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PREFACE 

Semiconductor materials in its nanoscale dimension posscss uniquc physical 

and chemical properticrs. 1,uminescencc properties of seiniconductor ma~eririls arc 

sensitive to their size and shape; for examplc, on decreasing the size hela~v the Bohr 

exciton radius the emission hand shifts from 740 nm to 451) nm in the case oi" 

spheriral CdSe ODs. Thc tunability or optical propertics of QDs. by controlfing 

their physical dimension in nanometer length scale, sllZows the hbrication of' display 

devices, cascadc lasers and light sources of di ffcrcnt colors from 111atcsii11s 

possessing same chemical composition. Recent studies have shown that  QD based 

hybrid systems are uscful in thc design of photuvoltaic devices and in biomedical 

applications (for c .g .  sensing and imaging). The present thcsis, entitlcd "Cadnzium 

Selenide Based Cote-Shell Quantum Dots for Biosensing and Irnnpins 

Applications" is mainly focuscd on the synthesis and characteri7ation of CdSe QDs 

overcoated wirh different shcll materials for various biological and chcmical sensing 

applications. Main objectives of the present investigation are ( i )  to develop a nwe! 

method for the optimization of shell thickncss in core-shell QD systems. l i i )  to 

synthesis water solublc QDs for biological applications, and (iii) to devclop QD 

based sensors. 

The thesis is divided into Sour chapters; first chapter provides an introduction 

to the size, shape and composition dependent properties of QDs. A thcoreticnl 

insight into quantum cunfincrnent effcct in QDs is also presented. Second chapter 

presents a novcl n~tthod based on pho~oinduced charge transfer proccss to optimize 

the shell thickness or CdSe-ZnS core-shell QDs. Spectroscopic investigations 

indicate that phenothiazinc binds to the surface of bare CdSc QDs. resulting in 

luminescence quenching, by an electron transfer process. Further. experiments with 

ZnS overcoa~ed CdSe QDs showed that two monolayers of ZnS prevent thc electron 

transfer processes while retaining good luminescence quantum yields. 

Methodologics presented. bascd on photoinduced charge transfer process. can 

provide quantitative information on the optimum she11 thickness of care-shell QDs. 

which can suppress the undesired electron rrinsfer and provide maximum 

photoluminescence yield. 



Synthesis and charucterisalion of silica overcoated, water solubll: CdSe QDs, 

in v i m  cytoroxici ty analysis. cell imaging and two-photon absorption (TPA) 

properties are presented in the third chapter. In vitrn studics using human bone 

m m w  derived mescnchyrnal stern cells (hMSC) showed that ithe silmiscd QDs are 

cytocompatible at nanornolar Ievels. Use of silanised QDs i n  ceII imaging is aIso 

illustrated. Mu1 tiphoton absorption studies showed that silanised QDs posscss 

improved two-photon absorption characteristics in aqueous media, which makes 

them an excellent candidate for biological labeling, imaging and scnsing 

applications. 

Final chapter dernonstratcs the use of silica overconted CdSc QDs in the 

selective detection and quantification of (i) biologically imponant molecules under 

physiologically relevant conditions and (ii) trace quantities of Fig?+ ions in thc 

presence of interfering metal ions. Amino acids and peptides containing free 

sulfhydril group (cysteine, homocysteine and glutathione) selectively quenchcs the 

luminescence of silica overcoated CdSc QDs by an electron transfcr process. In 

contrast, molecuIes which possess disuIphide linkage (e .g,  cystinc) or thiol 

derivatives (e.g. methioninc) did not influence the \uminesccnce of silica overcontcd 

CdSe QDs. The ability of this corc-shell rianohybrid system to selectively detect tiee 

thiols in the presence disulphides have been explored and further utilized for the 

selective detection of iota1 free r h i d  content in human blood serum samples. Among 

various metal ions, H ~ ~ '  selectively quenches the emission of silanised QDs i n  

aqueous medium with a concomitant bathochrornic shift in the absorption and 

emission bands. These changes are attributed to the modification of thc electronic 

structure of CdSe QDs due to the surface rsconstmction; mercuric ion react with 

CdSe to yield quantum sized HgSe on QD surface. This extrcrnely elegant 

fluorimetric method, based on silica overcoated CdSc QDs allows the detection of 

biomoIecules at physiologically relevant conditions and mercuric ions without the 

aid of any specialized instrurncnts. 



CHARTER 1 

QUANTUM DOTS (QDs): AN OVERVIEW 

1.1. Intrudlictio~~ to Nanoscience and Nanotechnology 

Nanoscience and Nanolechnology deals with thc engineering of 

materials by co~itt-olling their h i ~ c  and shape in lhc nanoscale c i ~ c  r-cgime ( 1  

nm = 10." m). A comparison of thc size domains of various nalurally cxisling 

and man madc systems ic presented in Figurc 1 . I  . By dcfi nition. nanosciencc 

is the study of phenomena and munipulntion of materials in the nanometer 

scale wherein lhcir properlies diffcr significantly frori-m [ha[ of bulk.' The wol-cl 

kano' is originated from thc Greek " v a v o ~ " ,  meaning 'dwarf' arid i r  was 

Lohmann who uscd the prefix 'nano' for rhe first time in 1908, to address 

small organisms having size i n  the ordcr of -200 n m  scale.' The visionary 

idea of controlling matter in thc nanoscale t-cgime was proposcd by Nohcl 

laureate Richard P. Feynrnan. in his famous lecture entitled "There's Plenzy of 



i 
in ic .  t-cllc.dii~olt)g!*. l't~eol-clic;if c.onchcpts (It\ clol>otl in t l ic c;irIy ytii1.s 

Water Glutose Antibody Virus 8a t t er ia  Canct r re l l  F I t h a  tcnnlr bal l  

Figure 1 .l. I * ~ ~ ~ i i p ; i ~ ~ i ~ o i ~  ot  111~' + ~ L C  t io~i l ;~i~i> of' I ~ ; I ~ Z I I . ; ~ I I ~  c ~ i ~ l i ~ l g  ;ind ii1;111 

I I I ~ I ~ C  ~ Y \ I C ~ I I ~ .  

N a ~ ~ ( ~ ~ ~ \ i ~ l c t - i i l  cull he ~encl-al ly clnhsil'ied a \  o rga t~ i c .  i~~ot -gar l i c  i111cl 

urgnnic-inorga~iic t~yhrid bys~cms. A m o ~ g  v;rrinus inol-gunic n;~no~natcrinlr. 

5clniconcI~1~1or atid inttrzl 11ant)pnrt icfcs Iwvc gaincd i n~escs~ i n  Inhl two 

clccaclcs duc 10 ~llcir ~l l l ic l l~c optical and C ~ L ' C I ~ ) I ~ ~ C  pt'opel-tich. govcrncd 11o1 
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only by its cornpos~tion. but also by size and shape! Meral nanoparticlcs in its 

colloidal statc havc attracted mankind cven centuries agu: the medicinal value 

af metal nanoparticic in its colloidal statc have altltracted the civilization In 

east, which is well dmumentcd in books of ancient Indian Ayurveda like 

'Charaka Samhita' and vedasP7 Metal nanopnrticles hnvc been used for 

decorating glass windows (stained glass windows) in many ancient cathedrals 

in ~urope." Another cxample is famous Lycurgus cup of the 4Ih century. 

which is now displayed in British museum." This glass cup is crnbsddcd with 

a small quantity of an alloy of gold and silver having a diamcter of -70 ntn in 

the molar ratio of (3:7). Interestingly. thc glass cup appears grcen when 

viewed in retlected fight and transmits rcd colaur when illuminated from 

inside. Today. we attribute tho special color display in Lycurgus cup to 

surface plasmon resonance of the alloy. The first systematic documentation 

on the synthesis of nanomaterials was reponed by Michael Faraday in 1857.'" 

On reducing sodium tctrachlomaurate (Na[AuC14] wi tR a solution of 

phosphorous in carbon disulphide, a dcep ruby coloured solution was 

obtained which he attributed as 'finely divided metal'. Reccnt developmenrs 

in the classical wet chemistry methods have enabled the synthesis of various 

metal nanoparticles and thcir alloys by controlling thcir sizc and ~ h n ~ c . " ~  

Furthcr, various functional propertics of metal nanoparticles werc correlated 

with thc s i ~ c  as well as shape and these aspects are wcll documented?~" 

Excellent ~esearch on the synthesis and study of colloidal senliconductor has 



bcen carricd out by Hcnglein and caworkem and thesc aspects wcre 

summarized in itn earlicr review." Theoretical insight on  the tunable 

absorption and clnission properties of se~niconductor nanoparticles. when the 

size i s  brought bclow the Rohr Exciton radius, was provided by Louis l31.u~ in 

1 984. ' ' Later scvcral experimental mcthods have been dcvcloped for the 

synlhesis of semiconductor nanoparticles and a bricf overvicw is sulnmarized 

in the following section. 

1.2. Quantum Dots: An Overview 

Quantum Dots (QDs) form an important class of low dimensional 

stl-ucturcs with sizc, shape and composition depcndent physical as wdl  as 

chemical properties.'' Photoexcitation of a hulk senliconductur results in the 

formation of n hound electron-holc pair, called 'exciton'. throush the transfer 

elf an clcctron from valencc band to conduction band. Thc freedom uf charge 

carrict- ~ ~ ~ o t i o n  is c.ornplctcly restrjcted when all the thrcc dimensions of the 

mutcrial arc confined in nanornctcr length scale (for examplc, excitons in 

semiconductors when confined below the exciton Boht radius). Such 

~natesials are ter~ncd as quantum dots (QDs) or zero-dimcnsional materials 

(OD). "' One-di mensional ( ID) semiconductor nanostructurcs can bc obtaj ncd 

by confining two of the dimensions of a semiconductor rnatcrial below the 

Bohr exciton radius and quantum rods or quantum wires are the best 

examples. Further, a (213) quantum well structure i s  obtained by limiting 

quantum confincmcnt in onc of its dimensions i,c., only anc dimension of the 



material i s  i t 1  nanowale regime. The extent o f  conri ncn-iciir ul' charge can-icl- 

motion results in the charlgc i n  clcctronic encl-gy levels as illustrated i n  Figure 

1.2: the conlinu~111-i in case of' hulk s e t ~ ~ i c o l ~ d ~ ~ c t o r  rnatcrial was transfot-mcd t o  

discrete atomic like energy Ic~c l s  due LO cluantum coni'ine~nenl. with a 

concomilanl inct-case in Ihc lowesl energy srates. 

Figure 1.2. Schcmnt~c diagrain r ) l '  the densily of htarcs (DOS) in 

serniconductur ctructul-e\; from lefi. bulb ina?eriaI. qu;intuln well, 

quantiun wise/rod. quanliun dot array it11 quantum conf~neinen~ In 911, 

I u, 2D and 3D rc+pcctii,cly ( ~ ~ i l ~ p l ~ ( i  /rot11 r0/#~r6)11(~~ I ? & / ) .  

A reduction in silt. ol' a material leads to an inct-case in the sul-facu al-ea 

per unit volumc as schcmalically shown in Figure 1.3. I n  QD5, significanl 

percentage of atorns arc occupicd a1 111e surl'ace. For exarnple, a 2.1 nrri s i x  

CdSc QT) contain3 - I400 alonis of which 25 % lie on thc sul-I-acc and inosl (11' 

1 2 t h  them possess darlgling bonds. Surl'act: enviro11111ent of scrniconductor 

nanoparlicle plays a key role in dictating its propertie\. Thuc, the ilnique 

properties of QDs origiriatc main1 y lrom two (actors: large surface to volumc 

ratio and thc spatial conlinement of charge carriers, called as cluantcun 



thc f'c.lr-llic.omiiig sec~io~ls .  

Figure 1.3. \ilnpIc t l i o i ~ ~ h ~  cxpcl-inlent \lioa.ing ut~! n;i~lc\l~ar~icle\ 
hakc xuch pll~noiucn~il surlhcc arcs ~xt' i t r ~ l t  \ olulnc ~ r i t l ( ~ / ~ / c ~ t l  / t - o t l r  

t . r * j t ~ t ' r . t ~ c . r  12r.I 

1.3. Quantum Confinement E:ff'ect 

Tlic physic;il anci u11crnic:il propertics of 21 r~l;itcr-ial ;lrr dir-cclly r-c.1atc.d 

to tllc iypc of Ihe cha~+pc u;irt-ier motion ;IS well ;IS the space ill which (heir 

1 J rnotir211 is ot~nfined. Vnl- examplc. the crlersy lc\,els ol' an elculmn ;ire not 

quarltizcd i l~ l l i l  il is b o ~ ~ n d  10 at] it ton^. molecule o r  u mater-id. Once hound, 

[heir- rnotioit beooriies high1 y c o t ~ f i  t~ed in a potcnlirrl  ell and clu;~nti/ntioit scts 

in. resulting in q u n n i j ~ c d  enut-gy Icvels. Thc oxtcnt ol' cnnf inerncnt i s  directly 

i.cl;ited to the spatial I'recdoin allowed li>r clectr-on rnovcrlietit: s1nal1t.r tlie 

apace i l l  which thc bound motion take\ pl;ice, stronger I ~ L '  C ' C ) I I ~ ~ I I C I ~ C ~ I ~  i111d 

larger will he the energy sepal-ation bctwcell the aIlr)wcd el~cl-gics IczuEx. 'I'he 

nuclear confinernctit is the sli.ongcst type of ooni'ii~etnent a h  the [nolion of' d i e  

~ ~ u c l e o n x  i s  confined lo a I'crntometcr si7c scale. ?'his is I'olloweci by clectrunic 
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confinement in atoms. For examplc. in hydrogen atom the electron is confined 

to a length scale of -50 pm.6 

The spatial restriction in the motion of charge carriers in rnctals or  

semiconductors can be brought about by reducing the physical dimension of 

matter to nanomctcr size regime. In the case of semiconductors. a reduction in 

the size to nanometer lcngth scale of - 10 nm rcsults i n  the ( i )  splitting of 

energy levels of valance band and conduction band to discretc quant i~ed  

atomic like energy levels and (ii) an increasc in the band gap energy. This 

phenomenon is explained on the basis of quantum uonfincment effect.'' Both 

these effects are directly ohservablc in the electronic absorption and enlission 

spectra of direct band gap semiconductor nanoparticles, which i s  illustratcci 

by considering cadmiu~n sulphide as a typical example. 

Figure 1.4. Quantum confinement effect in thc electron~c absorption 

spectrum of CdS QDs of different sizes. (inset) A co~nparison of 
energy states while moving from a metal to an insulator (adapted 
.from re f e r f~nw 14n). 



Macrocrystallinc CdS has an absorption onset at 515 nm, 

uorrcspnndir~g to handgap energy of 2.58 cV;  a hypsochconlic shift  in the  

absorption band was observed whcn its size is decreased to a nanoscate 

tlimension (Figure I .4).I4"he absorption spectrum of CdS QDs having R nm 

s i ~ e  showed a considerable blue shift in absorption onsct with cvolution of a 

shoulder, closc to 500 nm. Thcse changes can he ascribed to an increase i n  

bandgap energy as well as to the replacement of continuous cnergy levels 

with quantized states. The small hump in the absorption trace represents the 

lowest optical transition or first excitonic transition (ISl, - IS,). as 

schematically represented (dotted arrow) in the insct of Figure 1.4. The 

cffects due to spatial confinement of charge carriers in QDs are more 

pronounced with f'urthcr reduction in physical dimension. On decreasing the 

CdS QD sizc to 3.5 and 2 nm, the absorption onset showed considcrablc blue 

shift with cvolution of sharp first and second excitonic transition in the 

absorption profilc (Figure 1.4). 

Cadmium selenide (CdSe) QDs are another important class of 

sernioonductor nano~naterial wherein the quantum size effect on the optical 

properties as a function of size is well explorcd (Figure 1.5).'" The 

absorbance as well as photoluminescence of CdSe is tuned from around 700 

to 450 nm, covering the entire visible spectral window, just by controlling the 

size in the range of 6 to 2 nm. I n  summary, semiconductor nanomaterial 

having same chemical composition can emit light through out the visible 
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region by inducing cluantum coilfiiicmcnt el'f cts. i .c.. just bq unlltrol l ins Ihc 

physical dimensjorl i u  nnnornctcr lenglh hcalc. 

400 0 600 700 

wavelength [nm] 

Figure 1.5. ( I F / I )  Abr;orpL~on (snl icl  trace) m-rd crliix4ivn apcclt-u (clottccl 11.riccl 
of CdSe QDs, a:, a Cuncr~o~i of jize. ( r - r ,q I i r )  Photolu~n~ne+ce~lcl: from C'dSf 

QDs in solutiotl and ill po~tdel  1-orm: A \ i \ ua l  t.\idcllcc of L I I I ~ I ~ L L I I ~ ~  

confinctmcnt cffect in CJSe QD:, (rrrlrr/ltcrl / i  U I I I  ~.rl/r~t.c~tlc,r l4l7 1. 

Many other propcrtic\ of st.u~ico~~cluctur- nann~l~atcsials such as 

oscillalor srrcngth. intrahand tsan\ilions, excitotl binding energy. rcdox 

potential of the conduct ion band edge anci valence hand cdpc. dielectric 

conslant and (one ancl two-plloton) ;tbsorption cross scction are dcpc~~dcn l  oil 

11.17  their physical dimension. For cxa~tiple. oscillu~or str-cnglh ~icuou~lts for  thc 

probability of the lowest cr-lcrgy electroi~ic tran5ition. wllich cicpcndc on the 

joint density of slates or energy lcvcls i n  ~ht:  conduction and valance band 

wherein the optical tra~lsitjon occurs. Further morc, i t  also depcncis o n  lhe 

extent of ovcrlap of thc cnvulope wavc funct ionh nl- electsons and holes. Both 

these Factors producc a 1a1-ge e~~hancctiient in the oscillatvr- strength as a 
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I'unution o f  qualltunl cntll'intt~~cnt expel-ic~lccd i n  11ic cyslem. Indi l-cc~ hund 

gap sct~iuouc1ucto1.s arc kriown to hc poor light erni tters hi  nce optical 

tr-ansition i n  tl~cbc systems ~-ccluire a cho~igc i n  ~iio~i~cnrurn and thus involvua 

I J ~ O E I O I I  C O I I ~ I + ~ ~ U ~ ~ O I I ,  I~OWCVCI.. l t ~ e  I I I O I I I C I I ~ ~ I I I I  wlcc[iol~ rule i h  110l i~~volvcct 

ill E ~ C  ~ L I ; ~ I I ~ L I I I I  co~ll ' i~~ed srructures. allowing ~;rdiativc rucornhiniitir>n of 

oxcito~is. For txamplc. i l l  co~~t~-as t  10 silicon (a11 indircul hundgilp 

seriiictlt~ducto~+). si [icon QIh show h i ~ c  depenclcnr ~)horoturni ncscc~icc wilh 

high qunntutil yield.'' 

The intr;ihand trr~nsitions. i.c., clcctr-on-llolc. rriinsition willlirt thc 

c o ~ i d i ~ c t i ~ ~ ~  hand and valc~~cc hi~~ld  ;tt-c i l l ~ o  i l l  tluenued hy c l u n ~ ~ t i ~ r ~ i  si7c cfl'cct. 

In hulk. thesc proccsscs I - L ' ~ L I ~ I * C  21 C ~ I ; ~ I S ~ C  i l l  ~ I ( ~ I I I C I ~ [ ~ I J I I  and r l l u x  hccomc a 

I ~ ~ O I I U I I  ussislcd prqouess. Helice. the itltrithand transitioris ;~t+c weak i n  hulk 

con~pal-cd to il l  tcrhhnnd tl-a~ixitions. ;is ttlc lattcr rcquit+ch l i  t l lu  uhnr~gt: i n  

morllelltunl clk~t.ing clcctr-o~iic ~n~nsiliotl. It1 the natloscnlc r-egirnc. thc quan~u~ii 

ctml'it~e~ne~~r  elax axes thc sclcclion rule and electr+orl can jump Ft+am utlc 

suh lc~~u l  to ilno1hc.r without changins Ihc motncnlum. nllowi~lg the nciv 

tr;lnsitions ill the IR regiot~. This p~.occxs has hce~l utili~ed to producc 

cli~n~ltunl cascadc lascl-x and dctcc(ol-s based o t ~  quantu~n conl'i~iud 

I ;:I hctcrohtructur~s. Similarly. the excitoe~ billding c~icr-gy is cl-th;~nued due to 

quantunl cot~fir lc~~~cnt cffccl i n  tiariostruct 111-es compared to that of bulk. Alho. 

tlic r-cdox potential ol'thu concluction band and valcnou hand are also sensitive 



to size of the QDs which shifts to more positive values for valence hand and 

negative values for conduction band with decrease in the size of QDS. '" 
13.1. Quantum Confinement Effect: Theoretical Predictions 

Semiconductors are characterized by their wcl I separared. continur~us 

energy levels Iabcled as conduction band and valence band with an energy 

gap in the order of few eIectron volts (< 5 eV). As mentioned eartior, 

promotion of an clectrvn from thc valence band to the conduction band by 

external stimuli such as photons creates a bound electron-holc pair callcd as 

exciton.I7 Minimum energy required to generatc an exciton in a 

semiconductor material is known as the bandgap encrgy (Eg). The electrot1 

and hole in such an cxciton is weakly bound (Wannier-Mot type), due to the 

larger distance and high dielectric constant of the medium. For example. the 

excjton binding energy in the case of cadmium sulphide (CdS) is 0.05 eV and 

the charge carriers arc separated by 2.5 nm. In contrast, thc clcctron-hole pair 

formed in an organic insuIator (Frenkal exciton), i s  tightIy bound in  the samc 

lattice site within a s~niall radius (exciton binding energy in the order of 0-1-1 

eV). These systems can be compared with hydrogen atom whercin the exci ton 

binding encrgy is E 3.5 eV and the charge carriers are separated by 0.053 nn-1. 

The small binding cnergy observed in semiconductor offers a vcry sapid 

dissociation of excitons into free charge carriers which results in electrical 

conductivity in semiconductors. This 'quasi particle' (i .e., exciton) can be 



tl-eated as hydrogen like system and energy (En) associated with the spatially 

confined system can bc deduced from Bohr approximation as follows;''" 

E,(k) = Eg - ~ , / n '  + (h2k')/2m 11.1) 

I n  the above expression. 'R,' represents the exci ton Rydberg energy, 

which is an estimation of electron hole binding energy. 'TI' denotcs (h/21~) 

where 'h' i s  the Plank's constant, 'k' is the wave vector for exciton (regarded 

as zero for optically generated excitons) and 'm' stands for mass of clcctron. 

The Rydberg energy is given by the expression 1.2. 

R, = c2/2~aB 

whcrc 'c' stands for electron charge, 'E' for permittivity and 'aB' for 

the distance separating an electron and hole in an exciton, tcrmed as exciton 

Bohr radius. This is an intrinsic parameter for a particular material, given by 

the  expression 1. .3; 

7 2  a~ = ~h ' lpe  

where 'p' represents the reduced electron-hole mass expressed as, 

p = l / ( l  /m,* + 1/mhT) (1.41 

whcrc nk* and inh* are effective mass of electron in conduction band and that 

of hole in  valance hand, respectively. The exciton Bohr radius for various 

semiconductor materials is listed Table 1.1, which can be approxi~nately 

deduced in the order of few nanometers (-1 - 10 nm). 

According to the quantum confinement theory, electrons in the 

conduction band and holes in the valence band are confined spatially by the 
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potential barricr of rhc sur.f:~ce whon thc size of the tnatcrinl is cornp;~rablc tcb 

its exciton Rohr cliarnctcr. DLIC to the confinemcnt of both ~It'ctrotl~ ;IIIC~ holes. 

the lowest cnergy optical transition from thc vnlenac band to the conciuction 

band shows an Encrcasc in cnergy. effectively incrcitsing ~11c band gap. Thc 

extent of quantum cr)nfinemcnt depcnds on the rclative physical sizc of 

I 3  material clncl its cxcitr,n Bohr sizc. Whcn thc physical dimension is s l i ~ h t l y  

larger than the cxciton Bohr diameter. it results in a weilk confinclncn~. A 

strong confincmcnt is cxpcrienccd when thc physical sizu is compamblc or 

substantially smaller than thc exciton Bohr diameter. 

Various thcoreticul approaches have been reportcd to prmcdjct tt ic basic 

principles govcrnjng the relationship betwccn thc sjzc of scmico~iductor 

nanoparticle aticl thcir band gap, band structure. cxciton cncrgies and orhcr 

parameters. All cfforts hascd on a quantum mechanical point of vicw. in  

which QDs can be mated as a "particle-in-a-box" type systcm whcrc the 

energy of the particlc is a function of box dimension. Thc first cxpcrimcntal 

evidence for the quantum confincnient in  clustcrs came front the findings by 

Ekimov and Onushchenko in casc of CuCl clusters having n si7.c of 3 nm."" 

Authors observcd a blue shift (0.1 cV) in thc cxcito~zic absorption as a 

function of decrcase in clustcr size. A qualitative thenrct ical trnnl ysls of this 

confinement cffect on thc bandgap cnesgy was put i'orwarcl by Efros and Efros 

utilizing particlc in a sphere and effective mass models as cxppresscd bcfow?" 

Eg(R) = Eg(m) + (h '1? ) /2~~ '  C1.5) 
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where 'EgCR)' and 'Eg(m)' represent the band gap energy of the cluster 

as a function of cluster radius 'R', and that of bulk. respectively. 

Henglcin reported a similar size dependent shift in thc absorption 

spectrum in case of CdS and ZnS colloidal  solution^."'^ Thc theoretical model 

proposed in case of CuC1 cluster was quite elcrnentary; it  ignored many 

important factors including the electron-hole coulombic interactions and used 

infinitc potential wells. Using the widely accepted effective mass model 

(EMM), a more reliable rheoretical approximation was reported by Brus in 

1984, describing the size dependent optical properties of CdS Q D ~ . ~ '  In this 

modcl, Bnrs retained the effective mass model approximation and 

incorporated a new potential energy term related to dielectric polarization tc 

account for the coulomh effects. Tbese aspects are cxpIained as follows. 

Absorption o f  light creates an electron-hole pair which interacts with 

the lattice, as we11 as with each other. The strong coupling of electron and 

hole with the periodic potentiaI of the lattice makes them to behave as 

bbpseudoparticIes" with an 'effective mass' rn* and mh* respectively (the ratio 

of the mass of the electron and hole in a semiconductor to the mass of the 

electron in vacuum; often smaller than their free masses). Effective masses of 

charge carriers for a few semiconductor materials are providcd in Tablc 1.1. 
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Table 1.1. Physical constants for some semiconductor 

materials." 

Material Eg, eV a ~ ,  nrn 
* 

me mh* 
- -- - - .- - -- - -- - 

CdS 2.58 2.8 0.19 0.80 

CdSe 1.89 4.4 0.13 0.80 

CdTe I .50 7.5 0.1 1 0.35 

Ga As 1.42 12.5 0.07 0.68 

GaN 3.42 2.8 0.20 0.8 

Si 1 . 1 1  4.3 0.9 0.52 

This forms the basis of EMM approximation and mathematically 

represented as follows (equation 1 -6); 

Ey(QD) = Eg(bu1k) + (hZnZ 1 2 ~ ~ ' )  - ( 1.7861~R) (1.6) 

This simple approximation, which correlates the bandgap energy and 

QD size contains two size dependent terms. An additive term for the kinetic 

energy gained for exciton by quantum confinement effect with l i ~ '  

dependence on Eg and a subtractive term for the colurnbic interaction (VI?,,,,,) 

with a 1IR dependence, which accounts for the mutual attraction between 

electron and hole in an exciton. Quantum confinement effect becomes 

prominent in case of very small QD sizes since the additive term has I/R' 

dependence. For QDs having larger sizc, the theoretical rnodel predicred 

showed good agreement with the experimental data, however deviations were 

observed for smaller QDs due to strong quantum confinement effects. Some 

of the basic assumptions used such as (i) the electron and hole in exciton are 



uncol-rclated, ( i i )  use of infinite potential well, ( i i i )  consideri rig QDs as 

sphericalIy symmetric entity, (iv) ignoring the coupling of electronic states 

with vibrational levels are responsible for the deviation observed for smaller 

QDs. 

Brus model was further modified keeping cffecli ve tnass 

approxi mat ion, and by introducing morc parameters. The electron- hulc spatial 

correlation effect was accounted by Kayanuma and modified the Bms 

equation as follows (equation 1 .7);22 

Eg(QD) = Eg(bu1k) + (h2rr' / 2 p ~ 2 )  - ( 1.7861~R) - (0.248Ek,) (1.7) 

Weller- and coworkers introduced finite well depth conditions to confine 

exciton and accounted for the size dependence of the energy values for higher 

cncitrd states.'" Later, Nosaka used particle-in-a-box finite depth spherical 

well 111vde1 calculation for sc~niconductor n a n ~ ~ a r t i c l e . ~ ' ~  However, none of 

these improvisations were fully successful in correlating theory and 

expcritnent in the case of strongly quantum confined structures. 

A different treatment, deviating from the effective mass approximation 

was introduced by Wang and coworkers (PbS, CdS) and Lippens and 

uoworkcrs (CdS and ZtlS), using a molecular orbital calculation method 

named as Tight Binding Harniltonian ( T B H ) . ~ % R ~ ~ ~  Krishna and coworkers 

came up with a more precise model named 'empirical pseudopotentid 

method' (EPM)," incorporating more parameters ref ated to surface effects, 

lattice structure, lattice constants, cluster shape etc. The results werc in good 
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agreement with that of experimental data, especially for small siz,ed clusters 

where strong quantum confinement exists. Comparison between experimental 

data and various theoretical models is illustrated in Figure 1.6. 

QD Radius. nm OD Radius, nm 

Figure 1.6. A comparison of experimental and calculated data (bascd on 
effective mass model (EMM), empirical pseudopotential model (EPM) and 
tight binding hamiltonian (TBH)) for the dependence of the optical bandgap 

(exciton energy) on the cluster size for CdS clusters (adupred fk r~rn  
references 24 clncl25). 

Many efforts have been reported to i~nprovc the above discussed 

theoretical models, adaptable for any QD system irrespective of their 

composition and sizc range, to fit with experimental data. Generally, all thcse 

are by incorporating more complex functions, different potential hal-rier 

heights etc., which essentially makes calculations more complicated and time 

consuming. For example, conventional EPM was modified by Zungcr and 

coworkers as semiempirical pseudopotenti a1 method (SEPM) by in traducing 

local density approximation ( ~ ~ ~ ) , ' ~ % h i l e  Kiln and coworkers uscd planc 

wave pseudopotential approach which includes spin-orbit coupling, screened 

electron-hole coulomb interactions, and exchange interactions.'" Recently 



Wang PT LII. U S C ~  a charge patching methud, with ildvantaycs over EPM to 

co 111p:il-e the q~i;inIu~~-i confinement effect i n  Lcro and onc dimensional 

'7 nallosrl uuture.c.- Though there wcr-e tnany drawbacks. modified formt, of 

EMM arc still uscd, owing r o  thc simplicity and specd in calculationx. A 

uouplt: of rccont variants of this method include multibnnd EMM by Cfros et 

(ii. a n d  kMA-THH combination by Cnrceller c~t  o1.'"1n lattcr ~ipprunch. 

intr-oducecI for silicon QDs. fc;itures of tight binding method was adoptcd to 

i111prcn.e pr.ecisiorl of EMA calculations. 

A physical picture of size effects in QDs can he under-stood fro111 the 

clcctrt>nic structure of' scmiuonductors i11 the atomic. moleuulur and bulk sire 

1 1 . 1  3h.b') domains. Thc basic building blocks of matter nru atoms. which 

corlstitules elcctt-ons orbiting around atom nucleus. Thc inciividual path of an 

clectron is dcsignatcd as atomic orbital (AO) with an assuci;ited disul-etu or 

quant izcd encrgy lcvels. A co~nbinatiun of sevcral atolns gerlcrarc molecult, 

wherc electrons or-bit collcctiveZy around more than one nucleus. Thus the 

AOs tire shared bctwccn atotns. and labelcd as I ~ I O ~ C C U J ; ~ ~  u~;bitals (MOS). 

which still have atomic like discrcte energy lcvels. When atollis combine to 

gener-atc crystal line sol ids (e.g. silicon atoms to give crystaIline siliunn ). the 

clcctronic structure can bc described in tcr~ns of a periodic combination of 

atomic: 01-bituls. Cornpared to a tom or molecules, the electronic structure of 

thc solid no longer consists of discrete energy Ie\rels, in contrast they form 

broad. cot~li nuous encr-gy levcls, callcd as energy bands (This is illustrated in 
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Figure 1.7. with SI as an example). The intermediate size regime of 

nanometer scale exrsts between molecules having discrete energy levels and a 

bulk solid having energy bands. The concept of energy hands are retained in 

this size regime with discrete energy levels in band edges. The bandgap 

energy in the case of nanomaterials is not identical with bulk matter and 

depends on the size and in turn the numbcr of atoms present. 

QDs 

Figure 1.7. Conlparison of electronic energy levels for atoms, 

molecules (with discrete, quantized energy levels) and 
semiconductors. QDs fa1 1 in between molecules and bulk 
semiconductors, with discrete energy levels st the band edges 
(adupted from rcft~runce 13h). 

1.4. Synthesis of Quantum Dots 

An ideal strategy for the synthesis of semiconductor nmoparticle should 

have the following characteristics: (i) control on the size and shape. ( i i )  high 

monodispersity and good crystallinity, (iii) hrgh luminescence quantum yield and 

(iv) reproducibility. Two different methods adopted for the synthesis of nanocrystals 

include Yop-down" and "bottom-up" approaches. In the "topdown" approach, bulk 



crystal is crushed down mechanically to nanoscale size regime using various 

physical me~hds. In LLbttom-up" approach. thc constituent ions or molecule< are 

grown ntrm by atom to nanocrystal of desired shapc and size using solution-phase 

coIloida1 chemistry. A brief summary of various methods adoptcd for the synthesis 

ol'se~tliconductor QDs is givcn bclow, 

1.4.1. Epitaxial Growth Method 

The simplest way of producing quantum dots is directly generating 

semiconductor particles in gaseous or Iiquid phase. followed by their contro1Jcd 

condensation nmop;uticlcs. Again, the crysfallinity and msrphalogy of the 

resulting nnnostructures can bc guidcd by using templates or substrates on which the 

cc~ndcnsrilion is pertbed.  This type of gmwth is called 'epitaxial grr~wth*, where 

the suhswate (the tcmplatc) and the growing semiconductor Iayer ~ve having 

matching crystal lattice parameters. Various cpizttxid methods employcd for QD 

synthesis are briefly discussed below." 

In molecular beam epitaxy (MBE), the growth i s  performed in a vacuum 

chambcr whcrcin the precursors in its elemental or homoatomic form c l r ~  vaporized 

i11ro a 'molecular bcambnd deposited on a substrate (Figurt: 1.8.). MBE chamber 

incorporates in sirti chwiicterisation techniques such as rcflcction high-energy 

eIectron diffraction (RHEED), which dlows the real time monitoring of crystallinity 

and morphology of the growing layer. When the precursor is in the form of a metal- 

organic complex, it is called metal-organic chemical vapor deposition method 

(MOCVD) or as mctal-organic vapor-phase epimy (MQVPE). This method i s  



simple and offers higher growth rate. but lacks real time chamctcrisation as in the 

case of MBE. A combination of MBE and M W V D  offels mtlther technique- called 

as chemical beam epitaxy (CBE) where metal organic precursors arc uscd. The 

reaction is performed in vacuun~, which offkrs advantages of both the parent 

methods. When high deposition rate and high crystallinity ;ire requisites. liquid 

phase epitaxy (LPE) is  preferred, where the subs~dte is bmught into contact with n 

saturated solution of film material at appropriate temperatux md dur~tien, Even 

though this method is cost effective, thc surface pmpcrties of the nmostructure 

obtained is I>€ poor quality due to low control ovcr morphology. 

Cryopanne Is 

Scmple Molder Asssmbly 

Apre 1.8. Schematic ilIustration of MBE gmwtPI chamber. The 

precursors sire fed th~uugh effusion cells and the molecular hem 

generat4 is deposi t d  on the substrate (ndap~ed~fiotn refer~!trce 13~1). 

Another simple method is to usc a laser beam to produce 

metaVsemiconductor vapor, called as laser assisted vapor deposition (LAW). Lxes 

ablation of a solid target leads to production of ablated materials which can be 

deposited itself on a substrate or can be directed to substrate with an inert gas flow. 

This may also be performed in a liquid phase by keeping thc material in a solvent, 



u-h~uh  contains an appropriate capping agent io protect atld srabit izc thc la&- 

gc~~cinrccl niu~op~ir~iclcs. Physical tneth~xls a1-c useflr l in the lllrtss prduct~on of 

nancr.~ysrals. l~owc\~er it lacks control O\'L'T S~ZC. shapc and dispsit y. In addition 

thcsc techniques rcquire sophisticated instrumental set up and skitlcd rnanpower 

kvhich ~ i ~ k e s  i t  cc.onomicnlly unuiable. 

1.4.2. Chemical Methods 

Soft chemistry follows a colloidal synthesis route. a Inorc vinblc nr~ri  cost 

effective approach, that can k pcdorrncd in any laboratory environment. I t  offers 

scvcrd ud\lantagcs ovcr physical mcthds. Chcmical n~ethods allow the prcpa~*ntion 

of widc rnrlgc scmiconductor nanopticlcs ,and corc-shell nanostructurcs with 

cxccllcnt control over s i x ,  shape and dispcsity. This ~nethrxl also allo\vs the 

fu11c.t ic~tialisation of surt':~ccs of semiconductor nanoprmicles with vitriou~ I igat~ds. 

:ulci fl~c design elf highcr ordcr nailostmcrures through self-asscmhly. 

Colloidal sjbnthesis ofkrs a versatile route. whcrt: nanopanicles rut. grown by 

chemical rcaction of their precursors in an appropriate solvent. It folloivs the usual 

nucleation and c~ystal growth mechanjs~n wherc the latter prcccss is coritrollcd by 

thc uhc of an appropriate surfactant or capping ngcnt (somctimes the solvent 

tnoleculc i tsclf saves as capping agcnt). Coutrol ovcr thc size, shapc, disyx-rsity and 

crystalli~litg can bc achicved by adjusting the rcaction conditions such as tirne. 

temprature, concentration of the precursor, chemical nature of the capping Iigandr 

and surl'autants. 



The hislory of colloidal wmiconductor synlhesis starts i n  1 980s. wilh thc 

initial intercst of using semiconducrors for thc splitting ol' natcr tn p~.txiucc oxygen 

and hydrogen si rnultnneo~~sl .2U" Earl icl- arte1npl.i 10 produce ux trcrnel y xmal I 

particles include (i) six selective precipitation o l  dilute colloidal liulution and ( i i  ) 

gmwing them in confined r-natrix (templates) such as zcoli tes. ]nice1 lcs, ruoleculal- 

sieves, polymers, ~CHIOIIIC~S, hollow biological ~~w)leculcs, lipid bilaycrs etc 1Figurc 

1.9).29h>h.' ..30 

Surfactant 

M 
Non polar Polor 

to l l  Head 

Figure 1.9. V:iriou\ wlf--assemblie.; ol' ~;ir~hlctarit in col lo~dal r ;ol i i t~o~~~ 

resulting in (A)  nomial inicellch (l3) ievel-se miccllc:, (C: ) intescotlnccled 
cylindurs (D) planar laniellair and (El onion-like lamullx phaw {ur l r r j~ ic~c l  

fiotn rrJktrc-r 30). 

A break through in producing monodispersed QDs of cadxtiiur-n 

chalcogenide such as CdS, CdSe, CdTe. (11-VI ~emiconductors)  was reported 

by Bawendi and coworkcri in 1993.' Thc authors wcrc able to synthesize 

highly crystalline QDs using organometallic precursors in lhc presence o f  a 

coordinating solvenl. tt-ioctylphosphinc oxide ITOPO). The rcaction was 

carried out at elcvated lel-tlpcratures (-360 OC) u~lcler vacuum. using selenium 



pr-ccu~-sol- (TOPSc; sclcniul~l cool-dil1a1c.d lo t t-iout yl pl~osl,h i ilc ) which \ ~ : I S  

This r-csulted in hul-sl nliuleatic~n l'ollnwed by c.i.ysl;il growl h teudi tlg lo 

tbt-r~ii~tioti o f  crystalline qllantunl dots. 'l'OPC3 set-\.ud ax t l~c  liiaili C ; I I I P ~ I I ~  

cxceller-11 hol~t~ilily i n  nonlw~lnr stllvcrits. Low 3urlhce clcl'ccrs. con~pai*etl to 

othcr sy~~t l~c i i c  t11ctht)dc; is  another :zclvuntagc ot' ~ h o  high ~cn~peruturc 

achicvecl hy co~~troll i l~g thc ptrcutsol- uonccnzratio~~ t cmpc~~t t~r -c .  t-taction 

dut+a~ion etc. Furthcl-. [lie organic capping izgcut. which is elcctrostn~~call!:~lly 

h o u ~ ~ d  the QI> surl'rice. could bc rcplaced hy l'unciionali\atio!i wi tli (ll i t l l .  It , 

i s  posxi hlc 10 inlroducc pholoautivl: or+ eleci~-oi~cli\!e gt-oups on to (he  s~~rflacc 

of nanopiirticlc by Uollowing this ~ l ~ u t h o d  (placc cxch:~n~c:  t*eactic>n 1. 

in Yoruun Pjmg 

Yikwre 1.10. Figure presents an exlwrime~ltal sct-up for QD sy~~rhcsih b) high 
teinprdt~~rc ol-garx~mehllic methtxl. along \vilh an sallematic i l l u h t ~ ~ i l t i ~ t ~  01' 



other ol-gn~roinetaIl ic preuul.\ors d i ~ c  lo i ts  cxlremc tox~ci  11. pyr-clphor-ic I ~ ; I ~ L I I . I ' .  

expcnsivcncss and in~tit l7i l i t j  :'?" A l~lal-licd i ~ i r p l - o \ ~ c i ~ ~ r i ~ i  i 11 1 1 1 ~  ;II?OI c 

as vllcll as i n  sisc di\tr.ihutior~ (s,<5'4) n ; ~ c  oh\c. l*~cd I'ol. the ~ - c . c ~ ~ I l i i ~ g  

nancxrys~als (Figzlre 1 . I I . 1 .  Thik wax ;!rll-i hulcd t o  ~ h c  tP~cl-m;il \zithi l it! ;i\ \i cll 

as slow rfccomposi~ion 01' thc c a ~ l ~ i i ~ r r n ~  rbuiclc coriip:~~-ccl d i ~ ~ ~ ~ ~ l I i ! ~ l c . ; ~ J ~ ~ i i i ~ r n .  

which lecl lo n slow ullcl I i c ~ 1 1 1 ~ ~ y t . i i ~ o ~ 1 ~  ~ ~ i i ~ J c ; ~ ~ i o t i  1111~1 cr-yc~al ~ t . o ~ i ~ 1 1  

(avoidi tlg O~twnld'c; ripurii~~g~.'-"' 

Several olhcr syn tt~e.;is prolocol!+ bvcrt: I-cpor-ted hy \ . ; 11 -_~ i  11s I ~ C  

cadmium precursor te.g. cadn~iuln auctate. c:iclmium htearntc). rcnction 

medium (e, g, ocladeccilc. olivc oil) 2i11cl cappi~lg agcnts such rrs nrniljcs. I'iitty 

1 : acids, phosphnnic acids etu. Design anti t':~hric;ition ol' ;~nisot ~ . c > p i ~  



~ ' l ~ ~ l ~ ~ l ~ l  I :  ~ ~ l l ~ l t ~ ~ / l l ~ l  I l O / ?  (<I/),\ ). A l l  O\.<JI \ 2 (1 
- . - - - - - - - - - - - - - - - - - - - - - - - 

~ ~ l l l i ~ 0 l l ~ ~ L l ~ t c 7 r '  t l ~ l ~ O h l t ' l l ~ I i l ~ ~ ~  s11c.h iL\ IlclIlOl-0tlh ( ~ ~ l l r l l l t l l i l l  I.[><{\). ~l~liio\i iicx 

( C I L I : ~ I I ~ L I I I I  N ire\), dipto~lh, i r t l ~ ~ h  ~ I I I L I  tch-iipoih c clr;i~i~~i k ~ ~ k ~ ~ l ~ o ~ i  ~ . c~>c i~ t  

j oat'\. Thew ~~ui~o\t~-ucti~l-t ' \  LII-c tlwing high ~~ntcnf I ~ I  c\pcciull! 111 I L ~ t 7 ~ . i ~ L ~ [ ~ ~ i g  

n ; l no~ lo~ t~ -o~ i~c .  photovolt:iic ullcl cnei-g! s~ul-;l;c d c ~  icuc clz~c to thcir. \h;~l)e 

rlcpcilclcnl pl-opurlic\. For cs,~rnplc. I 'dSe n,~t~o~.ocl\ ~>osxc\\ 11o1;u.i 1c.d 

einission rclatcd u11h ~ h c ~ r  cyl~tidi.~c,~l xynl~netsj u hich rn;thc\ llicnl ;i rlolel 

11 pholonic nl;~lcriaI ( !'or- c.g.. 1i1ser. sy\le~ilc). A uollcu~ion ol rccctil rci ~ c t \  \ on 

t hc 5y11 tI~cxi\ o f  zhor rol~ic ~und ; ~ ~ i \ o t i . o l ~ i ~  ~ ~ ' I ~ ~ I C C > I ~ C ~ I I C [ C ~ ~  I ~ ; ~ ~ I C > \ ~ I - I ~ C I I I I  e\ .  ~ I I C ~ I  

cl~a~~ctcr.ixittion and irn e h t  ig;llio~l of thclr propt.~-~ie\ ilrc li\Letl i l l  R r l i  c i ~ ~ c r  

35 ,lnd 3h. 

1.5. Characterization of Quantum Dots 

A ~viclc t-~lngu of xpcc.?r.oscopic a\ n~cll ;is micbr-o\copiu lcChll~quc\ aic 

;~v;lilahlc for Ihc ch;i~-nctel-i~rlrio~~ 01' scil~ico~icli~ulc>i- ~lr~nopar-~iulch. ,I hricl' 

clcscrip~ion of viiriouh tcchllique\ l~sed in suh\ccl~~cn~ cti;iptc.~.:, I-or 

char-nc~et-i~atiori of ilanr,matcr-ials is clisciicscd hclow. 

1.5.1. IJV-Vis  Spectroscopy 

A~nong \pcctroscopic ~ncthod\. I!V-Vix ;tb\or-ption ~tncl  t . ini\\io~~ 

y~ecltoscopy i h  a \.cry \ililplo ~t'cl~tliquc i~ hich i3 i 4  idell. i ~ w d  I'or thc 

prt'l irninur-y ch;ir;~utcrisatiur~ of Q13.c. C)D\ hho\v s i ~ c  dcpc~ldcnl ;il~coll~Lion 

iund cn~ir;sion spt'cLr-a and the t11eort.t ic;d dcle1.1-11inat ion of its s i ~ c  ic pvsxi blc 

I'roin thew daiii. For oxurnplc. thc si/.c of rdSe  QDu having tliaine~cl- 'D' can 
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be predicted from the corresponding absorption spectrum by using following 

relationship (I.$), where 'Ibl- is the first excitonic absorption maximum."" 

D = (1.6 x 10-')h14- (2.7 x 10")hI3 + (1.6 x l~-")h,' - (0.3)hr + 41 .S (1.8) 

Similarly, stokes shift and the broadness of emission peak (FWHM) i s  

also an indirect measure of the surface imperfections and size distribution of 

the nan~cr~stals.~' 

15.2. X-ray Diffraction (XRD) 

X-ray diffraction analysis is a versatile tooI, which provides 

information about the size as we11 as the crystallinity of the nanostructurc. 

The elastic scattering of a beam of monochromatic X-rays (of wavelength ' 2 , ' )  

by the periodic lattice of the sample can be analyzed based on Bragg's 

relation. The XRD pattern of the nanopartjcles is usually characterized by 

broad diffraction peak. The width of the diffraction peak (B) at an angle (0) 

can be correlated to the sizc of the material using Debye-Scherrer equation as 

given 

Particle size (D) = 0.903JBcosO 

1.5.3. Electron Microscopy 

Electron microscopy is one of the most powerful rnicroscupic 

techniques used for characterizing nanomaterials wherein electrons and 

magnetic lenses are used to image the sample, instead of photons and optica 

lenses in optical microscope. The maximum lthcoretical resolution that can bc 

achieved with visible light, based on Abbe's equation, is  in the order of 221 



~ ~ l t ~ ~ p l ~ ~ l -  I :  Q I I ~ ~ ~ I I ~ ~ I T  iJo/s (QDs):  Aft O I ! P ~ I V ~ J L ~ ,  2s --- 
nnl. Therc is an obvious advantage in using elcctrnrt hram k r  irnuginp. For 

L ' x ~ ~ ~ I ~ I c .  bpotial resolution down to I nnl can bc achieved h! using an 

zlcc6mn bealn accelcrared a[ 100 keV (posscssel;, a wavclungth o r  -.370 pm). 

Tliic l'or~lis ihe basic principle of the various clectron microscopic t t c h n ~ q u e s  

suc1-l as scnnniizg clccfron microscopy (SEM) and tran~mission clectrtln 

microscopy (TEM). I n  the case of TEM, a fbcused ctect~.on heal11 ( 1-3 keV) i s  

;il ) (wed 10 interact with !he speciincn and the ~rans~ni tted electrons art 

ctlllccred on 3 lluorcscent screcrl lo gcneratc thc (2D) imnpch. Typicill 

cxalnples for TEM i m a ~ e s  for CdSc setliiconduulor nanopurticlcs o f  V;~I-IOU\ 

ch;~pch arc shown in Figure 1.12. 

Figure 1.12. Bright field TEM images of CdSc ~ ~ a ~ ~ o c r v ~ t a l s  

of' differxnt shupcs: (A) quilntutn dots. ( H )  rods (C)  wii-c ,lncj 

( P) tripods (crcflrpr~d,fi-om rcIJer-6)nc.p 36). 
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1.5.4. Energy Dispersive X-ray Spectroscopy (EDSI 

Energy dispersive X-ray spectroscopy (EDS or EDX) is an clectron 

spectroscopic technique used lo  explorc the chemical composition of the 

sample. In this tech1-iique, an elcctron beam is allowcd to impinge the sample 

surface leading to the e.iection of an electron from the inner shell (e. g . ,  K 

shell), leaving a vacancy. This vacant space is filled by an electron from an 

outer higher-energy shell (e. g., L shcll) and the difference in energy between 

the higher and Iowcr energy shcll may he released in the form of X-rays ( 'Ku '  

emission). The number and the energy of the X-rays emitted from a specjrncn 

is the fingerprint of thc constituent clcrncnts i n  the sample. 

1.6. Exciton Dynamics and Optical Properties of QDs 

In semiconductor nanoparticles, excitons cvuId be generated by 

external stimuli such as, photons (photoluminescence), by injection of an 

electron-holc pair (elcctsoluminescence), by electron impact 

(cathodoluminescence) or by chemical reaction (chcmiluminescence)."" The 

study of charge carrier generation as well as their recoi~~bination dynamics 

has received considerable attention in recent years. Issues of intcrcst include 

multiexciton generation. recombination, trapping, carrier-carrier in tcraction 

and their dependence on particle size, shape and surface characteristjcs. 

Figure 1.13 illustrates major pathways of charge carrier relaxation for an 
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Figure 1.13. Schematic illustration o f  cxc i  ton 

recombination modes in QDs: ( 1 )  S i ~ ~ g l e  exciton 

gcne~.ation, (2) & ( 3 )  electron-hole relaxation, (41 band 

edge emission, ( 5 )  trap state ernission and (6) nonradiativc 

recombination. 

Excitation of QD with photons of energy higher than its 1 ~ndgap 

energy leads to generation of an electron in conduction band and a ho in the 

valencc band. The first step is the relaxation of elcctron and boll to the 

cunduction band edge and valence band edge, respectively. Dut to the 

interaction of electron/hole and phonon, the energy is releascd as loc: lattice 

vibrations. This process occurs in the time scale of 100 femtosecond: lr  less, 

Once the elcctron is relaxed to the bottom of the conduction band and le hole 

to the top of the valence band, they can recombine radiati ely or 

nonradiatively. The radiative recombination i s  calIed as bar edge' 

rcco~nbination and the lifetime is in the order of nanoseconds or long '. As in 

thc case of organic fluorophores, QDs show 'Stokes shift' in emissic , i.e., a 



stlift in I ~ L .  c.lnissi~)l~ ~ i~ : rx in iun~ IO Iongcr it.a\.clcnyhs c.o~nl~al-cd Ihc I'jr-\l 

excitonic aboi.ptic>i~ i l ~ a x i r ~ ~ u l ~ ~ .  W hell lo\vcin I>. i l~g CII~I .~!  Icvc1.c r w  ' t n ~ p  

states' 31'C PI'CSCEI~ \i.jlhi 11 Iht' ~~IHIIF~I~~ (duc Irl $!lrr';lcc dcfc~.ls. inlcrn;d cfcl'cc~s, 

uti~aturn~ed hor~clc; cWlu. I. rhc c*huryr. carrirrs arc ~nq~ped .  inlli h i~ i ry  the I~anrl  

udgc t.ccoiiibiri;~t it111 Ilroccss. Sucti ti.up \t;tfch c;iii I3c c l ~ c  to hand ctlycs 

Ishollow truph) or l t t i a y  tcfccp I r - a l h ) .  Zts whicl1 cxcitr)rl rlligl'a~ca itt a t i ih tu r  

tilnc xcale. ~>piunlly ill a t'cu picosect~llcls. Tr*;1p1>ctl c.1ia1.g~ cir1-1.ic3 \\,hc~i 

rtcomhinu I . protlt~cc. 11-ap-stu~c c~llissicm INI;II t > t ~ r ~ o ~ ~ i l ~ .  

consicfcl:~hl\. rctl 5hil'~cd u i~ t i  I-cspcc~ I(> harid cclgc cr~i issic~r~. Deper~di l~g (111 

lhc na1ul.c 01' rlic rrap xtiltcs. tl lc cxci tr~n life1 inlc may vw'! ii-o~n ~~ i l~~oscconc ls  

lo rnicroxeuorrd~ clr. er erl 1011gcr. 

Othcr i tnpor+tnur ahpccls t ) f '  uhai*gc curricr rcluxntioil ill OD\ iilclude 

:'I generiition of n~iilricrciron\, I ~ ~ m i ~ ~ c s c c ~ ~ c c  i trtcl-miltenuy clc. 111 frlrnicr 

plhocc$c;. more tlian 011c' t"~rito11 ih  ~CI~L'I';IICC~ fr'c~111 II hiriylc ~>hotoli. CYCL'CCIII~~ 

yuantuin erl'icicncy hcvo~~d  onc. L ~ ~ n ~ i ~ ~ e s c e r r c r .  ir~terrnitttlnq* crrigir~i~tus b'rclri~ 

the relaxaiio~~ of i i  high cncr'gy cxcilr>t~ crcatiny anonher cici~or~. L\ l i ich 

follows ail auger process, 111aki1lg QL3 ionized n13d no~i lu ln i  ncsccnl. 

1.7. Quantunl Dots: Applications in Modurn Technology 

The potcilniiil nppl ici~tioras 01' sen~iconcluctclr ~lanop;u-ticks covcr ;I wick 

area [I-om pu~cluction of cncryy to stoi-age. c lcc~wnics to plrr~lonics. 

biomedical suioncc to hiolcohnology and s o  on. Amotlg ~llese. OD b;ised solar 

cell systems hnvr receivccl much uttenticln.'l"" Tunithlc handgaps ol' 
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Anothcr innovative application of QDs is in modern bromediual 

analysis (cell imaging and largeti ng, therapeutics) and in the dcvclopmen t of 

novel chemical sensors. The unique physicnchernicaI properties of QDs. 

coupled with the i nherenr increase in signal-to-noise ratio makes thcse 

systems promising candidates for sensing applicutions.4' A dctailrd revicw on 

the use of QDs as biosensors, exploiting their outstanding properties, is 

described in Section 4.1 . 

1.8. Focus of the Current Work 

The overall focus of the thesis involvcs the synthesis and 

characterization of CdSc QDs overcoated with shell materials for various 

biological and chcrnical sensing applications. Second chapter deals with the 

synthesis and characterization of CdSe and CdSeJZnS core shell QDs. The 

primary attention of this work is  to dcvelop a simple method based on 

pho~oinduced charge transfer to optimize the shell thickncss. Synthesis of 

water soluble CdSc QDs, thcir cytotoxicity analysis and investigation of 

nonlinear optical properties form the subject of third chapter. Final chapter 

deals with development of QD based scnsos systems for the sefcutive 

detection of biologically and envi renmental t y important anal ytcs from 

aqueous media. 
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CHAPTER 2 

Optimization of the Shell Thickness of 
Core-Shell Quantum Dots 

Abstract 

Photoinduccd charge lran\l'rt- proucss hctwecn c r t c l ~ n i u ~ ~ ~  scleil idc 

(CdSc) qltanturn dots ( Q D c )  pos.;essing varying rnt~i~nlaycrs of rinu st~lphidt :  

(ZnS) shell and hole scavengers such ax p h r ~ ~ o t h i i z ~ i ~ ~ c  (FT) iind N- 

methylpherro~hia~inc (NMP'I'). wcrc invcsligatcd Ibr oplimir ing t l ~ c  shell 

thickness of corc-shell qcrantttm dots, Spectr-osuopic invest igutionx inc!icatc 

that phenothiazint: hinds onto the surl'ace o f  harc CdSe QDs. t-csulti~ig in the 

photoluminesce~icc quenching. by sctlvcnging thc lmlc I'clnncd in thc v;~lcnct: 

band of phortrexcitcd QDs. Fttrthcr, expcrirnents with %nS overcoutcd QDc; 

showed that two ~~~onolaycrs of %nS pi-went tRc eleclmn transf I. prouesscs 

while retaini tlg good lumi~~esccnue quantunl yields. Methodologics pi.escnlect 

here, hascd on pho~oinduced charge trans!t~* pruuess can provide quanritativc 

information on [he nptimz~m shell thickness of csrc-hhell QDs. which ciul 

suppress thc undesired clectron transrer and providc n~aximum 

photoluminescencc y ielcl. 



The unique phorophysical properties of semiconductor quclntu~ri dots * 

(ODs) offer consideriible prornisc as componenls in optoelectmnic devices 

(ror example. in ph~lovol~aics)' and as tags I'or hioirnoging. Inkling. and 

sensing.' Excitatio~~ of OD yields high1 y reaclivc elcclron-hole (excilon) 

charge carrier pair. The phokageneratcd electron or hole can he rransfcrred 

into the molecular adsorbates, and the transfer rate depends on tnany factors 

such us rclarivc redox potential. size and shape or' the nanoparticlc. OD- 

acceptor distance, i n~erfiicial cnvimnmcn t e k 3  In a reccnt invesligation, 

Scaiano and co-workers have observed r~onlincar cffec ts in the quenching of 

the phatoluminescence (PL) of CdSe QDs by frcc radicals, natncl y. TEMPO 

(2.2,6.6-tetramethyl piperidi ne-N-oxide free radical) and Cami no-TEMPO 

involving an electron exchange mechanism which is dependent o n  the size nT 

Q D ~ . " ~  

Fi y re 2.1. Nonlinear effects Idependenl on nanoparcicle 
size) in the quenching QD lurninesccnce by nitmxyl free 

radicals (rrdtrptedfrrlnr rcferencp 4). 



The lumiticsccr-lcc pt-operlies OF bare ODs arc high1 y influenced by lllc 

surrounding 1nedii1111: for  cxatnplc their in1er;ictions with biomolcculcs such 

as ader~irie ai~d clopal-[line. i.exul t i n  lur~~i~~esccncc quenching thl-ouph ari 

eleclron tran\fer pl*ocehx. thereby lirniring their use i n  biological syctcm\ as 

fluorescenl labels o r  hioxcnsor.s." Also. bare ODs arc Ilighly su\cupli hle Lo 

oxidaliun; cxposcd sele~iiun~ x i  tes on CdSc QUs react w~th  I.UOICCUI;I~ oxygc~l. 

resultirlg in thc formalion of' Se02  arld ~ d ? + .  lhcrchy leacliilg to toxic~tj ;inti  

photostability aucl iinproving 111e photolul~~ii~esccncc cf'iciuncy ol' QD is to 

overcoat ivi th an inorganic shell maleriill having .;i milar 1;itticc parameter:, 

and highcr bandgap energy (Eg). Prcfcri-cd shell materials ill c r~sc  of' CldSe 

QDs include zinc sulphide (ZnS j. zinc solenide (ZnSe) and cadmiurn culphiilc 

(c~s) ." '  A cornpnrisorl of latticc parameters and bundgap cnel-gy filr vnriuu5 

overcoifling malel-iills used for CdSe QDs is given in Figurc 1.2.  Among ~hese ,  

ZnS is Inore prefe~rcd as an ove~+coating material. owing lo ita higher bandgap 

energy. imparting more cunfinetnen t oi' exci to~~ i n  corc inaterial. 

Shcll 1,etticr hlismatch { '4 ) Eg. c V  
- - - 

ZIIS 1O.h 3.7 

XnSt 6.3 2.7 

C:dS 3.9 2.4 

Figure 2.2. (I ,e l i  ) A cartoot1 repre\enlalion oS harc atld core-she1 l QDx. (Right) 
Lattice niihmatch and handgap cnergy (kg)  o f  variou+ hhcll materials recommct~dcd 
for CdSe QDs (Eg: 1 .7 eV)  (~.c;f;rc~rl~.r,\ 9- J I ). 
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Overcoating also prevents the leakage of core ~naterials therchy 

reducing the toxicily of QDS." However. thc lu~ninescencc quantum yield 

dcereases with increase in shell thickness, limiling their use in aptwlectronic 

devices." These results clearly indicate {he need of op~imi-ring the shell 

thickness or the nvercoaring layct. A few anempts have been made to follow 

the overcoating pmcess using X-ray photoelectron spectroscopy (XPS ) and 

0.15.IX Ramun spectroscopy and these aspcots are summarized below. 

Bawendi and en-workers have invcstigatcd the overcoat ing of %nS 

over CdSe QD by fullnwing the ScOz peak in X-ray photoelectron spectrum. 

along with TEM and small angle X-ray scattering analysis, The peak 

corresponding to SeQ2 peak was not ohservcd for the samples having >I .?  

monolaycrs (MLs) of ZnS, lipon exposure to air for 80 h." 

1 I 

Binding energy [ev 

Figure 2.3. X-ray photmlectron spectra of ZnS avercoaled 
CdSe QDs: (a) bare CdSe, (h) 0.65, (c) 1.3. and (d) 2.6 
~no)nolayers of ZnS, (ndctpted~from wferenae 91. 
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Synthesis of corc-shell QDs is now routinely carried out i n  many 

lahomturies; procedures that da not rcquirc any specialized instru~l~ontrttion 

arc more dcsirahlc for monitoring the ovcrcoating process. Photoinduced 

charge transfer dynamics hetween core-shcll QDs possessing varying shell 

thickness and hole scavcngcrs may be a convenient method for probing the 

overcoatir~g process. Herein, wc present a novel n~ethodology for probing the 

ovcrcoating process by following the luminescence quenching of core-shell 

quantum dots. possessing varying shell thickness, in the presence of various 

hole acceptors. 

2.2. Kesul ts and Discussion 

2.2.1. Characterization of CdSe and CdSe-ZnS QDs 

CdSe QDs cappcd with trioctylphophinc oxide (TOPO) and a small 

pcrccntage of trioctylphosphine (TOP) were synthesized (referred as "bare 

ODs") and ovcrcoated with ZnS of varying shell thickness (0.65-3.9 MLs) by 

following reported procedures (details of QD synthesis and ZnS ovcl-coating 

arc provided in the experimental ~ec t ion) . "~ '~  QDs of three different sizes 

were synthesi~ed and characterized using absorption and emission 

spectroscupy. Corresponding spectra and their photographs under U V  

illumination arc presented in Figures 2.5 and 2.6, respectively. The absorption 

spectra clearly showed the evolution of multiple excitonic peaks, indicating 

the change from continuu~n in energy levels ta discrcte encrgy levels. arising 

due to size quantization effect.'?he first excitonic peak (lS(e)-lS3,2(h] 
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transition ) is IIIC;ISUI.C 0 1 -  f ~ i i ~ l i r ~ i i ~ n l  t ' l~crgy t -e~~uired I'or clt 'c(t.~)~i ic t t.;i~lxitioii 

{ h;i11~1g;11) CII~I .$) , :  I!$). t ~ , l ~ i c h  .shii'ts to I O ~ I ~ C I -  ~j.a\,clen:lh.c i ~ ~ i l l i  ; I I I  inc'rcilsc in 

lhc crystal sizc. 11 si 1tii1;1i- 1.c.d stiil'l is ;iIso ohscr-vccl i 11 thc c.oi-rcs1~~1~11Ii11g 

eniissio~i tilaxi ma. w i ~ h  ;111 i~ict-c';lsc i l l  Ql) > ~ L c .  'l'ht, Slokt'h slli ft  ( - 1 2 11 111) 

o b s ~ l - \ ~ ~ d  il l  t l~t'hc sys te~ns  is I'ound to hc xnlal l il~cliuiii ing that hiii~cl cdpc 

cmisxio~~ i x  thc ~~r-eclon~in;i~ing l,adiari\;e c l e c ~ ~ y  ch;~nnc.l. Thc pr-cxt.rict. of' 

surihcc dzl'ccls c ; ~ ~ i  h r o i t c l e ~ ~  i u ~ l  shill tlir eliiishion h~illcl to 1ollgc.r u . ; ~ i ~ t . l ~ ~ i l y ~ l i .  

Thcxe rcsrll t s  collfii-111 111;ll ~ I I C  QIls ~ ~ r o ( I i ~ ~ t ' d  i11.c 0 1 .  Iliyli q11;ll i wit ti 

iniiiimuiu si~t-i':lutl deKccts. Also, thc I O U  full-\imidtli nt l i ~ i l l ' - n l ; ~ u i ~ ~ i ~ ~ ~ ~  (F \YHh1 

<30 nln). which is ;III in~licutol- of disprrsi(y. sugycsts that tllc I)Ds ohi;~itlrci 

arc luonoclispcrsc atld ix fut-lhcr- conl'il-med hy HK'I'EM i lnirgcx pr-oscrl~ecl i11 

Figure ?.()A. 

Figure 2.5. ( A )  .rlh\orpt ion urlcl I 13) eiilishto~l spcc.~l-;i ol  l'dSc C)I) \  o f  

tlirec dil'kwnt sift. in ~olllerlc. cxcl~cd ;lr 390 11111. 

. . 

Figure 2.6. CdSc C)Ux of thi-cc dif?'ei-cn~ size (/I, in d;iy I~ght and ( B j  
u ~ ~ d c r  IrV il4itriiinar iun. 



The diameter (14) of thc q u a n t u m  dols can be theor-etically estimntcd 

frur-n h c  w;ivclc.i-iglh con-espcrnding to thc first cxci tonic ~ransilivn (h )  in 111e 

LJV-Vis spectrum by following rcl;~tionxl-rip. reporter1 hy Pens  and oowor-ker-s 

(cquulion 1.1 1."' From these results. concenti-ntion of Qlh (C)  ~ v c r c  ohlained 

hy using Hucr-L;irnherts law (eel ilatioi~ 2.2-2.3 ) .  

n=(r.oI x 10")?~'-(2.66x10~")h'+~1.h2x 10~7)h'-(0.33jh+31.57 (2.1) 

C = A  1 \ I  x >:I (2.2) 

C = h 111 x 5857 ( I ~ ) " ' ~ I  (2.3) 

where 'A '  i x  [he ahsol-brt~~ce. ' I '  is thc opticr~l p;ith Icngth (cm) and 'I:' i c ,  rlw 

molar ex~inclion coell'jcitti~t. 

C;tdmium SeFcnide can f'cmr~ either 'I~cxapni~nl-wurt7itcC o r  -uuhic-/.inc 

hlcndc' lypc slrucluru (JCPDS I'iles Nu. 8-4% arid 1 0- 1 9 1 ). Wu ti;i~c cat-riccl 

out X-1-ay diffraction (XI<Il)  aniilysis and the results art: prcserrtcd i n  Figurc 

2.7. A~lalysis of t l ~ c  X-ray di frt-actvgram indicalud rhe presence of I~exngunal. 

w u r t ~ i  tu-type st~-i~ctNre. It is reported that thc Qlls  produced hy  hi$^ 

tcmpcraturc syn thclic i -nu~hod  adopt a hexagonal, wurtzi tc-typc structure. 'l'hu 

X-ray diffrnctogranl conlain+ broad peak instead o f  sharp Iirlc likc spcctra. 

which ix reported ah a characteristic fcaturc of xmall s i x  parliclex. The XRD 

pnttcrrl can hc furthcr correlalcd lo the s i ~ e  of the nanoparticlu (I>) using 

Dehyr-Sherrzr lorrruln (equation 2.4.'' 

T I  = (0.89 h) / (B cosOu) 
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where '"r,' is thc wavelength of X-ray. '3 '  is the FWHM (A8)  In radian% of the 

corresponding diffraction peak angle 'OB'. The lattice spacing (d)  was 

calculated as 0.346 tlrn from the Bragg's equation (2.5), corresponding to the 

strong diffraction peak at 10021 plane. This result i s  rn good agrecrnenr with 

the standard JCPDS d-value reported for CdSe hexagonal structure. 

d = (nh )  I (2sinO) 

Figure 2.7. Powder XRD pattern of TOP0 capped 

CdSe QDs, exhibiting hexagonal, wurtzite structure. 

(Inset) Theoretical XRD pattern for bulk CdSe crystal. 

Encrgy dispersive spectroscopy (EDS), which i s  a surface chemical 

analysis technique, was used for the elemental identification of thc QDs. The 

characteristic Ku' and 'La' lines in the EDS spectrum (Figure 2.8) 

corresponding to 'Cd' and 'Se', is i n  good agrecmcnt with the reported 
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Fipurc 2.8. EDS spectrum of TOP0 capped CdSe QDs 
prcpared on a copper grid. Insct shows the theoretical 'Ku' 
and 'La' line energy values. 

As n representative example. the size of the QD emitting at -600 nm 

was deduced frorn absorption and emission spectroscopy, XRD analysis and 

from HRTEM images and these results are prescnted in Tablc 2.1. Based on 

the 'D' value obtained from various techniques, the average size was 

estimated as 4.1 6 nm (error between various techniques: * 5 %). 

Table 2.1. Estimation of size of QDs, ernillins at -600 ntn. 

from spectroscopic and microscopic methods. 

,Method QD size ID), nm 

Absorption spectrum 4.0 1 

XRD 4.0 S 

HRTEM 4.30 
- 

Average Size 
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We I-rnve further varicd Ihe tl~ickncss clP ZnS shcll around CdSe cnrc 

and all further \tudtcs were earl-iud usiiag thu CdSe Ql lc  having an average 

size of 4.2 nin (eniilling at -600 11111). Ovcrcoatecl samples wcrc capped with 

TOP0 in all the easei .  1 1  i s  earlic~ rcported by Baweiicii aiid coworkers that 

the ZilS core-shcll syhteim h a ~ i n g  shcll of' 3.1 A corrccpondh to one 

monolayel-, i.c.. the dislance hetwcen coi~scuuti~.e pldnch along the [0021 a x i \  

in bulk wurtzitc %nS along the ins-jor axis of tho prolate-shaped dots." 

Wavelength, nrn 

Figurc 2.9. Reprexcntntive HKTEM irnagc5 (if' ( A )  CdSe Qlls and ( R )  CdSc QDh 

overcoalcd with 3.9 monolayers of ZnS. (C)  PhotugrapIis under UV irriidiatinn. (D)  
Absorplicsn and luminescence 5pcctr.a ol'bai-e CdSe QIls (blue trace) and overcoated 

wit11 3.9 rnonolayer\ of ZnS Iorangc trace). 
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The 211s o~'ei-co;ltccl CdSr QD?I tvcl.1-e c.h;ir:~c!cr-i/cd I?! LiV-Vi \  

;lh\c~~+ption spcclr-o<col~y, X liD and I t lCTF.h/l atld thcsc rcsul t h  i11-t' C I ~ ~ ~ L I ~ ~ C I I :  

HRTEM irnagcx and the ah.;orpticm ancl crnis\it)i~ \~Icc'~I-;I 01' h;i~=c QI15 h;~\.ilw 

;II\ ;\vcl;~gc cor-c s i x  of' 4.2 11111 ic prcscnlcd in I;isui-c Z.OA.13. The xi1111p1cs 

HRTEM xluilich. c.ort.-~l~cll QDs wcrc i'ouncf to he ncarlq' inniioclisl~cr~~c. 

N L I ~ I ~ ~ c ~  01' !id t .\ \V;IS ~ s t i l ~ i ; ~ ~ c ~ t  hac;c~I o ~ i  ~ h c .  c.o~icci?irii~ion of' tlict li\.l7E tic ; 1 1 , ~ 1  

l~cx;~~nc~liyldixi IittIl ianu u\cd. HIITEM iin;l~cs 0 1 -  urrrc-thcl l Q n s  liavi 11s 3.0 

Vl .r* of %nS shcl l i s  pt-c\oi~lcd i n  Figill-c 2.") ~nntl othcr- cor+c-41ell syc~c~r~z .  

Ii~iviii_c vai.ying sl~cll tl~icknccl; of ZIIS. i1r.c \!IC~WII il l  the expcrnir~it'~~t;~I xec-~ion, 

hiithochromic sliil't upon overcoating will1 ZnS \t iul l ,  ~ C C ~ I I I ~ P ; I I ~ ~ C L  hy CI 

dl;?~~atic inc~.t.asc in 111e lui~~iiic~ccncc. cluanfuni vicld I E'igi~rc\ 2.913). ~ t ~ h i c l ~  i+ 

illu.ctrute~1 i n   tie photograph \hewn ill Figi~rc 7.9)C. T~IC ;~h\ t~~.pt in~i  i ~ ~ i t l  

'J .  I ( ] .  I 2 clelk~i l in v i l r i o ~ ~ ~ ~  reports. Rat-c Q l l s  posscss surfi~ce det'ects c l ~ ~ c .  lo 

d a n ~ l i n ~  or ~l~~rnturatcd ~ d "  and. ~ r '  sites. i~ I i iu11  act ;IS trap\ Ir)r c.ucitrrn5. 

cli ha~ici ng phc311ori ashisted recortlhi t iu~i r ln  thcr-chy lowcrit~_r lu~nine~ccnce 

cluantum yiclrl. An cpi taxial gro\vtIi 01' ZrlS shell 01 er CdSc core pa.;.;i~~i\tu> 

the trap states leacling to h i~hc r  l~~mineuc.t.nce quantu 111 yicld. 



Thc balhochror~~ic shift in the absorption and crtiission spectra (Figut-u 

3.1 0) ohwi-ved nftcr o~crcoatiizg is atti.ihvtcd to llie partial leakage vl' (he 

erci!on into ~ h c  \hell rnntel.ial." The lurnincscc~lcc yield of' CclSc QDs 

Encrcased ill] tially with ZnS overcsiiting. ivl~icli decrcaccd wilh f'k~rthcr 

increase i11 sllcl l hicknexs (Figul-c 2. I OB). 

Figure 2.1 0. 1;fkcl nf ZnS overcoat in^ (0-3.9 MI .r; or 0- 1 .? 11111) ( A )  011 

absorption and ( E) on c m i + ~ i o i ~  hpeClr3 of  CdStl QDh. 

Incrcasc i n  the luminescence quanlum effiuiencj (Figure 2.1 1 ) i l l  thc 

initial stages of ZnS overcoating indicate5 :Ira cpi~axial growth of khcl I. which 

Icads to an efrective passivation or surface traps i n  hare ODs. The suhscclucr~r 

increase i n  I ~ L '  ZnS MLs rcsul tcd in the reduction of PL. which is attsihutcd to 

rhe generation of niisfil dislocatiol~s. rcsul t ing fi+oni the strai ti at Ihc i l l  tert'ace 

due to latticc rnislnalch (1  2%,) bcrwecn the CclSe and LIIS." 
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(490 nm) and thc possibility of energy transfer process was ruled out due tn 

absence of any spectral overlap of the donor-acceptor pair. Stern-Volmer plot 

for luminescence quenching, upon addition of PT, followed a nonlinear 

behavior (Figure 2.12B) and is attributed to the existence of more than one 

electronic state or a combination of  static and dynamic quenching 

?6,27 mechanisms. These aspects are discussed in detail i n  Sections 2.2.3. 

Wavelength, nm [Ql. m y  

Figure 2.12. (A) Absorption and luminescence spectra of bare CdSe QDs in 

toluene, upon successive additions of 1 mM PT; excited at 490 nm 

(OD-0.09). (B) Corresponding Stern-Volmer plot showing the effect of PT 
( A ) and NMPT (m) on the luminescence intensity of bare CdSe QDs. 

Further, the effect of N-rnethylphenothiazine (NMPT; methyl 

derivative of PT) and other eIectron donors such as phenoxazine (PO) and 

phenoxathiin (PI) on PL of bare CdSe QDs were investigated (Chart 2.1 .). 



NMPT (1.03 1') 

Chart 2.1. EIectron donors clscd in lurnincsccncc quenching 

esperilncntr; with bare QDs along with their oxidation potential 
ao,iinl;t NHE.''.'" 

>L 

I~~tcrestingly. thc luminescence of bare CdSe QDs was practically 

unnf'f'ected upon addition of NMPT (Figure 2.12B). m7cn though the ptoccss 

was thertnodynamically fikvorable. IE is anticipazcd that the hole scavenzer 

Ihils to interact with the surfice of QD, plausibly duc to thc stcric restrictions 

imporcd by the N-methyl group in NMPT. The spectral changcs obscrvcd on 

addition of varying concentration of phcnoxazine (PO) were similar to that of 

PT: the absorption profile (Figure 2.13B) rcrnained unaffected on addition of 

PO (0-10 mM) whcreas a dramatic quenching in the luminescence was 

ohxcrved. In contrast, thc rzddition of phenoxathiin (PI) had no affect on the 

PI, of' bare QDs (Figurc 2.13C3. since the proccss is rhennodynamicatl!l 

unfnvorahlc (E0, of PI is 1.41 V against NHE).'" 



F i ~ u r e  2.13, Effcct of (A) PT, (B) PO, and (C) PI 03-10 mM) on thc 
lumincscence intensity of bare CdSe QDs. Excited at 490 nm, OD - 
0.07. in  nolucrre. (Insets) Respective ahsorption spectra in toluene. (D) 
Rclnrivc luminescence intensity as n function of quencher 

coliccnlr~l ion. 

A bctter insisht on photoinduced charge transfer process can bc 

obtained by considering the thermodynamics of the proccss using Rehm- 

Weller equation, by estimating the driving force from electrochemically and 

29-30 spectroscopicalIy rncasurcd quantities. In a recent investigation. van Beek 

er crl. have dcmonstl-atcd the Iight induced elcctron transfer proccss bctween 

the quantum dots and polythiophene and estimated the driving force for 

photoinduced charge separation using the equation 2.6;" 
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where QG" is the drjving force for photoinduced chargc separation, 

E(,,( D)  represents the oxidation potential of the donor, Emd(A) is the reduction 

potcntinl of thc acccptor (CdSe QD), and t - , , ~ ~  stands for the zcro-zero 

excitation cnergy. i.e.. thc smallest bandgap calculated from thc absorption 

onsct of QD, and C is a solvent-dependent term (the constant C is cxpectcd 

not to excccd a fcw tenths of an electron volt). From Figure 2.12A. ra was 

estimated ns 2.07 cY, corresponding to an absorption onset of 600 mm. Free 

enerzy changes were calculated for various electron donors used in our 

studics and the rcsults are summarized in Table 2.2. 

Table 2.2. Frec energy changes assrlciatcd wilh 

photoinduced charge transfer process between CdSc 
QDs and various electron donors. 

Electron E,,(D), V 
AGO, ,v 

Donors vs NHE 

PT 0.85 +0.02 + C 

PO 0.85 +0.02 + C 

NMPT 1.03 +0.20 + C 

PI I .41 +I358 + C 

PPD 0.26 -0.57 -t C 

* E,!(A) = - 1.24 V against NHE, and EM = 2.07 eV, 

Thc estimated AGO vaIue for the photoinduced charge separation with 

CciSe is close to zero for PIT, PO and NMPT indicating feasibility of the 

clec~ron transfer process, Thc luminescence studies show a dramatic 
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qucnching in all these systems except for NMPT. In the case of NMPT. the 

hole scavenger fails to interact with the surface of QD due to the steric 

restrictions imposed by the methyl group. However, the estimated AGO value 

i s  found to bc more positive in thc case of PI and no luminescence quenching 

was observed. 

2.2.3. Optimization of Shell Thickness 

Ideally, thc large bandgap material used as shell should form a uniform 

layer over QDs; any voids on the surface can affect the photostability and 

induce leakagc of the core material leading to cytntoxic effects." We have 

analyzed the overcoated sample carefully by using HRTEM. and these 2D 

images could not provide any information other than an increase in  the overall 

size of the matcrjal. One of the objectives of the present investigation is to 

develop n simple methodology for estimating the optimum thickness of 

overcoating material, which can inhibit the undesired electron transfer without 

losing the luminescence property. 

The PL quenching experiments were further carried out with a series of 

core-shell QDs of varying shell thickness, using PT as electron donor. For this 

purpose CdSe QDs overcoated with 0-3.9 MLs of ZnS were used. 

Experiments were carried out i n  toluene and the QD samples were excited at 

490 nm, so that CdSe core is selectively excited (bulk bandgap of ZnS is 3.6 

eV corresponding to an absorption onset -350 nm)." As in the case of bare 

QDs, the luminescence was quenched for core-shell QDs with low shell 



~hickricss in prcscnce of PT (Fig~lre 2.14A.B). In contrast, the lu~ninesccnco 

quenching efficiency was found to dccrease with an increase an ZnS shell 

rhickncss (>9 MLs) as shown in Figure 2.14C.D. 

1 ,, 4 h 
1 Phenot hiatinel. m31 

Figure 2,I4. Effect nf PT (0-10 mM) on photoluminescence and (inset) 

ahsorplir~n spcctra of CdSc QDs with (A) 0.65, (B) 1.3, /C) 2.6 and ID) 3.9 
MLs of ZnS: Excited a[ 490 nm, OD -0.10, in toluene. (E) Rclativc changes in 

the luminescence tntcnsity including for bare QDs and (F) Plot for log (1011) 

againsl varying concentration of PT 
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Relative changes in the luminescence intensity (Iofl; lo and ]I 

represents the PL intensity in  absence and presence of PT respectively) CdSe 

QDs possessing 0, 0.65, 1.3, 2.6 and 3.9 monolayers of ZnS in presence of PT 

are presented i n  Figure 2.14E. 

The nonlinear cffects observed in the PL quenching of CdSe QDs has 

been reported by various and in our study the relativc PL intensity 

(1011) showed an exponential relationship with the concentration of PT, as per- 

equation 2.7."' 

To/I = e ~ W I  (2.7) 

where 'a' represents the static quenching constant. A plot of log (TolI) versus 

thc concentration of PT shows a Iinear relationship (Figure 2.14F), and thc 'a' 

valucs f i r  CdSc QDs possessing 0.0, 0.65, 1.3, and 2.6 monolayers of ZnS are 

deduced as 277, 184, 42. and 12 M-', respectively. from thc linear fit plots. 

The 'a' values remained more or less the same for CdSe-ZnS QDs possessing 

shell thickness more than 2.6 monolayers (-1 2 M - I ) .  

To explore the luminescence quenching mechanism further, 

experiments were repeated as a function of temperature (at 298 K and 323 K )  

and rcsults are shown in Figure 2.15. It was observed that the quenching rate 

decreases considerably at elevated temperature for both bare ('a' at 298 and 

323 K is 290 and 15 l M - I ,  respectively: inset of Figure 2.15A) and overcoated 

samplcs ('n' at 298 and 323 K is 174 and 96 M-', respectively; inset of Figure 

2.15B). PT forms a weak complex with QD surface [QD---PT] which 
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dissaciazes at hi_cher temperature preventing photoinduced charge transfct 

process. 

Time correlated single photon counting studies (TCSPC) for bare and 

o\rercoated CdSe QD samples were cnrricd out, and the results for bare QDs 

arc shown in Ti~ble 2.3. Luminescence decay kinetics of CdSc QDs showed 

rnultiexponcntial decay characteristics. The origin of multicxponential 

emission dccay for metal chalcogenides has alrcady been investigated in 

dctail, and is attributed to trapping sites within the n a n ~ ~ a r t i c l e , ' ~  and to the 

hlin king effects.''+'' The lifetime and amplitude components of bare (and ZnS 

over coated) CdSe QDs did not show any significant changes in presence of 

PT (Table 2-31. This result further confirms that thc interaction of PT with 

QDs i s  static in nature. 

A A B 

A I 
A 

20 

f 
[PTI. mll A I I T I .  rnhl A 

* 21) - T 
A - v A .  

A 
v I A 7 

A * 
v A 

t A T 

o , r i * r .  , -  E O F +  + ?  ;I" 
1 4 h 8 - 7 4 6 X 

[l'henuthiazine], mi%? [Fhenothiarine], m M  

Figrrre 2.15. Relative changes in the luminescence intensity of (A) bare CdSe 
Q l l l i  ancl (B) ZnS ovcrcoated (0.65 MLs) CdSe QDs upon the addition of IT at 
323 and 298 K rcspectivcly. lnsct shows the correspojlding plots of log (IoJI) 
against thc concentration of PT. 



'I'able 2.3. 'I'C'SI'C data t'or bare C'dSt. QDx in presence of 1"l'. 

Barc CciSe QD.; fo~.rn we;~k con~plex with PT and cl'f'iuie~~tly scuvengcs 

thc photocxuiied hole Ii)r~ncd in ~ h c  valance bald.  Various pholochemical 

process arc prcscnled helow 

CdSe + hv . CdSe (e + tl) 

VdSc (e =+ 11) CdSc + hv' (radiative decay) 

1'17 
CdSc (u -+ h) UdSc-'.  . . .. PT" (PICT) 

Bawcndi and coworkers havc  rcpol-led Illat overcoating QII with n l t i i r ~  

layel- ot  ZIIS 1 1.3 < MLs) can lead to n non-unilbnn ZnS slrell.' I n  thc case (IS 

QUs wilh 0.65 and 1.3 Ml,s or' ZnS. PT coinplcxcs tht-augh the voids in thc 

shell as illustratcd in Scher~le 2.1 

Schemc 2.1. Cornplex;itlun o f  PT with (A) bare and (H) %nS 

nvcrcoatcd CdSe Q i h  having voids. 



C'lrrrptol 2 .  O ~ ~ t i ~ r r t ; r r / i ~ ~ ~  o/ rlzt, Slrrll Tl~ir I l l ( , \ \  of I'orr-.511i~ll ~ l r r r r r t t ~ r r ~ r  /lot r h 2 
-- 

I ,~~~i~t i~ t .xce i~ce  qi le~~chinp i n  I ' l u o l - o p l  I S  di\cr~hwrl hi~ctlci on s c ~  er;d 

3h- 3 0  il~oclttls. including ~ h c  13cl-ri n ~nodcl.  " In a recrnr \[udy. SC;II;~IIL) anrl 

couol-Lcrs h i l ~ ~  s~pot- te~l  t11;lt tl~e qi~t~ichin: rcidii~h. I.c.. the d o ~ ~ o r - d ~ ~ ' e p l o r  

distatrce i \  i tii ' lueti~~'d h y  ~ h c  < i ~ c  of quantuin rlotc,.' The clucnching riidluj can 

bc bcttcr vie~ferl as ,lri 'acllon radiu5' for thc yucnchel- ~ n c l  can be oh[z~inclci h) 

u\i Pen111 anal p i s  ;i\ ~ive l r  by thc cqu;ltic~n 2.8. It ahhuuleh Ih;il ,in cll'ccriz c 

qut.nchillg splittre exisls ;lhoul lliu donor (or iicceptor. in uuri en[ stucly ) ;1nd I T  

tlie que l~e l~er  rlrolecuIt. is outsidc thc quc~~chtn_s sp11e1-e i t  docs no1 qucnc~ti at 

all. 

a = ,Y,\' ( 2.8) 

M. ~ C I C  'ri' I S  thc \t;ltlc y~~erlchjtlg conxl,rnl. 'N ,' 1s Avogcicl~.o'\ 11111lihc1. 

and ' V '  t s  the yucllchitlg volume. For cx;iii~plc. in thc c a w  ot' a q~leilcller 

molccule \uch as TEMPO. thc clue~iuhing I . ~ ~ I L I \  (0.9 ~1111) ~ ~ 1 1 1  rei1~11 ;1cro\4 [lie 

nanopaslicle when its hi/c I \  smaller. whcrc ds for 121-ger ODs. ~ I i r  ~nteraulion 

1 0  ic, resLr.iulcd u i lh [hc cxci  tons Ilear the \ilrfnce. The quenching ~ o l u n i c  of thc 

bare ancl ovc~.uoatcd QDx N i l s  e\timuled. ~ i n d  these result\ arc pi.cxcntcd as 

'I'ablc 2.4. The y uenching volume wits I'ound to ~CL' I -CIISC \t 1t1l ;ill 111rre;lte in 

11~111lber 01' ZnS ML\. 11 alsc~ indicates that the overcoaling p r e ~ c n l s  chayc- 

lrandcr- itltclactiun of PT with QD. al highcr- shcll thickness. 



'l'able 2.4: Quenching volurnc o f  bare and ZnS 
overcoated CdSe ODs 

%nS MLs a, M-' V. cm' 
-- 

0 277 46 x I 0."' 

0.h5 183 3 1 x 10-'" 

1.30 42 7 x 10-"I 

2.60 12 2 x 10-7" 

In ortlel lo ohlain quiinti~ntive ini'ol-u~alio~~ on the oprir-turrn shcll 

thickncss. which can hupprcss thc t~ndcsil-ud c lccl~*o~~ lrar~sl'er- pr-ocrt.s> i1111i 

pmvidc ~ ~ ~ a x i r n u ~ ~ ~  t-iidiative dccay. PL clu;lnt urn yield ([DL) and the static 

~ luc~iching cotl<tani (a)  for CdSt-%nS uorc-shell QDs werc plotlcd as a 

f'uncliotl of 211s 1nonolayc.r~ (Figure 2.1 6).  

ZnS %lEs 
Figure 2.16. Changes in Ihc PL quat~rum yicld (a) itod static 

qtlenohing constant ( a )  as n furictior~ of number of %nS M1.s. 

The lumincscenue quarltutn yield it~cr-eascs wit11 thc nunlbcr of ZnS 

monolayers (Ql,(barc) 0.08. rPI(1.3) 0.44. and ~ D ~ ( 3 . h )  0.48) and t'ttrther 



C ' / I ( I ~ ~ ( J /  2: O / > t i ~ ~ ~ ~ : t ~ i i ~ u ?  01  f l i c  .iIii~/i LIIV\.$ t d  C ' o t c , - . Y / ~ i * i i  Q ~ M I ~ I I O I J  I I { J ! ~  (I 4 

~Icc~*c;~s~"c  s l i ~ h r l y  (( I ) ,  (3 .0 )  0.43). whcl-c~is the static yucnching conslanl 

cll-amaric;~lly dccrcuscs. 011 lllc basis of ~ l w  'mi ' and 'o' v u l u t . ~  prt'scitrt'cl ill 

Figut-c 2.17, i t  is uor~ul~~~lccl I I I ~ I I  lwo ~uot~olayel .~ (con-chponding Lo 0 .hS  11111) 

01' 211s dlcll ik lhc opljrilurll shell I ~ I ~ C ~ I I C S S  l'or ;i 4.2 IllH ~ ~ i ; l l l l t ' t l ' ~ '  CdSr 

quantl i rn clol, which inhibit ~~~~~~~gc triil~~l'c~. pl-ouoc;xes a11cl pr.c>vidc  nux xi mum 

PL qt~antilr~r yiuld. 

2.3. Cuncliisions 

I1 11iis hucrl ~lcnionsll-;llcd rll;lt thc %IIS xhcl l i 11 TdSu-211s Q n s  ~ ~ l ; l y s i ~ i  

imposl:~nt rc~le IIOI o11Iy in inorlulaling thc Iz1mincsucncc.1 cyu:~nltln~ y it'lrI h ~ ~ r  

also in t-cgii lat ing 1111: cli;l~-pc cart-iur- lruri~fcl- dy tia111iu5 I'rr~ln cxuiled uoi-c 1 0  

clccEr-on clot~ors. Srciirly sralc and lime-r*tlsolvcd Iumirrcsuci~uc htuclics ctrgguct 

~ l ~ i ~ t  t l~c clcctr-tin donors hir~rt t o  the stlrl'ac~ of' C'rlSc ODs Icading lo 

lu lili ncscc~lcc clurncl~i r ~ ? .  Tirilc rusolvctl lumi~~esccncc cx1~cl.i riicn(\ as u'el l ah 

thc ten1peruti11-c rlcl>c~iclcnl hzuclitls I'urthcr ct~nfirni lhat the in[eracrion ih  \lakiu 

in n;lli~i-e. Fi~l-thcr ~,tioloi~idi~ued ~hiirgc-tt-ii~l~l'~r-- ~iyniilllics betwccli CdSc 

q l ~ ; u ~ f u n ~  clr,ls (QDs) pnsscssing varying monoluycrs ol' ZnS alicl holc 

xcavcn2cl.c such as p l i t r io~l~iazi i~  (PT) was invesligated. Bnscd 011 tl~c studit5 

it i s  ~.oncluded that two rnor~olag/ers of ZrlS shcl 1 is the r~ptitnum slicll 

ltlickl~ess Ibr a 3.2 lirn dial~letcr CdSc quanlum dot. which inhibi~ chi~rgtt 

tratisl'cr- pt-ocesses arld pr-ovitiu maxilnum lutriinc\ccnuc quantu~n yicld. 

Lu~ninesccnt corrr-xhcll QDs. with optimum shell thickness. which (10 no1 

illvolvu any elec~rori-~railsfcr. i~ltcs-ac~ions. are ideal ['or hioimail~g,  and 



methodologies presented hcse are uscful for probing the ovcrcoating process 

in scmlconduclor QDs. 

2.4. Experimental Section 

2.4.1. Materials and Methods 

General details of solvents, rcagen ts and equiprnentslinstrumen t s  uscd 

for synthesis, characterisation and studies are provided in the Appendix. 

Reagents such as trioctylphophine oxide (TOPO), trioctylphophine (TOP), 

cadmiutn oxide (CdO), Se powder, dodecylamine (DDA), hexadecylaminc 

(IIDA), tetradecylphosphonic acid (TDPA), phenothiazine (PT), phcnoxazine 

(PO), phenoxathiin (PI), diethyl zinc (DEZ) and hexamethyldisilatl~iant. 

(HMDST) were purchased from Aldrich and used as such, except PT, PO and 

PI. which wcre further purified by recrystallisation from dry benzene. 

2.4.2. Synthesis of TOP0 capped CdSe QDs 

A pot rnixture containing CdO (0.067 g, 0.52 mmol), dodecylamine 

(3.8 g, 20.72 mmol), TOP0 (2.7 g, 6.9 mmel) and tetradecylphosphonic acid 

(O.40 g, 1.44 mmol) was hcated to 300 OC under vacuum, until CdO dissolves 

completcly to produce an optically clear solution. At this temperature, an 

injection mixture containing TOPSe (selenium powder in TOP, 83 pL, 0.083 

nimol) i n  TOP (5.2 rnL, 2.5 mmol) was introduced. After desired crystal 

growth. the reaction was arrested by reducing the reaction temperature down 
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to ambicnt conditions. The QDs thus obtained was purified by reprccipitation 

with mcthanoll. 

3.43. Synthesis of CdSe-ZnS Core-Shell QDs 

In  a typical procedure, to grow a ZnS shell of 0.4 ntn thickness on 

CdSe cc~rc (4.2 nm), a pot mixture containing CdSc QDs ( I  I .h pM). TOP0 (4  

g. 10.3 rnMj and HDA (2 g, 8.3 mM) was heated to 160 "C under inert 

ntmosphcre. A solution of DEZ (47.9 pL, 1 M solution in hcxane) and 

MMDST (8.9 pL. OC049 mM) in TOP (3 mLS was added drop wise, under 

gentle stirring, over a period of 30 minutes. Then the reaction mixture was  

conlcd to room temperature followed by addition of 1 0  mL 50Vc 

butonol/hexnne rnixfurc. Finally, the CdSe-ZnS corc-shell QDs werc purified 

by rcprccipitation with methanol and redissolved in tolucne. QDs were 

charncaeriscd by HRTEM (Figure 2.17) and XRD analysis {Figure 2.18). 

Figure 2.17. HRTEM irnagec of ZnS (2.6 MLs) overcoated CdSe 



Cllnptcr 2: Opiirniznrion c!f r h ~  Shrll TEli~~kn~ss of Cure-Shell Quantu~n Dots 6 7 

600 

z 400 
G 

200 

0 
15 30 45 60 

20 

Figurc 2.18. Powder XRD pattern of ZnS overcoated (2.6 MLs) 
CdSe QDs. 

2.4.4. Synthesis of N-methylphenothiazine (NMPT)~' 

(a) CI-131, NaH, dry THF, dark, 24 h, rt. 

Phcnothiazine (2 g, 10 mM) dissolved in dry tetrahydrofuran ( 1  5 tnL) 

was stirred with NaH (0.36 g, 15 rnM) under argon atmosphere in dark for 1 h 

to produce the N sodium salt. Methyl iodide (1.9 g, 20 mM) was added, and 

the solution was further stirred for 24 h at room temperature to give N- 

rnethylphenothiazine, which was extracted with diethyl ether. After treating 

the ether layer with anhydrous sodium sulfate, soFvcnt was evaporated to give 

solid product which was chromatographed over neutral aluminum using 

hexrine to yield 90 rng (42 %) as pure product: mp 100-101 %; IR (KRr) v,,,, 
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1138, 1039, 864. 758. 532.35. 503. 455, 435 cm-': 'H NMR (CDC13. 300 

MHz) 6 3.37 (3H. s). 6.79-7.1 6 (aromatic 8H, m). "C W R  (CDCI?. 75 MHz) 

6 35.31 (alkyl), 114.04. 122.46. 123.51. 127.18. 127.37, 145.R3. 

FAB(m/zl:Found (C13Hr INS) 2 13.10, Exact Mass: 2 13.06. The absorption 

and emission spectra of PT and NMPT are shown in Figure 2.19. 

Wavelength, nnl 

Figure 2.19. Absorption and e~nission spcczrit of PT Icolid l inc) 

and NMPT (dotted line) i n  toluene, excited at 330 nm. 
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CHAPTER 3 

Silica Overcoated CdSe Quantum Dots for 
Biological Applications 

Si l iu;l ovcr-co;llud,  wale^ soluble CilSc: OD\ M et t: h j  nrhexired aud 

uharacteri~ed ancl carried out ~ t s  i t ]  ~ b i t t * o  cytotoxiui2y anal p i c .  ' I  tic two-ptiotvn 

,~h\ol-p~ion ('SPA) propc.1-tics ol sllic,~ ovel-co,lted QDs were 1n\ext1g~tecE in 

dctiiil and their potcntiitl usc i n  ucll imaging w;is explored. Trioclylphosphi~ir 

oxidu (TOPO) c,~pped CdSe QDr sq i~thc\izccl i 11 ol-ganic I I I C ~ I ~ ~ I I I  M il\ I I I ; ~ L ~ C  

ivatcr \oluhlc h j  occr-coa~in~ u i th  silica cl~ell ilsin? two dil fei-ent silica 

preci11 \ors: all~inopropyl rri111cthoxys11;111c ( APS j and lct~ ;ic( hyl or(ho3il ~c,i(c: 

(TEIJS). C'dSc QIls overuo;~ted with TEOS jielcled m b l e  watcl- xolublc corc- 

<hell systciil\ wit11 high silica shcll thickness. houevcr ~lieir- lur-nine\uence 

pt opcrtiec wcrc f'ound Lo he pour-. 111 conti-ast. APS overcoatccl QD\ nci-c 

founci to hc lumi nccccnl \v ill1 good quantum yield. Cylotoxici t y  aili~lysis 

h;~~c.d o n  MTT assay i n  hu~nan bone inarrow dcrived 111cscnchymal stcrn cclli 

(hMSC'). xhowcd (hat \ilica coateci CdSe QUc, art: c-ytocompatible In 

nanon~olai- levels. Mult~photo~l ahsorpt~on xtudich xhuwcd that iilaniscd QT)\ 

PCJS\C~S 1111pr~)vc~I two-photon absorption (TPA charaulerixlics i n  \baler 

co111p~ir~C1. 10 [he TOPO capped UDs in organic nzedium. This allowed the 

excilation of ODs in biological walct window using ~iear-in fl-ai4ed (NJK) 

r-adi,ition. These rerults indicate that silica uvcrcuatcd CdSc ODs arc useful 

f'cjr bfologicnl laheling, imaging and sensing ap~~licalions. 
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3.1. I ntrt>d~~ction 

Quanlum dots ol' IP-VI and BII-V serniuonrluctor-s offcr nulncrous 

~ppl icat iuns  ill bio~ilcdical scirncc, parriculiuly I'rn- the deterti011 01' ions and 

molcuules, clrug and gene delivery. cellular iniaging. diagnosis and (runliilent 

of cliscascs, Thcsu systcmx possess ulriq~re properries contpnrctl to the 

co~~ventional organic fluomphol-cs: thc mosl significant one is h e  s i ~ e .  shape 

and composilion cieper~denr opdcal pn)pcrtics." Hroad absorption spectrum 

allow.; sim iilla~ieous excitatio~l of various 01)s  using single cxci  tation 

\~ravclcnp~h and ~ h t l  n:~n-ow lurnir~escencc of Qlls ulluur~ 111u1tiplc signal 

collection, avoiding xpcolral overli~p. 00s poxscss highcr- molar- cxtinutian 

cocfficicnt. Inrgu two-photon ahsol-ption cross section. big h lu~n i ticsuerice 

clua~itum yicld and longcr luminescence lifetirnc conip;u-cd to conventional 

dyes. Thc longer IiI'clirnc is pal-tici~larly uheful for  invcstig~~linp I ' I \  ing ccllc; by 

Q[Is per~nitx the use of NIR wavelength for cxcilation (irnagins by exciting in 

the hintogicnl wator window). Rccent s~udies have heel1 frscuscd o n  thc. dcliigo 

of QD bascd bioprobcs. which pusses5 specific activity HIIII rhcir in tc r~~c l iuns  

with hioniolecules.' Arnong various 1 I-VI and III-V ~erniconducto~* I)Ds, 

uadrnir~m uhalcr,genides art. widely investigated sinuc thc synthetic pr.orocols 

for these systcms arc optimi7cd. Howcvcr. thc cyiotoxiciry associated with 

thcsc systcms arid the pool- solul?ility in  aqueous l ~ ~ e c l i u ~ l ~  limits their usc in 

binlopica1 applioatinns."" 
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3.1.1. Toxicological Effect of Quantum Dots 

As mentioned in the previous section, the cytotoxic effects of cadmium 

based QDs, is a major concern, particularly the use of these systems for in 

r i lw  studies.'"-' The cytotoxic effect of bulk CdSe is wcll documented while 

the cytocompatihility of their 'nano' analogues is still under investigation. 

Cadmium and zinc have similar atomic structure and chemical behavior. 

Huwcver, the latter is considered as an essential element, while the former 

one is highly toxic having no (known) role in animal rnetabnli~rn.~%ecent 

reports indicate that the cadmium ions (cd2+) is responsible for the 

toxicological effects in cadmium chalcogenide based QDS.' The surface of 

QD is susceptible to oxidation, unless properly protected, resulting in  the 

rclease of frce c d 2 +  ions. This lcads to cell death and these aspects were 

invrstigated in dctail by Purnk and coworkers (Figure 3.1).8" The sulthydril 

group of critical mitochondria1 proteins can take up the free cadmium ions i n  

cell, leading to oxidative stress and mitochondria1 malfunctioning, called as 

Oxidation + cd2- 
QD 

Figure 3.1. Photographs showing the cd2' induced 
(released form CdSe QDs) cell death, in liver culture 
model (udupted from reference ah) .  



Any measure [hat can prevent the oxidation and escape of  ~ d "  from 

QD surface can reduce the toxicity of CdSe QDs. For cxample. overcoating 

with ZnS i s  found rn be an effcctivc strategy for suppressing the cytntoxic 

cffucts of CdSe QDs (and enhancing the luminescence quantum Apart 

from this. water solubility of QDs is an  essential criterion for thcir use in 

biological systcms. Various reports on thc synthesis of water soIuhle QDs 

with seduced toxicological cffects are discussed below. 

3.1.2. Synthesis of Water Soluble QDs 

Highly monadispersc QDs can be prepared by following high 

tcmpcraturc orgnnor~letallic synthesis; howcves, their solubility i s  Finiited to 

nonpolar medium, These QDs can be made soluble in watcr by exchanging 

with ligands having hydrnphilic moiety. Alternatively. QDs can be clirectly 

synthesized in water, but the monodispersity is low compared to the former 

method. Various approaches for the synthesis of water soluble QDs are 

summarized in  Figurc 3.2."' Among thcse, the most recommended method is 

silsnisatinn, wherc QDs arc ovcrcoated with a silica shell.'"" Thc cytotoxicity 

cffccts arc rcducerl. since the core constituents are well protected inside the 

si l ica shcll. ' Silica coating based on 'reverse microemulsion' nlcthod is the 

most versatile approach which was developed simultaneously by Ying and 

coworke r s '~ad  Nann and  coworker^.'^ 
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Multiphoton imaging is il novel tcchnique uhcrein biological si~rnples 

art. excited u\ing N I R  wrivelengths. offering local cxuitatio~~ 31 thc I'ocaI poitit 

oi' [he ohjcctive wit11 Icast \pecirncll dalnugc. Multipho~on ;~hsorption i:; a 

~lor~lincar pl-ocehx r-csulting from the simultaneous ahsrjl-ption (no int~rmediatu 

sl;ltc exists) o f  n~ol-u t h i n  one photon of Iongc.1- wa\)elengtll ( h ~ . : )  hy the 

uhr-otr1op1101.e as illustrated in Figure 3.4. Whcthcr- i t  is a singlc photn~l nr 

rn~~ltiphoton process. the lu~i~inesceilcc. (Irv,,, is indepenricnt of the mode of 

the excitation. Val-iot15 ilspecls (HI 111111 tipholon pr-oce.s.i;t.s ; i ~ ~ d  its ~~ppliciitions 

l -5 ar-e xu~n~n;~t-izcd i n  t-ecenl reviews. (llthttl. than  photoslability and hrightnesa, 

QDs :ilso possess excellent mu1 t iphoton :~bsor[~tion (MPA)  chal-actel-istics. 

two or lhrcc orders higher than convenlional Iluolnphores. Thexc aspecls 

m~ikc Qlls il promising uti~ididatc l'or mulliphoton induccd Sl~iorescet~oc 

I (>  imaging. 

Figure 3.4. Two photon ahsorption proccsh in 

QDs: total energy is conserved as hrnl = 2/11.:, 

Al\c). thc luminc\cencc i s  indcpendcl~t or' mode of 

excitnticln proccss. 
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In  the prcsent study, we have developed a modified Yeverse 

microcmul s ion' procedure which was adopted for overcoating CdSc QDs 

with silica. Derails of the synthesis and characterization are presented in  the 

subsequent sections. Furthcr, the cytotoxicity analysis and nonlinear optical 

properlies of silica overcoated CdSc QDs were investigated and the results are 

also presented. 

3,2. Results and Discussinn 

3.2.1. Overcoating of CdSe QDs with Silica 

CdSe QDs capped with TOP0 was synthesized by fc>llowing the high 

temperature organ~metallic synthesis method as described in Chapler 2. 

Absorption and luminescence spectra of QDs are presented i n  Figure 3.6. The 

absorption profilc showed the characteristic excitonic peaks and thc 

luminesccncc spectrum was found to be narrow (FWHM -35 nm). HRTEM 

results confirmed that the QDs are monodisperse, having an averagc size of 

4.3 nni (Figure 3.7A). QDs obtained were found to bc soluble in nonpolar- 

solvents. 

QDs were further overcoated with silica shell by following a 'reverse 

microemulsion method' to render water solubility and to  i~npart 

cytocompatihility. (Details uf the procedure adopted for overcoating with 

silica are provided in the experimental section). TOP0 layer on CdSe was 

first exchanged with siIica precursors and then introduced into a 
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inicrcremulsion systerzl, formed by cyclohexane as oil phase and igepal as the 

surfactant. Ai'ter thc place exchange reaction. the pH of the  rnediutn was 

increased. The alkoxy groups of silica precursors initially undergo hydro1 ysis 

folluwed by c~ndcnsntion to yield silica shell {Stfiber process) and the core- 

shclE QDs thus ohtained were found to bc solublc in aqueous media. A 

schematic rcprescntation of thc ovcrdl process is given in Figure 3.5, 

TOP0 capped QDs Afler Repreclp!falion Place exchange 
tn Chloroform wllh Methanol wllh A P S  

Sllnnbed OD HyrYroIysts snd CondensatJon In reverse mfcelles 

Figure 3.5. A schematic representation of the silanisation 
procedure adopted. 

In the present study, silica avercoatcd QDs were prepared using 

tctraethyl orthosilicate (TEOS) or arninopropyl silane (APS) as silica 

precursor and both yielded water soluble nanohybsid systems. Howevcr, their 

photophysical properties showed considerabIe difference. Overcoated QDs 

were characterized using various spectroscopic techniques and transmission 

electron microscope (TEM) as presented below. 



Absorption spcctral Fcaturcs of silica overcoated CdSe QDs. prcpared 

w i n s  TEQS as precursor were found to he similar to that of TOP0 capped 

QDs. Thcsu results indicate that the overall size and electronic structure of the 

QDs wcre not affccted upon overcoating (Figure M A ) .  Howcver, the 

o\fcrcoatjng results in a dramatic quenching in the luminesccncc of QDs 

(Figure 3.6R). This is attributed to the poor passivation of QD surface by the 

TEOS, on removal of ~ 0 ~ 0 . ' :  

Fipurc 3.6. (A) Absorption and (B) luminescence spectra of CdSc QDs: 

TOPO capped (dotted trace) and silica 1TEOS) overcoated (solid trace). 

HRTEM images of TOPO capped and silica overcoated CdSe QDs are 

prcsented i r z  Figure 3.7. From the TEM images. it was observed that more 

than one CdSe QDs are entrapped in the silica shell and the overall diameter 

of' rhc nanohybrid system was found to be -40 nm. Even though silica 

ovcl-coati 11g provided solubility in water, the poor lumf nescence properties 

and I a r p  shcll thickness limit their use in biological imaging and sensing. 



Figure 3.7. HRTEM images of CdSe QDs 14.3 nm) (A) TOP0 capped 
and IB-n) silica (TEOS) overcoated. 

Further, we have used aminopropyl silane as precursor for ovcrcoating, 

which yielded highly luminescent and water soluble CdSe QDs with excellent 

shelf life. Details of thc synthesis and purification are presented in the 

cxperitnental section. The absorption and Iurninescence spectral prnfilcs of 

tlic silica overcoated CdSe QDs, using APS as precursor, are similar to TOP0 

capped QDs (Figure 3.8). Overcoated QDs were luminescent and stable under 

physiological. buffer conditions (pH 7.3), which make them a promising 

candidate for bioiogical applications. Photophysical properties of CdSe QDs 
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capped with TOPO and overcoated with silica are summarized in Table 3.1. A 

hypsochromic shift (4-7 nm) was observed in the absorption (first excitonic 

band) and in the luminescence maximum with an enhancement in 

luminescence yield upon overcoating (14% for silica overcoated and 9% for 

TOP0  capped) with silica. Primary amines (due to their Lewis base character) 

are reported as good surface capping agents for CdSe Q D S . ' ~  The amino group 

in APS efficiently passivates the QD surface upon overcoating, clirninating 

shallow trap states and thereby facilitating the band edge luminescence 

exclusively. Thus the enhancement in the luminescence property may be 

attributed to the surface reconstruction and the formation of a thin silica shell. 

Thc full width at half maximum (FWHM) of the luminescence band before 

and aftcr overcoating is estimated as 35 and 39 nm, respectively 

Figure 3.8. Absorption and luminescence spectra of 

CdSe QDs: (dotted trace) TOPO capped in chtoroform and 
(solid trace) silica (APS) overcoated in PBS (pH 7.3). 
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Table 3.1. Uomparisim of photophysical properties of CdSe QDx capped with 

-1'OPO ancl overcnated wilh silica. 

First Excitonic QY (R) 
Absorption 

0 
Luminescence FW HM, (standal.d used: 

Wavelength* W avelengrh, nm nrn Rhodarnirlc 
nrn 6G) 

A bettcr idea about the size and distribution of the silica ovcrcoated 

Qns cat1 he obtained from the high resolution transmission electron 

nlicroscope images presented in Figure 3.9. When APS was used as precursor 

fur silica overcoating, the overall increasc in size was found to be nominal 

I -  I .5 nm). Based on the spectroscopic studies and TEM analysis, it is further 

concluded that silica overcoated QDs, using APS as precursor arc superior in 

photophysical properties and posscss uniform size distribution. In contrast, 

silica ovcrcoated QDs, using TEOS as precursor, resulted in the formation of 

:I thick shell and their photophysical properties were poor. 

Figure 3.9. JIRTEM images of silica (APS) overcoated CdSc QUs. 
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Place exchange of TOPO with APS on QD surface was further probed 

using FTlR (ATR) spectroscopy. FTlR spectruim of CdSe QDs before and 

after overcoating with silica is presented in Figure 3.10. Sharp peak at 1130 

c m ' s s  attributcd to the P=O stretching hand which is -211 cm-I lower 

compared to free TOPO. This shift may be due to the noncovalent interaction 

of P=O to c d 2 +  sitcs on the CdSe QD surface. The bands at 1466 cm-' and at 

2800-3000 cm ' arisc from the CH2 bending and C-H stretching respectively. 

from the alkyl groups crF T O P 0  The peak at 1600 cm-' is attributed to N-H 

bending mode from the octadecylaminc used as a co-capping agent in the 

synthesis. Upon overcoating with APS, the peaks corresponding to TOP0 

disappeared with a concomitant increase in the intensity of the peak at 1600 

cm-I, corresponding to the amine bending mode. These results confirm thc 

substitution of TOPO with APS.]"" 

Wavenumber, crn" 

Figure 3.10. R I P I  spectra of CdSe QDs before and after over coating 
uilh silica; disappearance of band al 1466 cm-' and a change i n  thc 

I-eIative peak illtensity at -2900 cm-I (alkyl stretching) and at 1600 cm-I 

(N-H bending) proves the substitution of TOP0 with APS. 



Chrlprer 3: Silica Overcnat~d CdSz Quantum Dots for Riologiral Applicntions 85 

Energy dispersive X-ray spectroscopic technique (EDS) is an 

analytical tool used for the elemental analysis and chemical characterization 

of nanomaterials. In thc present study, we have used EDS for probing the 

substitution of TOP0 layer by silica shell and these results are presentcd in 

Figure 3.1 1 . EDS spectra of both TOPO capped and silica ovcrcoated CdSe 

QDs showed characteristic 'Ka' and 'La' energy lines corresponding to 

cadmium and selenium. For silica overcoated QDs, the signal corresponding 

to phosphorous (2.01 keV) was replaced with that of silicon at 1.74 keV, 

cnsuring the exchangc of TOP0 with APS on the QD ~ur face . ' ' ~  

Figure 3.11. EDS spectra of CdSe QDs. (Bottom 

rrace) TOPO capped (Top rrace) silica overcoated. 

Above rcsults suggest that we have succeeded in  synthesizing water 

soluble and luminescent core-shell QDs by overcoating with silica, using APS 

as precursor. SiEanised QDs were found to be stable for weeks in PBS buffer 

(pi3 7.3) and the luminescence properties were found to be insensitive to pH 
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as \\ell as the ionic. ~Lrength of' the mcdiun~ (Figure 3.19, Experirnentnl 

Section). Toxicological ef3i.cls innd nonlineat. optical pmpcrties of QDr; 

over-co:itecl with silica. using APS as prccur-sor is pl-escnted belo*. 

3.2.2. In Vitrn Cell Cytotoxicity Studies 

I'hc cylotoxicily of silica overcoatcd CdSe QDs (prcpnl-ed u h i n y  APS 

as pt-ccursol-) was cvr11~1atcd in  Iiuman mcsenul~ymul ctctli crI15 ( h M  SC) wilh 

:o MTT viability assay. I1 is 21 ~ o l ~ ) ~ ~ r i i ~ ~ t ' t ~ - y  hascd assay. whcrcitl tlic li\c uclls 

I . ~ L ~ L I C C '  MTT to a color-cd product, fl~rtnamn. The I'ot-t11a7;i11 1'01-1r1td c'itlj bc 

iluantificd using IJV-Vir; ahsorplion spcctr-oscopy. which in lurn pive\ tlre 

atmount of live cells. Kt.ictly. the 171-olocol involves doping the cells with QDs 

and the cell vi:thilily was n~n~iiral-cd a s  a function uf QD conccnrr;~tion ;~nd 

t i t l ~ t :  {Dctai lcd descriplion of thc methoci is provicled in (hc cxperiti~en~al 

section). In a rypical prncedurc. 1 x t 0' cclls were sccdcd n i~ to  '36 wcll plate 

( N U N U ) .  Al'ler 7 days in c~11tul.e. 100 !!I, of MTT solution ( 5  mp/mL stock in  

P R S )  was addcd t o  each of' these wclls ant-1 incuhatcd for 4 h at 37 'C. The 

crystal\ f~l-~mcd were the11 dissolved i n  isopropanol and the absorhancc :I[ 540 

nrn wa+ 111e:lsured using an ELISA plale rcader. Figure 3.12 shows the ccll 

viahiliry in terms of ~metaholic activity, obtained I'rurn MTT assay. On treating 

with live cells ilndcr- identical conditicms, it  was observed thal lhu silica 

overcoatcd ODs were 1e;isl cytotoxic. whereas TOPO cappcd QDs induced 

ccll death (Figurc 3.1 3). This is altrihuted to the Icss leakage of' CdSe core 

consti tucnts i n  to the ccl l mcdium, compared to the TOPO cappcd QDs. Thesc 



t-esults. h;lscci on irr 13iir-o studies I ~ ~ I ~ ~ U S I  tll;lt the silica uvcr-coating 

suhsl;~n tin1 ly t-ctduccs ~ h c  cytoloxiu cf'l'cuts. wi1ki11g I ~ L ' S C  Q1h 311 i lahlc for 

biological ;~ppliu;ifio~~s. Fut-lher-, wc I~avc  i15ed ~ h c x c  QDs I'or lahcling i111d 

imiigi rig cclls. uncicr ;I I1 uc~~-eIscenc~ n-licroscrol)e ( LIJI: h000.  Lt.ic;l). .;I 

i.cp~.ehe~lla(i vc i rni~ge ol' ~ - ~ ~ c s c n ~ t i v ~ n i ~ l  s t r ~ u  cc l  I s  11lixcd IV i t l l  r-cd C I I I I  t t i q  

hi  l i u ; ~  ~,\:csc.o;ltcd CclSe QU.; is pr.cscnlecl in Fipi1i.c 3. I 3. 
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Figure 3.12. C.;o~~lpati\on of  cyttlloxic el'l'ccts 01' b ~ i l - ~  QDx 

Figurc 3.13. V c ~ c n c h y ~ ~ ~ ~ ~ l  slzrn cclls tlddcd w111i red ~ ' t l i i l l ~ l ~ y  

hilica ~ncrcoilted C'dSc QIh. 



Ci1~1pt19r 3: Silicn Oi7ercoarcd CdSe Quanrurn Dots for Bioiogiual Applical'io~~s 88 

3.2.3. Two-Photon Absorption Studies 

The multiphoton absorption characteristics of CdSe QDs capped with 

TOP0 in toluene and silica overcoated (using APS as precursor) in water was 

investigated as f llows. QD samples were excited using femtosecond (fs) 

laser pulse (pulse width <I00 fs) at three differcnt wavelengths (720, 800 and 

820 nm). The two-photon absorption cross-section ( ~ 7 ~ ~ ~ )  was calculated using 

fluorescein in water (pH 13) as the reference (oZPR 36 GM at 800 nrn).I1 

A comparison of luminescence spectra of TOP0 capped QDs in 

toluene, ~.ecosdcd by exciting the sample at. 400 nrn (using xcnon arc lamp) 

and at 800 nrn (using fs laser pulse) is presented in Figure 3.14. Irrespective 

of the excitation wavelength, the luminescence spectra was found to be 

identical for QDs, with a luminescencc maximum at -575 nm. From thc 

absorption spectrum (inset, Figure 3-14), it i s  clear that the QDs are not 

having any absorption at 800 nrn. This indicates that the lurninescencc 

obtained by exciting at 800 nrn is involving a rnultiphoton process. 

Wavelength, nm 

Figure 3.14. Luminescence spectra of TOP0 capped CdSe 
QDs in toluene: {dotted trace) excited at 400 and (solid 

trace) excited at 800 nm. (inset) Absorption spectrum. 
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Luminescence intensity of the QDs was monitored as a function of 

excitation energy to obtain a better understanding on the number of  photons 

absorbed by the sample. while exciting at longer wavelengths. QDs were 

excited at 800 nm, using laser pump power (average power = pulsc energy x 

repetition rate) varying from 120 to TOO mW. and the results are shown in 

Figure 3.15A. For a comparison, experiments were done at jdcntical 

conditions with a standard dye-fluorescein (Figure 3.15B). Tt was fou~ld that 

the luminescence intensity of the CdSe QDs (and the fluorescein) dccrcased 

on lowering thc excitation energy. The extent of multiphoton excitation is 

proportional to the intensity raised to the nth power, where n represents the 

number of photons abs~rbcd . '~  A logarithmic plot of luminescence intensity 

as a function of excitation energy gave a straight line and the number of 

photons absorbed was extracted from the slope (Figures 3.16A,B). For QDs 

and fluorescein, slope values obtained are 1.85 and 2.06 respectively, 

indicating that in both cases the luminescence is by a two-photon excitation 

process 

- - 
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c, 3 - h 
.- - .- 
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Figure 3.1 5. Two-photon induced lumincsccnce spectra of f A) CdSe 
QDs, capped with TOP0 in toluene (B) Fluorescein dye in 0.1 N 
NaOH, excited using 800 nm laser puEse at various laser powers. 



Figure 3.16. Logarithmic plots of PL intensity against excitation 

energy for (A) CdSe QDs, capped with TOPO and (B) Fluorescein dye. 
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Further, wc  have extended the experiments with silica overcoated 
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CdSc QDs En water and the resuIts are given in Figure 3.17. Similar to TOPO 

cappcd QDs, silica overcoated QDs also showed identical luminescence 

spectra. whcn excited at 400 and 800 nm. This confirms that the QDs posses 

A B 
slope: 1 a w u  Slop.  2085 

r R Value 0.99349 R value: 0 99R 
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same clectronic structure beforc and after overcoating with silica, undergoing 
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Figure 3.17. Luminescence spectra of silica 
overcoated CdSe QDs in PBS, excited at 400 (dotted 

linc) and at 800 nm (solid line). (inset) Absorption 
spectrum. 
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Lurnincscence intensity of silanised QDs was found to decrease on 

lowering the excitation energy (at 800 nm) as obtained in case of TOPO 

capped QDs. The respective logarithmic plot (log (incident energy) vs. log 

(luminescence intensity) showed that the luminescence obtained is by a two- 

photon induced excitation process. A comparison of hvo-photon induced 

luminescence spectra of CdSe QDs, capped with TOPO and overcoated with 

silica i s  shown in the Figure 3.1814-C. The samplcs were excited at 780, 800 

and 820 nrn with fs laser pulsc of identical power (700 mW). 

TPE wavelength D A 
TBD nm 

u 800 nm I 
U m 

A 820 nm 

'3 

Figure 3.18. Two-photon induced luminescence spectra of CdSe QDs, capped 

with TOPO i n  toluene (dashed line) and silica overcoated in aqueous media (solid 

line), cxcited at (A} 780, (B) 800 and (C) 820 nm with (fs) laser pulse, (D) A 

comparison of two-photon absorption cross-sections for TOPO capped and s i l i ca  

overcoated CdSe QDs. 



C h ~ y l i t ~ r  .3: Si1ir.a Ov~rcwciied CdSe Quat~rum Dots+for Bio/og.ical Applicntiotis 92. 

The two-photon absorption cross scction InZph) was estimated using 

fluorescein as reference, using the relation given below (cquation 3.1).: 

n213.4 = Or (F - cr . q . 44 ( F r  a c . q . O  ) (3.1 ) 

where '02PA' stands for TPA crass section, 'F' for the luminescence peak area, 

'C' for the concentration, '7' for the refractive index of the solvents, 'Q' for 

single photon excitcd quantum yield and the subscript 'r' corresponds to 

reference used. The results obtaincd for CdSe QDs capped with TOPO and 

silica is given in thc Figure 3.1 $D and the values are given in Table 3.2. 

Table 3.2. Comparison of two-photon absorption cross 
sections for TOPO capped and silica overcoated CdSe QDs. 

Sample O ~ P A  (GM)" 

It is observed that the two-photon absorption cross section of silica 

coatcd CdSe QDs is higher compared to the corresponding TOPO coated 

QDs. It i s  attributed to thc effective QD surface passivation by the amino 

g~+oups of the silica precursor used, compared to TOPO. 
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3.3. Conclusions 

A modified protocol for overcoating silica on CdSe QDs, based on 

rcver-sc micr-ocmulsion niethod was cievcloped. Among two silica precursors 

~rsed (TEOS and APS). APS yielded stable QDs in water. with good 

lurr~inescence quantum yield. Further, cytotoxicity analysis with human 

rnesenchymal stem cclls (hMSC). by following MTT assay showed that silica 

c?vcrcoatcd CdSe QDs arc cytocompatible. Based on nonlinear optical studies 

it is concluded that the silanised QDs possess better two-photon absorption 

properties compai.cd to the TOP0 analogues. Tn conclusion, silica overcorttcd 

CldSe QDs are ideally suited for optical imaging using NIR radiation in thc 

biological water window and an extremely versatile candidate for various 

biological invcstigntions. 

3.4. Experimental Section 

3.4.1. Materials and Methods 

General details of solvents, reagents and equipments used for 

synthesis. characterisation and studies arc providcd in the Experimental 

scctinn. Aminopropyl trimethaxysjlane (APS) and tctraethyl orthosilicate 

(TEOS) and igcpal CO-520 were purchased from Aldrich and used as such. 

PRS buffer (pH 7.3) was prepared by diluting 2 mL of the stock solution 

(stldium dihydrogen phosphate (0.100 g) and disodium hydrogen phosphate 

(0.620 g) in 10 mL distilled water) after adding sodium chloride (0.870 g) to 

100 tnL with distilled watcr. UV-Vis absorbance spectrum for MTT assay 
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was recorded on a Hidex-Chamaleon spectrophotometer. Cell images were 

captured using DM6000 (Lima) fluorescence microscope. Multiphoton 

excitation experiments were performed using Ti:Sapphire pulsed laser source 

'Millennia V' (pulse width el00 fs, repetition rate 82 MHz), equipped with 

CCD detector (CDP 20223) and the signals were deconvoluted using optics 

spectra suit software. Two-photon absorption cross section was obtained by 

comparison with fluorescein dye in O.IN NaOH (pH 133, as reference. 

3.4.2. Silica Overcoating of CdSe QDs Using TEOS 

TgepaI CO-520 (1.3 mL) was dissolved in cyclohexane (10 mL) by 

stirring under inert atmosphere for 30 minutes. TOPO capped CdSe QDs in 

chloroform was added drop wise (400 pL, -14 pM) along with TEOS (0.075 

g, 0.36 rnM) over a period of 30 minutes under stirring. To this mixture, 

ammonia solution (150 pL, 33 wt %) was added drop wise and stirring was 

continued for 24 hours. The silanised QDs obtained were precipitated with 

methanol, washed once with butanol and ethanol and redissolved in distilled 

water. 

3.4.3. Silica Overcoating of CdSe QDs using APS 

A mixture of TOPO capped CdSe QDs in chloroform (400 pL, -14 

pM) and APS (0.075 g, 0.36 mM) was vortexed for thirty minutes, in an inert 

atmosphere. Ths mixture was added to Igepal CO-520 (1.3 mL) in 

cyclohexane (10 d) and stirred for 30 minutes under dry conditions. Again 
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amn~onja  solution ( 1  50 pL, 33 wfYo7,) was added drop wise and the stirring was 

continued for 24 hours. The silanised QDs were appeared as globules, 

sticking onto the walls of the glass vial, which was purified by washing with 

dry chloroform. QDs were redissolved in PBS buffer (1  50 mM, pH 7.3) for 

studies. 

Wavelength, nm 

Wavelength, nm 

- - -150 rnM 
5 
1 ' - -500 mM 

0 -  
550 ti0 
Wavelength, nm 

Figure 3.19. Effect of pH (top row) and ionic strength (bottom 

row) of the medium on ahsorption and luminescence spectra of 
silanised (APS) CdSe QDs. 

3.4.4. Cell Culturing 

Bonc marrow was collected from volunteers after getting consent. 

Mesenchymal stem cells were isolated and expanded in culture flasks (T25- 

NUNC) with alpha MEM supplemented with 10% FBS, 100 unitsJmL of 

penicillin and 100 p g l d  of streptomycin (Gibco, India), incubatcd at 37 "C 
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i n  humid atmosphere and 5% C02. The medium was changed after 3 days to 

remove non-adherent cells and subsequently renewcd twice a week. After 

attaining 80% confluence cells were trypsinised and fifth passage cells wcrc 

used for experiments. 

3.4.5. MTT Assay 

A universalIy accepted method for quantifying the cell poisoning effect 

is MTT assay. a colousimetric measure of tnitochondrial activity. which is 

dircctly con.elatcd to the cell Metabolically active cells (live cells) 

arc able to reduce the MTT, a tetrazolium salt [(3-[4,5-dimethyltl1iazoI-2-yl]- 

25-diphen yltetrazol i urn bromide)], to colored formazan crystals, while dead 

cells do not. Formazan was dissoIved in appropriate solvcnt and the 

absorbance (at 540 nrn), was measured, which givcs the concentration of 

Sormazan produced and in  turn the amount of live cells. 

, W ~ l u c h o n d ~ l  
Reducuse 

N@ 

MTT Parmazan 

Scheme 3.1. Scheme showing the reduction of  MTT to formaxan. 
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CHARTER 4 
- - 

Silica Overcoated CdSe Quantum Dots as Sensors 

CdSe f L CdSe 

Thc use of silica ovcr-coated CdSe Qlls  for the selective dctcution and 

qu;~nl i  ficntion ol' ( i )  hiologicnl ly irnl~orta~~t 1nolcculc5 undel- phystologicall y 

rcle~:mt condition\ and ( i i  j tracc quanlities of H@" ions in [he prescncc of 

interfering metal ions havc heell clen~onstratcd. Amino acid5 and peptides 

cont;iini~ag frec sulfhydl-yI p u p  (cystcine. homocystcinc and zlutathioncl 

selectivcl y quenched the lurnincsucnce of silica o~crcoitted CdSe Q I h  by ;in 

elcctron h+ausfer procc\l;. The ability of this co1.e-\hell nnnoh yhrid syctem co 

detect frec thiols. in  the pt-cscncc clisulphides havc been utiliircd for the 

c5li rtiarion of' free rhiol uoi~tenl in hurnarl hlood Aeruln samplcs. Among the 

vilrious n~cta l  ions, Fig2+ selectively quenched the emission of silanised QDs 

i n  aqueous medium with ;I concomitant bathuchi.omic shifi i11 thc ahsorption 

and ernissio~~ band. Mercui-iu ions rcaut with CdSe ODs to yield quantum 

s i ~ e d  HgSe on i l s  surface. which furlher inodifics [lie hand cdge 

recombination process. 
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4.1. Introduction 

Scleclive dctectior~ of biologically importanr molecules and 

c~~viro!~mentall y ioxic rnetal carions has been ;in active area ol' intcrcsl. '" Most 

of tlit: caslier- sel~sing syslelns wero based on otpanic riiolc.cules and inorganic 

I t j  ct>mplexos. More recently. attention has bcet~ focuscd on the dcsign of QD 

hilscd hybrid systems for sensing z~pplicazions. duc tr:, their fi~scinr~tillg optics! 

pi.l~perlic\. which are t ~ ~ n a h l c  wilh sizc and shape."-' QDs c a i ~  undergo 

clcctl-on ur cnel-gy tmnsfcr pr-occss when hound lo a11 ;~nilIyk~. The redox 

~w,tenlial ol' ODs car] hc cnnvcniently tvncd by varying tl~c 4zc; i.e.. QDs can 

acl ;I$ an e l cc t~n~ i  donorn o r  acccptol* witllout varying the cheiliical 

compositic~n. '"I' Pholocxci~ation o f  ODs r e ~ u l  ts in the lilt-t~zaliun 01' cleclron- 

holc pail- (uxciton). Any process which can inlluenuc ~ h c  ~.:~diative 

r ~ ~ o n ~ h i n a t i o n  01' thc electron aricl hole can allcr the Iurnincscenuc Ii20~n the 

QDs. Anal ytcs with appropriate I-edox potenliul can interact wi tll Q13s atid 

scavcngc: ~ h c  photogencrated elect~wr~s in the conduction hand 01- holes i n  the 

villcnce hand leading lo  educed rate of electron-hole rtldiativc t.ecomhinalion, 

A schumatic illustration of various prtxeascs is providcd iri Figure 4.1 ., where 

ED and EA tept-csent ttte clcctrotl donor and acceptor, I-espcctivcly. To 

h~cilitalc chc clectrc~n or hole trandcr. thc redox Icvcl ol' (i) EA sl*tozlld he 

lower Ihan the concluction b~uid edge or- (ii) ED should he higl1t.r. than valence 

brtnd edge of the QD. 



radlalive decay 

(h' irons fer) 

Figure 4.1. Illu\tratiun of 1 :~l-iou+ light induced clcctron tranxfei- 
proct'\\ in QUA. E/l a n d  IJLS repl-ccentr; tunulylcs resulting irr t l ie 

suppre+hion of QI3 lumine~cc~loe. 

A typical examplc was reprwted by Kcnson and cowor-kcrs Toi- mallosc 

sensing. whcrc t hc  QD Il t  mi nccccnce was rc\turcd (\witch on) upon analg'te 

rcct~gnitio~~ (Figure 4.,7).' Cadmium s e l e ~ ~ i d c  Q U s  ovel-contcd with ZnS 

(C'dSc-ZnSI was conjugated to n Ku(T1) c(~111plex fu~ictionnlijled with mr~lto\e 

binding pr-orcin (MBP).  'Phis hybrid QD posses4ed low lurninescencc duc to 

clcclr-on injection crom Ru(I1) complex. Protcin conhmmtion varics upon  

binding u ith maltose and ~ h c  electron tz-ansf'tl. is attenuated as the Ru donor 

moves awn!, from QD, restoring its lurninesccncc.. 11 is possihlc to  tune the 

clcutr-un transfer process betwcen QD and dnnorlaucep~or. by viiryi ng lhe 

3 
distance ; I I ~  scleral systcrns bared on this concept have hccn rcporred. 



t\incling \~ . i l l i  r-eccplol. tiloicty; dir.ccl i nrerautioi~ 01' i ~ ~ ~ n l y ~ c  (In 1~ I!IL, xurl'acc of' 

Inrnincscci~cc enl~anucn~t t~ i  ( tu rn  on scnsor) or. quenchir~? (till-11 nfl' .;cn\car~. II 

i s  tc17or!cd by Rivas P I  c r l .  1li;lt C ' u ( I I )  ions ~~ue i lchcd  thc lur~~inescei~ce of 

Ic ion ;IS it scavclycs (he Y ~ I C I I C ~ C ~  as CuCN IFigtrl-c 4.3). 

Pigurc 4.3. Qn hn~ccl I i~t~~~nc~ccncc.  'turn (.)N' .scrll;clr. I ' hc  

C'u( 11 1 o ~ i  QU ~LI I .~ ' ; ICZ  L I ~ ~ C I I C ~ ~ \  Qn lu~t~rnu~cct~cc. which i k  

rehforcd i i!ic ~ I * P S C I I W  o f  r S  ( t ~ ~ l ~ ~ ~ ) ~ ~ ~ ( f  fro117 ~ P ~ ~ J I - O I I L  o 4) .  
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QD sensors based on F6ster energy transfer have been reported for the 

cietcction of various analytes and thesc aspects are summarized in References 

5-  I 4 .  OD hascd pH sensors. by synchronizing both electron and energy 

trnnsfcr process have been reported by Raymo and coworkers.'' 

Herein, wc report the use of silica overcoated CdSe QDs dcscribcd in 

Chapter 3 for the detection of biologically important moIeculcs and 

envir-onmentall y hazardous metal ions from aqueous medium. The first part of 

this chapter ibcuscs on the selective detection of (i) amino acids such as 

cystt ine and I~omncystcinc and ( i i )  peptides such as ~Iutathione in presence of 

interfering molecules. The second part of the chapter describes the use of' 

silica overcoated CdSc QDs for the selective derection of kiE2+ ions, 

4.2. Detection of Sulfhydryl Containing Biomolecules 

Devclopnient of simple probes with high selectivity and sensitivity for 

ryuantitntive dctectiun of sulfhydry 1 containing bioanal ytes is of great interest 

for biomedical c ~ r n r n u n i t ~ . l ~ " ~  For example, sulfhydryl containing 

biologically relevant molecules such as cysteine (Cys), hornocyszejne (Hcy) 

and glutathione (GSH) are of particular attention, as they play \lifnl ro!e i n  

~nelnbulic process in living cells by maintaining biological redox 

h o m c o ~ t a s i s . ' ~ ~  Selective detection and quantification of these biologically 

important analytes is of great relevance; however their structural similarity 

incorporating both carboxylic and amino groups is the major difficulty 

associated with the development of sensors for their selective detection. 
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Variou, approaches for analysis of these bioanalytes were developed based on 

13 electroannlyt~cal techniques, spectrophotometric method based on Ellman's 

14 reagent. high performance liquid chromatography (HPLC) techniques, 

capillary electrophoresis separation or by immunoassays based on 

dcri vali sation with fl uorescentiphosphorcscent reagents. l 5  A11 these methods 

require either expensive reagents or equipments. Recent1 y Xia and coworkers 

have investigated the interaction of 3-mercaptopropionio acid capped CdTe 

QDs and CyslHcy by varying the pH of the medium.'" Authors observcd an 

enhancement in the luminescence of Q D s  in the presencc of Cys and Hcy in 

acidic mcdium, where as the luminescence was quenched in basic medium. In 

another report, calixarene appended CdSe QDs were utilized as sensor for 

methionine and phenyIalanine hased on the Iuminescencc enhancement. ldb * 
novcl QD based sensing technique for the selective detection of sulfhydryt 

containing amino acids and peptides, at physiological1 y relcvant conditions is 

presented below. To the best of our knowledge, this is the first report on the 

development of a sensor, based on siIica overcoated CdSe QD for the 

selective detection of biologically important analytes. 

4.2.1. Results and Discussion 

Details on the synthesis and photophysical properties of silica 

overcoated CdSe QDs are presented in Chapter 3. Effect of various amino 

acids and peptides on luminescence properties of silica overcoated CdSe QDs 

was investigated. Silica overcoated CdSe QDs in PBS {pH 7.3) wcre excited 



C ~ L I ~ I P ~  3: Silica Overmnr~d CdSr Quurlfum D0t.v as Sensors t Oh 

at 360 nm (OD -0.1 ). The ahsorption spectrum of QDs showed characteristic 

excitonic transition at -550 nrn and the Lu~ninescence maximum at -560 nm 

(Figurc 4.4). The photoluminescencc intensity of the silica overcoated CdSe 

ODs was round to  be sensitive to sulfhydryl containing biomolecules. For 

cxample, the lu~ninescence was quenched upon addition of Cys (0-40 pM), 

whercas thc absorptinn spectrum remained unaffected as shown in thc Figure 

4.4A (inset). Since the absorption spectral profile remained unaltered, in 

presence of varying a~nounts of Cys, one can rule out thc possibility of any 

chemical degradation of QDs, which can lead to a reduced luminescence 

intensity. 

Wavelength, nm Time, min 

Figure 4.4. (A) Effect of Cys (0-40 pM) on the absorption (inset) and 

lu~ninescence spectra of silica overcoated CdSe QDs (0.20 yM) in PBS (pH 
7.3). excited at 460 nm. (B) Luminescence intensity of QDs in presence of Cys 

( 5  pM)  as a fu~iction of time. 

Further a fixed concentration of Cys ( 5  pM) was added to QDs and 

lnonitored the variation in luminescence intensity as a function of time 

(Figure 4.4B). Luminescence intensity was decreased instantaneously on 

addition of Cys and rcmained unaltered on keeping for long time. Interaction 
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between QDs and Cys was analysed by monitoring the lurnlnescence intensity 

of QDs as a function of Cys concentration. The luminescence quenching was 

analyzed using Stern-Volmer equation (4.1 ); 

IoA = 1 + Ks,[Q1 (4.1) 

wherc '10' and 'I' are lumjnescence intensity in thc abscnce and 

presence of quencher respectively, XK,,' is the Stern-Volmer constant. A plot 

of relative luminescence intensity against concentration of quencher, followed 

a linear behavior (Figure 4.5A), indicating the presence of either dyizarnic or 

static interaction. The Stern-Volmer constant (K,,) was estimated from the 

slupc of the linear f i t  as 8.9 x 10' M - I .  The average lifetime (r,,,) of silica 

ovcrcoatcd CdSe QDs was determined as 22 ns based on  SPC analysis. The 

bimolecular quenching constant (k,) was estirnatcd as 4.1 x 10" ~ " s - I ;  the 

extremely high value of K, indicates that the luminescence quenching process 

arises through a static interaction of cysteine with QD and not by a diffusion 

controlled process.17 

[CY~], FLM Time, ns 

Figure 4.5. (A) Stern-Volmer plot for quenching of QD 
Iurninescence in the presence of Cys. (B) Effect of Cys (0-40 

pM) on exciton lifetime of silica evercoated CdSe QDs. 
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The sratlc quer~clnirig process was further confirmed based on titnc 

c(~rr~'lared s ~ n g l c  photon counting xtudics. Silaniscd QDs showed 

tr~exponential decay and the average lifetime uf 22 ns remained unchanged in 

tht: presence of' Cys (0-40 pM: Figurc 3.5B) indicating that the Cys undcrgocs 

I X a htotic i~ltet-action with silnnised QDs. Based on the steacly statc and tin-ie 

resolved luminesccncc studies, the observed quenching in lu~ninesccr~ce of 

QDs lvas attributed to the co~nplcxation with Cys. Among the twenty a-amino 

i~cjds, noIie of the amino acids other than Cys showcd any variation in the 

luminescence intensity of silica overcoated CdSe QDs, confirming the 

xclectivit y (Figure 4.6: lurninesccnce spectra are provided in the Expcrime~~tal 

section). These results indicate that the Cys binds to thc QD surFace through 

the thiol (-SH) functional group. Interestingly, wc observed similar effcct in 

thc pt-esencc of' othcr sulfhydryl containing biologically important rnoleculcs 

such as Iio~~iocystcine (Hcy) and glutathione (GSH), on luminescence of silica 

oucrcoated CdSe QDs. Thcse results are presented in Figurc 4.7. The 

luminescence of QDs underwent dramatic quenching while the absorption 

xpectrcirll re tnained unaltered. 



Figure 4.6. Graph showing the sejeutivity of Cys 

among the twenty a-amino acids. [Cys] = 40 pM, 

othcrr; 320 pM, in PBS. 

SO0 550 h00 
Watelength, nni 

Figure 4.7. Absorption (insets) 

overcoated CdSe QDs (0.20 pM) in 

pM) and (B) GSH (0-76 pM). 

" 500 150 h(H) 
Wavelength, nni 

and luminescence spectra of silica 

PBS, in the presence of (A) Hcy (0-73 

Analysis of the relative photoluminescencc intensity as a function of 

quencher concentration showed a linear relationship (Stern-Volmer plot) for 

Hcy and GSH. In  both thc cases, 'Kq7 was found to be in the order of 10'' M-' 

N-I (Table 4.11, as in the case of Cys, ruling out the possibility for a diffusion 

controlled process. 
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Figure 4%. Effect of ( A ]  1Icy anti (13) GSH nn exciton lifclilt\e ol' \~licn 

ovc1-coated ('ciSe OD\. ( Inscts) Kcspcct ive relutivc chnngub iu il\'cl-agc l i k 

liiilc:, (T, , /T)  \4 ith l.e\l>cct to ~Plc qucr~cllel- concent r i~t iol i .  

Figure 4.9. Reli~tive lurni~icsccnct. inlensi ly ( lo l l )  of 
hillca overcaatttd CdSc QDs in thc prehence o f  C p .  

IIcy, GSH. Wel and Cyt. 

Above observalionc unambiguously cor~i'irm the rolc ul' t hiul 

I'unutionali ty (-Sl i )  i l l  quenching the lutnincsccncc of s i l a~~ised  CcZSe QDs. I1 

is reported thal tht. thiol gmup qller~ctles the luminesccncc of TOP0 capped 

CdSc Q I h  in organic sulvenlk through rt hole transfer u~ech;lnisr-n. Mcijcrink 

and coworkers cxpIaincd this process based o n  thc diffcrcncc in the redox 
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levels between the valence band edge of CdSe QDs and thiols as illustratcd in 

Figure 4 . 1 0 . 2 " ~ ~ p p i n g  of photoexcited hole formed in QD valence bancl hy 

thc [ h i d  tnoiety. results in luminescence quenching. In contrast, the valence 

band of' CdTe is positioned at higher redox levels with respect lo thar of 

thio!s, thus elinrinazing holc-trapping proccss. 

Figure 4.10. Redox positions of CdSe, CdTe hand 
cdgch and thiol, shown both on a vacuum scale and 

with I-espccl to  SHE.^'^ 

30 

Recently, Hollingsworth and coworkers showed that in  aqueous media 

"thiolatc anion (RS-)" is the active species affecting thc optical propertics of 

CdSe QDs. rather than "thiol" (RSH) The photogencrated hole in 

CdTe 
- CdSc 8 

1 
- 

thc \paler~ce hand of CdSe QD are trapped by the thiolate ion, resulting in the 

4.5 

formation of a 'thyil radical' (RS') which undergoes coupling to yield non- 

coordinating disulfide (RSSR) as shown below. 

RSH ++ RS- + H' (4.2) 

RS' t CdSe + CdSeL+ RS' (4.3) 

RS' -t- RS' -+ RSSR 14-41 
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The silica overcoated CdSe QDs can be visuaiized as a core-shell 

system consisting of' CdSe core and silica shell. Iwasaki et al. showcd that i n  

casc of CdS/Si02 core-shell system, the silica shell is sufficiently porous for 

small molecules and ionic species such as arninrs. cd2' and OK to penctntc 

from the bulk solution to the interior of the silica shell, while larger molecules 

such as methyl viologen cannot penetrate.2' Based on this. i n  present system. 

thc penetration of quencher through the silica shell may be ruled out. Allother 

possibility is  that the silica shcll around CdSe core is nan-uniform and the 

quencher utidergocs a direct interaction with CdSe core through the voids i n  

thc shell. This assumption was supported by thc HRTEM images, which 

showed thc presence of a thin silica shell over the QD cvre as shown in the 

Figurc 4.1 1, The formation of silica shell on CdSe core can prncccd through 

the dirnerisation of APS molecules. through a siloxane bridge (-Sj-0-Si-) as 

illustrated in Figure 4.12. One of the amino groups of APS is  bound to QD 

sr~r faoe while other prqjccting out with an overall length of - E .5 nltl for APS 

dir~ler. This also suggests that the silica she11 formed is  of vcry Iow thickness 

(- 1.5 nm) while APS is used as silica precursor. Based on thcse results, we 

assumc that the thin silica shell may contain void spaces which allows the 

direct interaction of analytcs having thiol functionality with the CdSe core. 
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Figure 4.11. HRTEM images of silica overcoated CdSe QDs. 
illustrating the presence of very thin silica shell over QD core. 

Figure 4.12, ( A )  Schematic illustration of silica shell 
formed on QD core by APS (not to scale) and (B) 

avcrall length sf an APS dirner on QD surface obtained 
from minimum energy optimized structure using 
Chern3D. 

Analysis of Total Free Thiols in Human Blood Serum: Amount of 'free 

thiols' in human blood serum is a biological marker for many diseases.'% 

Most of the commercialized techniques for analysis of amino acids and 

peptides in blood serum are sophisticated, time consuming, and e~pensive.'~"-~ 
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C!xit~_c xilick1 overuua~ctl C'clSe ODs. hcrcin wc pl-ewnl a si117pEc t11.10r1111etl-ic 

~lielhod Lor. thc zln;1ly5i\ ol' low m o l c c ~ ~ l ~ ~ r  weight atnino thiolx i l l  bloocI sc1.11111. 

Scl-11111 sat~pJek ES1. S2 ; ~ I I C I  S3) WCKC c~1IIccted tt-olll tl11-uc volul~tt't'rs 

; I I I ~  the lotul lhiol i .o~iten~ w;is iuiulq'zcd as cxplainrci hclow. I n  ;I ~ypical 

[~~'uccdurr. silica ovcl-coi~tcd CdSe ODs was diluted with PHS Ipl  l 7.3) to n 

fillill c ~ ~ ~ ~ c ~ ~ t r i i t i o l l  01' 0. 17 pM. and I0 yI, 01' t l i i x  .colulioi~ was nlixcd will1 an 

ccl~liil ~ ~ O I U I I I C  oI' t71oo~l S C ~ - U  tn. L111tli I ~ C ~ C C I ~ C C  of QDs iv;ih monitored 11 tdet 

C:V 11gh1 usiirp a gcl ~Ioci11neri~i11ion syk~cl~i { UVP. C'un~hriclge. 1 I K )  and 

i t l ~ ~ y i l y  w;~x  loti^ iisi~lg it C'CD U ; I I I I C ~ ; ~ .  Serial clilulionx ol* .;CI-UIII 1 1 :7 ,  1 : 10. 

1 : I00 ancl 1 : 1000) i l l  P H s  wcr-c ~ ~ w c l  SOI. tlic cxpcrirlren~s. Photographs 

rccm-dcd I I I I ~ ~ I ~  IJV i I l i ~ ~ ~ ~ i n ; ~ t i r ) i ~  I ~ilixir~g h t ' t - l ~ ~ i ~  (of v;i~-it>us 

conuuntr;~tio~~t) wilh Qllx i s   show^^ i n  Figur-u 4.13 (left panel). In case of S11. 

I~~~ninescenct: 0 1 '  QII ~ v u s  no1 itl ' l 'e~tcd on addition 01' ccruni t j f  any 

co~lcentration levcls (Figure 4.1 3. l'irsr row). I II ccwll-asl. 52 : I H ~  S3 tunled off 

the lurnitic~ccncc: of QDx at higher. sct-1.1111 conccr~lralions (figure 4. 1.3. sccond 

iuid l h i d  1 . o ~ ) .  Lu~~~inescenuc of ODs was lr~lally qucncl~cd at dilulion of  1 :2 

it1 the case of S2, wtic~.c 111e lumi~icsccncc was  t11rnt.d off cvcl~ at a clilution ot' 

1 : 10 in lhc casc of $3. Thcse rcsults indicate that S3 has u higher 'f~.cc thiol' 

COII tcnt cntnpared 10 52.  



c d e 
Serum Ssmplc (52) 

c d e  
Serum Sample (S3) 

Iiigure 4.13. ( I r l l i  p ~ u ~ c ~ l )  .\11;11> \i\ 01' htrrn;tl~ t~lood \cr-l1111 x;~rnplc. 11ki11g SI Fic;t c ~ . e r  

L Y I ~ I I C L I  C'clSc (.)U\. ,I-I': QD rIl.cyr\ 10. 17 !rM. i11 P13S.j on gla+> \licle\. SI. S3 urkd 53 
C O I ~ I - ~ ~ ~ ~ O I ~ L I  t o  t!~rcc \ c r ~ t i ~ ~  >:IITI~)IL*\ ~ I \ c L I .  SCI.LIIII c t ~ ~ ~ c r l ~ t ~ ~ ~ i o i i  ~ I IC I~C~IW\  t ' ro~~i  c- I' 

cclilutit)n i l l  t l i ~  o~.c!t"~- 1 : 1000. I : F 00. I : 10 atid I :2):  ;I and h !'or control c u ~ ~ c r i t n c r ~ t ~ .  

In  c a w  of' S1 and S3. I t ~ c  OD I~frriine~c+t.rkcc. \!.:I* rl~lc.l~c-ht.il :)I hi$llcr collucntr.;~tio~~~ 

( ~~~drt-:l!ccl i y  C.II.CIL'>). ( i.iSllf J M I I I P I )  C;I.;I~SI~C o l ~ ~ ; ~ i i i ~ ~ l  f~x)~i i  ~ I c ~ ~ t i l ~ ~ i ~ t t l - !  ;III;)I! (r ik 01 '  

pI~t,~tyl-nph. tor- S2 ant1 S3. 

\OI'~M';II.C) 01 '  tlw ph~rt~gr-uphx we1.c. cnn.iccI out 10 chtin~i~te I-clnr i \ c  di\k~.ih~~liotl 

cli Iutitinc; I : IOO. 1 : I0 iuld I : 2  ( 'cl'. 'c' arid 'f' in  rho right panel ol' Figure 1. !-I) 

l'ol- SZ and S3 gives the difi.~.cncc i n  tlliol uo~~tent in hcrutii si~niplcs. 'l 'l~c 

lumi~loscr~lcc- ivah Illore suppt-ccherl i n  tllc case ol' S3, c ~ t  n at hipllcr ~lilutionx. 
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A dctailed inzcstigatioli with hipl~ct- nuriihci. of  her-iim \ai~lplch i s  

I-rco~n~nended to cxplol-c ~ l i c  ~,otcniial ol' I hehe 1na1c1-ials for- applicalioil ill 

clinical lahoratorich l ' r ~  i 'o~it~nc analysi\. 

4.3. Seleciive Uctertioa of fig2' Using Silsi~ised QUs 

Mcl-cury i c  havi~ig ~ I - ~ I I I C  rolu i1111ni1g L I I C  I I C L I ~  y I I I C I ~ ~ I S ,  i 11 or'l'~rii~g 

- 1 
11i;i.iol- thvcal to cnvil-ot~~~icrilal uoiit;~minn~io~~.-- Dctcrmi~~ut:ion 01' I I ~ C I ' C L I ~ ~  

conlcrll ill s~~rnplcs i s  clii~llcnging duc lo i t 4  hi$ voliltilitj. ~ \ , c n  at nrnhicllt 

tcinpcr:iktrc\. V ; I I * ~ ~ L I \  i i ~ ~ h - t ~ ~ ~ i r ~ i [ : ~ !  ~ I I C ~ I T O L I ~  o!' i i t l i ~ ! ~ ~ s i ~  ror- I I I C  dc !c r~~~i  I I ~ I I  it711 

ol' rr~crcul-y incluclc giix ~ h ~ - t , ~ ~ ~ ; ~ t ~ g t ' ; ~ p t i y ,  ~ ~ u u t ~ * c > ~ r  acti v i ~ t  io11 ;t~~;tfyxix. ;tlornir: 

;khsol'ption spcctr.oswopy. cold vapor- ;lln~llic fl uorcc;ccnoc. ~ ~ C C I I - ( H I I C ' I I - ) ' .  CFL'~  ic 

~ ( r l ~ i t l l l ~ n ~ l ~ ~ .  i - i l i  c~c.""-~ Clowcver. 111cse i ~ l ~ ~ h i ~ d s  i ~ ~ i v l i  c 

111uJti ~ t ~ p  s;~n~plc ~>t-cp;~~-;ltio~~ iundlor sophis ticatcc3 i llct t+unlerl tailo~l. Thc LISC of 

Qlls i i~- t hc select ivc dotectioll of' I I I C ~ C ' L I I . ~  ioiis; ha\,c hccn 1.cporlcd bawd on 

C'dS and C'd'T't: QDS.'' Wc h a ~ e  ii~vcs~igatcd Ihe potcniial uxc ol' \il;ini\ed 

CclSc QDs n\ a lutni~lcwcn\ pi.ohc for thc selcctivc dctcctinrl of I-!?'- f~.urn 

~lqucous 111cdi:i. 

4.3.1. Kesults and niscussiu~l 

C:clSe QlIc; wcinc synthesi~clcl i l l ld overco~~lccl with silica L I ~ ~ I I ~  

atiii~iopropyl xilnllc as described i n  Chapler 3. Silaniscd CdSt Q I l x  used in (he 

PI-chent sttldy showed an absorption profile with chat-acturislio peak i k t  575 

nln, uort-cspondit~g lo I'ilat oxci~onic transition and the luminescunce 



I I I ; I X ~ I I I L I I I I  C ~ I I I E I I - ~ ~  ;I[ 582 ntn (blue tl-acr i n  Fiput-c 4.13) with FWHM of' -50 

nrn. Effcct of v;1t-ious riictiil lolls on p h o r t ~ p h j  sical proper tic^ of \ i l  ic-a 

oirl-c-oated C'dSe Qrls (0. l h ~ I M )  in PHS IpI l 7.3) were inves~izaled h)  

usoi t i  llg at 380 11111 (i1b~10rh;1rlce-O.O8 ) and l umiiic.cccncc i nlcnsi ty was 

colIcctc(~ thc pc;ik maxi ~ i i u ~ n .  I ~lter-estir~gl y. Ille absor-plion ac wrl l ac; [Ill: 

l~1111i I ICWCIICC xpcctrii SI IOWCCI  i1 ~t>~~\i~lel~iihl t :  1 ~ ~ 1  s h ~  1.1 (A>.-?.? nln ) In pr-csc~icc 

01' 1 4 ~ ' -  ion, (0- 14 pM: Figurt= 4.13 ) .  'l'hesc cpcc.~l-;iI clxingcc wcrc followctl 1,). 

;I decl-caw in the lurninc~c.enur inlcnsiiy ;~nci hr-oadcning ul' I 11c bal~d. Further. 

rhc cxcitoil lii'cti~nc ol' silaniscri CdSc C ) l h  was rneasurcd a \  n I ' i~i~c~ior~ (11' 

rl~ercul.iu ion col~ceiltratio~l. Sila~iisecl CdSr QL)s \howutl a tricx~~oncnlial 

exci ton decay characterixrics wit11 an averuse l i fclimc ol' 1 X ns. A \uhsl;tri tial 

reduction in ~l le  ovel-age IilLin~e. was ohserved o n  addi[lon of H ~ ' +  (h  pM: 

bigirc 4.15) sugpe\ling iin intcl-action bctwccrl QDx ~111ci 111ctal iolls arlcl 

~ ;~r iou .c ,  p~ssihilitic\ arc c l i ~ ~ u ~ s e ~ l  below. 

\.Vavclcngth, nm Wavelength, nm 

Figure 4.14. (A)  Ahsorption arid ( U  ) l~imir~cxcc~ice xpecti-a +ilic;i ovei-ct~ated 

CclSe ODs (0.1 h yM). in psehcnuc of 1 1 ~ ' '  (0-14 pM) in 13L3S (pH 7.3). cxc~tcd 
at 480 11111. 
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Figure 4.15. C(.kcI of I lg'- o n  excitnrr clcu;iy lit;rtirr~c\ 

ot' silica overcor~tcd ('dSe QD\. t:xu~led nt 44 I nm. 

1t ic po\c;ihle to ;icc.o~~uI ['or lhc red 5h1l.l in the l'irsi cxcitor~iu ~ransilion 

i n  ~ihsor-plion hpeclrum of ODs i n  ~ c r t i ~ s  01' ( i )  an i~lcreasc in thc 01 t.1-iil l sizc of 

the QDc due to Cls~\vald's ripcninf2"' or I i i )  ;I rnctal ion induced a~grcgat ion 

01' QD~."".' These po\\i hilitics can also result  irl Iurnincsccnce qucnc hi ny a~id 

ht-oadcnin_r ol' Ihc hand as Lhc c lcc t ro~~iu  lcvcls of' QD arc ilifli~encud in cithcr 

c a w  (Figure 3.1 h). HRTEM irrlnges rccordcd in Ihc absence and pr-cscncu of 

i-IP'' arc prcscn~ed ill Figure 4.17. Thc aberagc s i x  01' QD ant1 its distrihulion 

I-elnaincd unchan;cd 111 prescncc of H ~ ' '  and the pr1cl;i bility ol' aggrcga~ion 

and Ostw;~ld's t-ipen111g was ruled out .  Ttie possibilit> or' a Iiole trallsSer 

cannot hu accounted in the pr-ewnt case since of H ~ ' '  cannot he easily 



1. , -1 

trap statt  tmusslon 

-1'lie red xhil't in absorption uncl luinincsccncc 111axin-t;i as wcl t a h  thr. 

bawd on thc interaction ol' I I ICLLI I  ions with ODs. Icucling to thc gct~cration 01'  

ilcw tnip s t a w  wilt1 low-1) in2 cnelyy Icvcla. ?'he shift i l l  zhc cxcitotiic hand i l l  



7-  

thc ahsorplion spcc~l-u~ti o n  addi~ion ol' Hy' con-chponds to a t-c~l~ctioil i n  thc 

energy gap of QDs fi-on1 2.14 eV (CdSe ba11d e d ~ e  lumincscunue) lo 2.04 eV. 

' I h i c ;  can he attrihutcd lo lhc gcncration o f  ncw c n c y y  lcvcls c l r~sc to valcncc 

u l ~ d  conduction harld edges. Weller unc! cc~workers Ilale eal-liei- 1-epol-tecl 11 red 

shi l't i n  ~ h c  cxui tonic ;ihhorpt ion [ ~ c ~ I L  and rcductiotl ill blind cdgc cnlissic.rn i n  

thc LYISC of C'dS QIIs OII  ;~ddition nf nler-curic ion:, (Figurr 4.18)."' Basecl on 

spcctr-nscopic invcctigations. iiuthnl.~ have ct>r~cluded the f'o~-il~:~lioil of  

of Qllc; by g c ~ ~ c i . ~ ~ t i n g  IICM ~ i o ~ ~ i - ~ ~ l i ; ~ t i v e  decay channels having lo we^. enerfy 

stiitc\. C'udlnium telluride IJDs also l-eact with me~+curiu ions rrsulling i n  [he 

can reacl wilh { i  ) CdS 1e;lding lo lhc 1.ormalion of quunturn hizcd C'uS on 013 

S L I I . ( ' ~ ~ C ~  and ( i i )  C'dSe lo yicid iluanturn s i ~ c d  C'USC.." 

, , 
-0: .I: I:.] i f :  9: !I: I ,  LOG 510 0 100 UCO PO0 7100 

~ h ! , r n ~  .n *arml*lrglt> lnml  

Figure 4.18. 1J l ' l c l  of kIg" on ah\orpt~on and luminescence cpectrn 
of CclS QL)+ i n  watcr wl~icli ic, a~~rihureti to the fr)rrn;lt ion vf quantur- t~ 

xizc 1 EgS on CdS hurl~cc."' 

In  thc present case. H ~ ' '  can react with CdSc Qils (ei1u;~lion 1. I )  

leading 10 ~ h r  l'ol-t-nation ol' quantum sizcd 1IgSe o n  QD surt'ace opeiiirlg a 
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IICM c hiint1~1 fi)~. C X C I ~ O I ~  decay. The red shift in absorption and lurninesccnue 

maxi~na as well a.\ the broadening of luminescence profilc can bc thus 

attributed to  the formation of HgSe o n  QD surface. It is also supported by the 

fact that the solubility product of HgSe (-log Ksp = 6 5 )  is lower compared to 

i H  that ot' CdSe (-log Ksp = 35): 

I t 1  the absence of HgSe formation, the excitons formcd in CdSe QDs 

uridul-go t-adiativc recombination (bandgap energy 2.14 e V ) .  Quantum sizcd 

k1gS.t: on CdSe surkice further modifies the band edge recombination process: 

thc electrons rcIax to the low lying conduction band of HgSe and the radiative 

exciton reconlbination from this energy level results. A schematic 

rcprescritation of various cnergy levels is prcsentcd in Figurc 4.19. A 

substantial reduction in the average lifetime, from 22 ns to 7 ns, was observed 

on addition h yM of  figure 4.15). Thc observcd decrcase in the exciran 

dccny lifcttimcs in presencc of I-&'' i s  due to the new decay channels, which 

ifepopulates of cxcitons. It is earlier reported by lwasaki el al, that small ionic 

spccics can penetrate through silica overcoated CdS Q D ~ . ~ '  As discussed i n  

the carlicr part of this Chapter, the silica shell formed around CdSe OD is 

founci to be thin (-1.5 nm). FIg2' ions can interact with CdSe core eithcr 

through the void spaccs in the shell or by penetrating through the thin porous 

silica laycr. 



Figure 4.19. Exciton recombination pathways in 
CdSe QDs (solid arrow) and in presencc of HgSe 
on CdSe QD surface (dashed arrow). 

Wc have further investigated thc interaction of various mctal ions 

including alkali, alkaline earth and transition metals and the results are 

presented in Figurc 4.20. Interestingly, addition of these metal ions does not 

influence the spectral properties of CdSe QDs evcn at higher concentration of 

-100 vM. To confirm the selectivity of H~'' ions, quenching studies were 

carried out in thc presence of various metal cations (Figure 4.20). A ~llixturc 

of various metal cations (Li', ~n'. K', MCJ'', ca2+. 13a2+. ~ n " .   el*. CO'+. 

~ i ~ ' ,  cuii. zn2'. cdZ+,  AI", pbZi; 100 yM each) was added to a solution of 

QDs (0.20 KM) in  PBS. The decrease in the luminescence intensity was found 

negligible (- 10 '7r; trace 'b' in Figure 4.20B). Further, addition of H~'' ions 

(8 pM) to this solution resulted in a substantial reduction in the lurnincscence 

intensity (trace ' c '  in  Figure 4.2116), indicating the possibility of using siIica 

ovcrcoated CdSe QDs for the selective detection of mercury containments in 

the presence of other interfering rnctal ions . 
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Analytes, whl Wavelength, nm 

Figure 4.20. (A) Effect of various metal ions on PL intensity of silica 

overcoalcd CdSe QDs in PBS. (B) Selectivity of H ~ "  in presence of athcr 

intcrfcring and 11on-interfering metal ions. 

4.3. Conclusions 

l.u~ninescencc properties of silica overcoated CdSe QDs in aqueous 

111edia were found to be sensitive to sulfhydryl containing bioanalytes and 

tncrcuric ions. Luminescence of QDs was turned off in  presence of 

~nicromular quantities of thiol containing biomolcculcs such as cysteine, 

hotnocysteine and glutathione and found to be insensitive to their oxidized 

forn~s (disulphidcs). Further, we havc demonstrated the use of this water 

solubIe lu~ninesccnt rnatcrial for the analysis of total free thiols present in 

hurn~iri blood samples. Bascd on various experiments, it was confirmed that 

the clucnching of luminescence occurs through a hole transfer process. 

HRTEM analysis showed that the silica shell is very thin or non-uniform and 

the analytes can interact with CdSe core through the voids. 
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We have atso dcrnonstrated the use of siIica overcoated CdSe QDs in 

the belective detection of H ~ "  in presencc of interfering metal ions. with a 

l i m i t  of detectinn (LODI of 1 -5 ppm (according to 3 0  IUPAC definition). The 

~~hotophysical properties of QDs were dramatical I y influenced by mercuric 

ions: a bathochrornic shift in the absorption and emission spectra aIong with a 

decrease in the luminescence intensity was observed. It is anticipated that the 

mesoporous. th in  silica shell is permeable to FIg2' ion. allowing interaction 

with CdSe core s u h c e .  The spectral changes are attributed to the formation 

o f  quantum sized HgSe on CdSe surface. The absorption and emission 

properties of silica overcoated CdSe QDs are insensitive to various metal ions 

such as Li*, Nat, Ki. M ~ ~ ' ,  ca2+. ~ a " ,  ~n". ~ e ~ ' ,  co2+, ~ i " ,  cu2'. ~n", 

~ d " ,  A?', pb2+, evcll at 0.1 mM concentration, making this system highly 

selective for mercuric ions. In conclusion, fluorimetric method prcsentcd here 

allows the detection of sulfhydryl containing bioanalytes (at physiologically 

relevant conditions) and mercuric ions in the presence other interfering metal 

ions, without the aid of any specialized instruments. 

4.5. Ilxperirnental Section 

4.5.1. Materials and Methods 

General details of solvents, reagents and equipments used for 

synthesis, characterisation and studies are provided in the Appendix. Amino 

acids, peptides and metal salts used for studies were purchased from Aldrich 

and used as such. Blood serum analysis experiments were carried out using a 



gc! documentation system (UVP. Carnhridge, UK) equipped w ~ t h  (black and 

white ) (XI1 crilnern. Densitometry anal y s j s  of the photographs were done 

u511ig vls~onwol-ksOLS analysis software. 

4.5.2. 'I'CSPC Analysis of QD Luminescence 

Table 4.2. PL dccay f i t  data in presence of Cys. 

'ITahIe 4.3. PId dccay fit data i n  presence of Hcy 

Table 4.4. PL decay fit  data in presence of GSH. 
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4.5.3. Effect af Amino acids (- 300 pM) on QD Luminescence 

3 

I n ~ ~ ; ~ ~ ; ~ ~ l  2 2 2 ,IA I '  

1 

0 0 
5-53 (dm) 5 9  m 554 MU 554 

I /  n m -  
MHI 

l i n -  . Alnm - L/n- 

Figure 4.21. Effcct of u-amino acids including cystine (-320 pM) on PL of silica 

nvcr coated CdSe QD (0.20 pM, cxcited at 460 nm, in PBS). 
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3.5.4. 'TCSPC Analysis of QD luminescence in presence of H~''  

Table 4.5. PL decay f i t  data in presence nf H ~ ' '  
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APPENDIX 

1. General Outline for Materials and Methods 

Chemicals and solvents used for the reactions and spcctroscoptu 

studies were of analytical and spectroscopic grade, and werc further purified 

by followin@ standard protocols wherever nccessary.l Thc electronic 

~thsorption spectra were recorded on a Shirnadzzl model UV-3 10 1 .  nr 240 F PC, 

UV-Vis-NIR scanning spectrophotometer. Emission spectra were collcczed 

using SPEX-FCuort>log F112X spectrofluorimeter equipped wizh a 450W 

Xenon arc lamp and spectra obtained were corrected using the program 

supplied by the manufacturer. FTZR and ATR studies werc performed on a 

S hi madzu IR Presige-2 1 FTlR spectrometer, The photoluminescence lifetimes 

wcl-c nreasured using an IBH picosecond timc correlated single photon 

counting (TCSPC) system with an excitation source of 440 nm (pulsc width 

<200 ps) and lurnjncsocnce decay profiles wcrc dcconvoluted using JBM data 

station software V2.1. The average life timc was deduccd from relation 

helow:" 

where 7' represents time, 'T' lifetime, and 'a' is pre-exponcntial Factor. 



X-ray diffraction patterns were rccordcd us ins  Phi lips X'  Pert Prn. X -  

tliffr-nctrjmetcl- with Cu K(r radiation ( 1  -5406 A) and spectra wcrc nna ly~cd  

using X'Pcrt Hiyhscarc software. For high resolution transmission clccrron 

~niur-oscopic (HRTEM ) and cnergy dispersive X-ray spectmscupic ( EDS 

studlcs. a drop of nilnopasticlc solution was placed on a carbon cuitted Cu grid 

and the solverrt was allowed to evaporate. Specimens w4ese exalnirlcd on a 

JEOI, 3010 3170 kV or on a FEI Tecnai G' S-TWIN 300 kV transmissiorr 

clectrol~ microscope. 

All ineltillg points wcre dcterrnined with a Mel-Tcmp-I1 melting poiril 

rlpparatus and arc uncorrcctcd. Prcli~ninnry charactcl-i~ation of organic 

compounds was carried out using Shirnadzu GCMS-QP20 I 0 gas 

chn>mntog~-nph-mass spectrometcr (GCMS). 'H and "C NMR spectra wcre 

~.ccorded on n 300 MHz Bruker Avance DPX spectrometer and high 

rc?,c~lutior~ mass spectra (HRMS) were recorded on JEOL JMS 600H rrnash 

spcctrameter. 

To measure relatjvc quantum yields of QDs, rhodamine ~ I G  in ethanol 

(0, = 0.91 } u+as used as the ref'erence. which offers a good spectral ovcrlap 

wit11 that of QD etuission. Both reference and QD was excited at the same 

wnve\ungth, where thc absorbance was kept at -0.10 and thc quantum yield 

(a) was obtained by using following equation;' 



- -  - 

~ v h e r c  the subscript R and QD stands for reference and quantum dots 

~-c\pcctj~clq. 'A'  for absorbance, 'F' for area under the cmission pcak and 'q' 

repr-escnrs rcfri-activc ~ndex  of the solvent used. 

Further details of specific reagents or instrumenration sctup used are 

provided in the concerned chapters. 
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