution of 
lanthanide ions by calcium ions on bipyridine capped Au nannpaflicles. 

ctluld hc casily functional izcd with probes whick can selcctivcl y bind at spcc i l i c  

sites. 1.n"' doped AM-BT can be used to understand various processes in biological 

systcms. Scheme 4.4 depicts a pictorial representation of the isornorplio~~s 

substitution o f  ~ n " '  with ~ a "  in AU-BT:L~"' complexes. The allosteric eflect ol. 

AM-BT: EU"' complex as well as the site-specific hinding of Au nanoparticlc makc 

these systems attractive for biological application. 

4.4. Conclusions 

Gold nanoparticlcs capped with bipyridyl ligands (AM-RTS wct-c 

sy ~ithesizcd and their photophysical properties wcrc investigated, in dctail. An-BT 

system behaves as an excellent ion sponge possessing nanometric dimensions  LIE 

to the high IocaI concentration of bipyridine units on Au nanoparticle (-340 
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bipyridine units per Au nanoparticle). Complexation ability of Au-BT 

nanohybrids with inner transition metal ions and CU" was investigated, in detail. A 

dramatic enhancement of luminescence ( 1  04-10' fold) was observed for ~u"/Tb"' 

ions when complexed on Au-BT and such luminescent systems in nanosize 

domain may have potential application as nanophosphors. Luminescence studies 

also revealed that the isomorphous substitution of AU-BT:EU"' with c~ ' [ /M~"  

ions is possible and such systems possess potential application as probes in 

biological systems, 

4.5. Experimental Section 

4.5.1. Materials and instrumental techniques 

Solvents and reagents used were purified and dried as per standard 

procedures. All starting materials and reagents were purchased from Sigma- 

Aldrich and were used as such. Photophysical studies were carried out using 

spectroscopic grade solvents. 

All melting paints were determined with a Mel-Temp-I1 melting point 

apparatus and are uncorrected. 'H and I3c NMR spectra were measured on a 300 

MHz Bruker Advance DPX spectrometer. IR spectra were recorded on a Nicolet 

Impact 40QD infrared spectrophotometer. Fluorescence spectra were recorded on a 

SPEX fluorolog F-112 X spectrofluorirneter and camected using the program 

supplied by the manufacturer. The electronic absorption spectra were recorded on 

a Shimadzu Model UV-3 1 0 1 PC UV-Vis-NIR scanning spectrophotometer. For 

TEM studies, a drop of colloidaI gold solution was placed on a carbon coated Cu 
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grid and the solvent was allowed to evaporate. Specimens were examined on a 

Hitachi H600 transmission eIectron microscope. Phosphorescence lifetimes of the 

complexes were measured using a 1934D phosphorimeter equipped with a flash 

lamp. The signals from the sample falling on photomultiplier were collected by the 

control module for a preset length of time. 

4.5.2. Synthesis of compound 4.2. 

To a solution of 5,5'-dimethyl-2,2'-bipyridine (4.2) (1.034 g, 5.62 mrnol) 

and N-bromosuccinamide (1 g, 5.62 mrnol) in dry carbon tetrachloride (50 mL), 

catalytic amount of AlBN was added and refluxed at 77 'C for 17 11 under dry 

conditions. The solution was filtered while hot and kept for two days to precipitate 

out any dibromo derivative formed. The solution was filtered and the filtrate was 

concentrated under reduced pressure. The residue obtained was chromatographed 

over silica gel (100-200 mesh size) using a mixture (3:l) of hexane and ethyl 

acetate which gave compound 4,2 (1 g, 70 %) as a white powder which melted at 

80 O C .  IR (KBr) v ,,, ; 2369, 1587, 1553, 1458, 1371, 1216, 1027, 879, 831, 744, 

670, 616 ern-'; 'H NMR (CDC13, 300 MHz) 6 2.39 (s, 3H, -CHI) 4.53 Is, 2H, - 

CH2Br) 8.66 (s, IH, ar) 8.49 (s, lH, ar) 8.3-8.27 (d, lH, J = 8.1 Hz, ar) 8.25-8.23 

(d, l H , J = 8 . 1  Hz, ar)7.8-7.83 (d, 1H , J=8 .1  Hz, ar)7.62-7.65 (d, lM, J = 8 . 1  TFz, 

13 
ar)ppm; C NMR (CDCl,, 75 MHz) 6 156.27, 153,07, 149.7, 137.44, 133.68, 

120.7,29.65,25.14 ppm. 
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4.5.3. Synthesis of compound BT 

To an ice cooled solution of co~npound 4.2 (200 mg, 0.76 rnmol) in freshly 

distilled THE (3 mL), a mixture of tetsabutylarnrnonium fluoride (221 mg, 0.84 

mmol) and hexamethyldisilathiane ( 1  66.8 mg, 0.92 mmol) in freshly distilled TMF 

(2 mL) was added and stirred. The reaction mixture was stirred for a hrther perjod 

of 12 11. The reaction mixture was diluted with dichlaromethane, washed with 

saturated ammonium chloride (10 mL) and then with distilled water (20 ml, x 2). 

The organic layer was separated, dried over anhydrous sodium sulphate and thc 

solvent was removed under reduced pressure to give a residue which was 

recrystallized from a mixture ( 9 1 )  of hexane and ethyl acetate to give white 

crystals of BT (40 mg, 40 %), rnp 106 'c. IR (KBr) v,., ; 2369, 1593, 1560, 1465. 

137 1. 1236, 1 128, 1027. 838, 737,663 cm" ; '!-I NMR (CDCI,. 300 MI lz) 6 2.39 

(s, 31-1, -CH3) 3.66 (s, 217, -CH2SH) 8.5 1 (s, 11-1, ar) 8.49 Is, 11-1, ar) 8.34-8.3 1 (rl. 

I l l ,  J 8.1 I-lz, ar) 8.28-8.26 (d, IH, J 8.1 Hz, arl7.70-7.68 (d, 111, J 8.1 Ilz, 

ar),7.69-7.67 (d, 1 H, J 8.1 Hz, ar)pprn; ')c NMR (CDC13, 75 MHz) S 32.57, 40.06. 

120.6, 132.65, 137.5, 149.6, 153.16, 155.46 ppm. exact mass calcd. for Cr2S!lzNzS 

[MH']: 2 17.0799, found 2 17.0805 (FAB, high resolution mass spectroscopy). 

4.54. Synthesis of gold nanoparticles capped with BT 

To a stirred solution of tetraoctylammonium bromide (0.068 g,) in toluene 

(5 mL), an aqueous solution of hydrogentetrachloroaurate (111)-hydrate (1 1 mg. 

0.028 mmol) was added dropwise and stirred for 20 minutes. The reaction mixture 
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was washed with distilled water (10 mL) several times and the organic laycr was 

separated. A mixture of compound BT (4.2 mg, 0.0196 mmol) and dodecanethiol 

(1.7 mg, 0.0084 mmol) In toluene (2 mL) was added to the above solution and 

stirred. AAer 30 min, an aqueous solution of sodium borohydride (1 f mg, 0.28 

mmol) was added dropwise and stirred for a further period of 3 h. The organic 

layer was washed with water and diluted with methanol (250 mL). It was kept in 

ice and the precipitate obtained was further purified by resuspending in toluene 

and then centrifuging after adding methanol (10 rnL). This process was repeated 

twice to remove any unbound thioI. The residue obtained was redispersed in 5 mL 

toluene. 
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