
 

  
U

niversity of G
roningen

Supram
olecular C

om
plexes from

 C
dSe N

anocrystals and O
rganic Fluorophors

Schm
elz, O

liver; M
ew

s, Alf; Basché, Thom
as; H

errm
ann, Andreas; M

üllen, Klaus

Published in:
Langm

uir

IM
PO

R
TAN

T N
O

TE: You are advised to consult the publisher's version (publisher's PD
F) if you w

ish to cite from
it. Please check the docum

ent version below
.

D
ocum

ent Version
Publisher's PD

F, also know
n as Version of record

Publication date:
2001

Link to publication in U
niversity of G

roningen/U
M

C
G

 research database

C
itation for published version (APA):

Schm
elz, O

., M
ew

s, A., Basché, T., H
errm

ann, A., & M
üllen, K. (2001). Supram

olecular C
om

plexes from
C

dSe N
anocrystals and O

rganic Fluorophors. Langm
uir, 17(9), 2861-2865.

C
opyright

O
ther than for strictly personal use, it is not perm

itted to dow
nload or to forw

ard/distribute the text or part of it w
ithout the consent of the

author(s) and/or copyright holder(s), unless the w
ork is under an open content license (like C

reative C
om

m
ons).

The publication m
ay also be distributed here under the term

s of Article 25fa of the D
utch C

opyright Act, indicated by the “Taverne” license.
M

ore inform
ation can be found on the U

niversity of G
roningen w

ebsite: https://w
w

w
.rug.nl/library/open-access/self-archiving-pure/taverne-

am
endm

ent.

Take-dow
n policy

If you believe that this docum
ent breaches copyright please contact us providing details, and w

e w
ill rem

ove access to the w
ork im

m
ediately

and investigate your claim
.

D
ow

nloaded from
 the U

niversity of G
roningen/U

M
C

G
 research database (Pure): http://w

w
w

.rug.nl/research/portal. For technical reasons the
num

ber of authors show
n on this cover page is lim

ited to 10 m
axim

um
.

D
ow

nload date: 03-06-2022

https://research.rug.nl/en/publications/fb39cc2b-cbf5-4674-b0bf-2087ed1c7806


Supramolecular Complexes from CdSe Nanocrystals andOrganic Fluorophors
Oliver Schmelz,† Alf Mews,*,† Thomas Basché,† Andreas Herrmann,‡ andKlaus Müllen‡

Institut für Physikalische Chemie, Welderweg 11, 55099 Mainz, Germany, andMax-Planck-Institut für Polymerforschung, Ackermannweg 1, 55128 Mainz, Germany
Received November 27, 2000. In Final Form: February 14, 2001

Heterosupramolecular structures fromCdSeorCdSe/ZnScore/shell nanocrystals andaspeciallydesignedorganic fluorophore (diazaperylene) have been prepared to investigate the electronic interactions atnanoscopic semiconductor surfaces. To determine the average number of dye molecules per nanocrystal,wemonitored thesize-dependentmolarextinctioncoefficientofCdSeparticles.TheNC/dyeratio isdependingon the particle size and varies between 3 and 20 dye molecules per nanocrystal. We demonstrate that thefluorescence of the nanocrystals is completely quenched upon the formation of the supramolecular NC/dyecomplex even if the surface of the CdSe particles is covered with a few monolayers of the high band gapsemiconductor ZnS.
IntroductionThe use of semiconductor nanocrystals (NCs) in nano-technology strongly depends on the ability to attach theseparticles to specific locations of potential devices.Colloidalparticles prepared by wet chemical methods provide thisflexibilitybecause theyarecoveredwithmolecular ligands.The ligands can serve as molecular wires as has beenshown fornanocrystals boundbetweennanoelectrodes viabifunctionaldithiolswheresingle-electronchargingeffectscould be observed.1,2 Another interesting application ofsemiconductor nanocrystals is their use in biolabeling. Itwas demonstrated that the particles can be attached toappropriate binding sites in biological systems where thesize-dependent color variation of the NCs was used formulticolor fluorescence imaging.3 However, the natureof the ligands can influence the photophysics of theparticles tremendously.4 Especially the nanocrystal fluo-rescence can be quenched because certain ligands mayserveasscavengers for thephotogeneratedchargecarriers.Therefore inorganic surface passivation, i.e., overcoatingof the particles with a material of higher band gap, hasbeen utilized.5 In the overcoated particles the chargecarriers are mainly localized in the core which increasesthe fluorescence quantum yield to more than 50%.6,7 Inthe presentworkwe investigate the electronic interactionof the overcoated particles with their molecular surfaceligands in detail. To monitor the electronic properties ofthe particles and the ligands by fluorescence measure-ments, we have used a new kind of dye molecule as a

functional ligand. The specially designed diazaperylenedye is a perylene derivate with two nitrogen atoms at oneof the bay areas which serve as specific binding sites tothenanocrystal surface.TheNC/dye ratiowasdeterminedfrom the size-dependent molar extinction coefficient ofthe nanocrystals. These “heterosupramolecular” com-plexes8 are considered to be prototype structures forelectronic interactions at nanoscopic semiconductor sur-faces the understanding of which is of great interest for,e.g., photovoltaic devices based on nanoparticles.9-11

Results
In the last years CdSe particles have become a modelsystem in nanocrystal research because their band gapcan be tuned over almost the whole visible range and theparticles canbesynthesizedwitharemarkable size controland very high crystallinity.12 The upper part of Figure 1shows absorption spectra of CdSe particles of differentsizes which were prepared via high-temperature orga-nometallic chemistry.13,14 Briefly, a solution of dimeth-ylcadmium and selenium powder in tributlyphophine(TBP)was injected inhot trioctylphosphine oxide (TOPO)(T>300°C)whereby thedesiredparticle sizewasachievedbyvarying the temperature, theconcentrationof reactants,and the reaction time. The overcoating of the particleswith ZnS was performed according to ref 15; i.e., CdSeparticles were dissolved in molten TOPO and the ZnSshell was grown by addition of diethylzinc and hexa-methyldisilathiane ((TMS)2S).To use these particles as chemical precursors to buildup more complex structures, like NC/dye composites, theparticle concentration in solution needs to be known. Ingeneral, the concentration couldbedeterminedvery easily

* To whom correspondence may be addressed. Phone: ++ 496131 3922982. Fax: ++ 49 6131 3923953. E-mail: alf.mews@uni-mainz.de.† Institut für Physikalische Chemie.‡ Max-Planck-Institut für Polymerforschung.(1) Klein, D. L.; Roth, R.; Lim, A. K. L.; Alivisatos, A. P.; McEuen,P. L. Nature 1997, 389, 699.(2) Banin, U.; Cao, Y. W.; Katz, D.; Millo, O. Nature 1999, 400, 542.(3) Bruchez, M.; Maronne, M.; Gin, P.; Weiss, S.; Alivisatos, A. P.Science 1998, 281, 2013.(4) Kuno, M.; Lee, J. K.; Dabbousi, B. O.; Mikulec, F. V.; Bawendi,M. G. J. Chem. Phys. 1997, 106, 9869.(5) Hässelbarth,A.;Eychmüller,A.;Eichberger,R.;Giersig,M.;Mews,A.; Weller, H. J. Phys. Chem. 1993, 97, 5333.(6) Hines, M. A.; Guyot-Sionnest, P. J. Phys. Chem. 1996, 100, 468.(7) Peng, X. G.; Schlamp, M. C.; Kadavanich, A. V.; Alivisatos, A. P.J. Am. Chem. Soc. 1997, 119, 7019.
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by optical absorption measurements if their molar extinc-tion coefficient would be known. Although CdSe nano-crystals were investigated in detail in the past few years,very little is known about their absorption strength.Therefore, we synthesized a set of CdSe particles anddetermined the molar extinction coefficient at their firstabsorption maximum, i.e., at their “excitonic” or “bandgap” absorption. The total cadmiumconcentration of eachsamplewasdeterminedbyatomicabsorptionspectroscopy(AAS) after digesting the particles in HNO3. The particleconcentrationwasthencalculatedbyassumingbulk latticeparameters and spherical symmetry where the particlediameter was deduced from the absorption spectra. Thecorrespondenceofparticlediameterandabsorptionspectrawas taken from the literature.13,14 The lower graph inFigure1showsthedependenceof theabsorptioncoefficientuponparticle diameter.Even though there is a fairly largedispersion in thedata,which isdue toseveral experimentaluncertainties such as variation in size and shape, it canbe seen that the trend follows a cubic dependence (solidline) up to a diameter of approximately 4.5 nm; i.e., itappears to scale with the volume of the particles. Thisobservation shows that the absorption coefficient isproportional to the number of CdSe units in the nano-

crystal. In contrast, measurements on colloidal CdSparticles prepared in aqueous solution showed that theoscillator strength is not depending on particle diameterif the size of the nanocrystals is smaller than the bulkexciton.16 Above a diameter of approximately 5 nm theabsorption peaks cannot be clearly resolved in the spectra(see upper part of Figure 1). Also even slight variationsin size can already lead to a large divergence inmolecularweight. Therefore, we found that a reliable estimate ofthe molar extinction coefficient on the basis of ensembleabsorption spectra can only be given up to a diameter of5 nm for CdSe nanocrystals prepared by the describedmethod.By comparisonof theabsorption strength to thoseof common dye molecules, we have found that CdSeparticles of 3 nm diameter containing about 250 CdSeunits have approximately the same molar extinctioncoefficient as Rhodamine 6G (1 × 105 L/(mol cm)) at thefirst absorption maximum. The diazaperylene dye whichis eventually attached to the nanocrystal surface (seebelow)hasamolar extinction coefficient of 1.8×104L/(molcm), i.e., comparable to particles with a diameter of 1.5nm. Therefore, the determination of the size-dependentextinction coefficient allows for a profound estimation ofthe NC/dye ratio in the composite structures.The formation of the NC/dye composites occurs via aligand exchange reaction. As mentioned above the syn-thesis of the particles proceeds inTOPOwhere the oxygenis attached to the surfaceand the longalkyl chainsprovidesolubility in nonpolar solvents such as toluene or hexane.Polar solvents such as methanol or ethanol cause pre-cipitation of the particles from solution.13 We haveinvestigateda largenumberofnitrogen-containing ligandssuch as aniline, benzylamine, phenylethylamine, dode-cylamine, pyridine, and phenazin compounds. For mac-roscopic CdSe surfaces, it was shown that TOPO andamine ligands are not strongly bound to the surface butthat there is a dynamic exchange equilibrium betweenattached ligands and ligands in solution.17,18For theCdSenanocrystals we found that this equilibrium is dependingnot only on the ligand itself but also on parameters suchasparticle size, solvent, temperature, and concentrations.To investigate the affinity of different amines to thenanocrystal surface, the TOPO ligands were first ex-changed by pyridine. This was done by subsequentlyrefluxing the particles in pyridine and precipitationthroughaddition of hexane for several times.Thepyridineon the surface of the particles was then exchanged byadditionofdifferentaminesas couldbemonitoredbyNMRspectroscopy. As a general trend in binding strengthamong the investigated amines, it can be claimed thataromatic amines are less strongly bound to the surfacethan aliphatic amines where the binding strength in-creases with the aliphatic chain length. The strongestbonds, however, were formed with bidental ligands suchas bipyridyl compounds, a trend which has also beenobserved at bulk CdSe surfaces.18In view of the strong complexing nature of bipyridylligands,19 we have synthesized a polyaromatic dye wherethebipyridylgroup is involved in thechromophoric system.We choose to synthesize themolecule 1,12-diazaperylene,which contains two nitrogen atoms at one of the two bayregions of the conjugated system as displayed in Scheme
(16) Vossmeyer, T.; Katsikas, L.; Giersig,M.; Popovic, I. G.; Diesner,K.; Chemseddine, A.; Eychmüller, A.; Weller, H. J. Phys. Chem. 1994,98, 7665.(17) Lorenz, J. K.; Ellis, A. B. J. Am. Chem. Soc. 1998, 120, 10970.(18) Lisensky, G. C.; Penn, R. L.; Murphy, C. J.; Ellis, A. B. Science1990, 248, 840.(19) Meyer, T. J. Acc. Chem. Res. 1989, 22, 163.

Figure 1. The upper graph shows a set of CdSe nanocrystalsin a size regimeof 1-10nm indiameter. The lower graph showstheir molar extinction coefficients at their first absorptionmaximum. Particles 3 nm in diameter (250 CdSe units) havethe same extinction coefficient as R6G. The molar extinctioncoefficient of thediazaperylene is1.8×104L/(mol cm).Deviationfrom the cubic dependence of the absorption coefficient uponparticle diameter (solid line) may be due to different sizedistribution or overlapping absorption bands.
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1. So far only the synthesis of 1,7- and 3,9-diazaperylenederivatives has been described in the literature20-22whereas 1,12-diazaperylene has only been the subject ofab initio andHMO calculations.23 The two-step synthesisof 1,12-diazaperylene starts from isoquinoline which isdimerizedwithLDA in ether to form1,1’-biisoquinoline.24The cyclization reaction,whichyields 1,12-diazaperylene,was inspired by the observation of Solodovnikov et al.who showed that 1,1’-binaphthyl spontaneously cyclizesthrough reductionwithalkalimetals.25For this particularanionic cyclization reaction, potassium in dimethoxy-ethane was used.It turns out that diazaperylene can readily exchangeTOPO from the surface of CdSe nanocrystals. This can beseen by investigation of the reaction product of semicon-ductor nanocrystals and chromophores, which has a verydifferent solubility than the parent compounds. Whereasboth isolated compounds are well soluble in toluene, theNC/dye complex, which is immediately formed afteradditionof excessdye solution to the colloidalnanocrystalsat room temperature, precipitates right away. Afterseparation, this product can be washed with toluene andredissolved inmorepolar solvents suchasdichloroethane.The change in polarity of the prepared heterostructure ascompared to the isolated compounds might be a result ofcharge separation upon attachment. The synthesis of theNC/dye complex and the correspondingNMRspectrum isshown in Figure 2. It can clearly be seen that the signalsof the aromatic protons show strong broadening uponattachment to the nanocrystal surface and partially shiftto lower field. There might be several reasons for theobserved broadening such as, e.g., reduced rotationalfreedom, a variety of different microenvironments, ordifferent orientations of the attached molecules withrespect to the nanocrystal surface. However, the sameexperiments with pure perylene chromophores instead ofdiazaperylene did not show any of the effects mentionedabove.Therefore, theabsence of narrowpeaks in theNMRspectra of the diazaperylene/NC solution together withthe change of solubility is a strong argument that theformation of a NC/dye complex has taken place.The strongest argument for the formation, however, isthe change in the photophysics of the NC/dye hetero-structure because the fluorescence of the nanocrystals iscompletely quenched upon attachment of the dye mol-ecules. Interestingly, the quenching occurs for CdSe aswellasCdSe/ZnSnanocrystals.For comparison, theopticalspectra of the isolated compounds are shown in the uppergraph of Figure 3. The solid lines show absorption andemission spectra of the diazaperylene in toluene. Thelowest absorption band is centered at 442 nm and theemission isStokes shifted by10nm.Thedotted lines show

theabsorptionandemission spectra ofCdSenanocrystals,which are about 3 nm in diameter and covered withnominally one to twomonolayers of ZnS. These particularnanocrystals have their first absorption band at 550 nmand exhibit a fluorescence quantum yield of more that50% as compared to a common dye molecule (R6G)emitting at a similar wavelength.The lower graph in Figure 3 shows optical spectra ofthe NC(CdSe/ZnS)-dye complex (solid lines) and theabsorptionof thepurenanocrystals for comparison (dottedline). From the extinction coefficients it can be estimatedthat the NC/dye ratio for this particular sample is 1/3.This value changes for bigger-sized nanocrystals whereratios of up to 20 dye molecules per nanocrystal wereobserved. We found that the absorption spectrum (abs.)of the NC/dye complex is not a pure superposition of thespectra for isolated dyes and nanocrystals. Instead, itshows an additional band at 474 nm, the origin of whichis not absolutely clear yet. This band appears for any NC/dye complex investigated and depends neither on thenanocrystal size nor on the ZnS shell thickness.A very interesting point to notice is that we could neverdetect nanocrystal fluorescence for any sample investi-gated after the dyes were attached to the surface. Theinset in the lower graph of Figure 3 shows a fluorescencespectrum of the NC/dye complex upon excitation at 390nm. This spectrum is quite similar to the fluorescencespectrum of the pure dye and shows no evidence of NCfluorescence. In addition the fluorescence excitationspectrum which was recorded at a detection wavelengthof 590 nm, i.e., at a wavelength where mostly NCfluorescence is expected, only shows the features of thedye absorption including the extra band at 475 nm. The

(20) Naumann, C.; Langhals, H. Chem. Ber. 1990, 123, 1881.(21) Tatke, D. R.; Seshadri, S. Indian J. Chem., Sect. B 1983, 1197.Chem. Abstr. 1984, 101, 54892g.(22) Tatke, D. R.; Seshadri, S.Dyes Pigm. 1986, 7, 153.Chem. Abstr.1986, 104, 188145u.(23) Polansky,O.E.; Zander,Motoc,M., I.Z.Naturforsch.1983, 38a,196.(24) Ashby,M. T.; Govindan, G. N.; Grafton, A. K. J. Am. Chem. Soc.1994, 116, 4801.(25) Solodovnikov, S. P.; Ioffe, Yu, S. T.; Zaks, B.; Kabachnik, M. I.Bull. Acad. Sci. USSR, Div. Chem. Sci. (Engl. Transl.), 1968, 442.

Scheme 1

Figure 2. Scheme for the synthesis of nanocrystal-dyecomplexesandcorrespondingNMRspectra.While both isolatedcompounds are readily soluble in toluene, theNC-dye complexprecipitatesandcanbe redissolved in, e.g. chloroform.TheNMRsignals (in CD2Cl2) of the dye show massive broadening uponattachment of the dye to the NC surface.
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absence of the absorption features of the nanocrystalsuggests that the NC excited state is actively quenchedby the dye even when the NC/dye compound is excitedbelow the absorption threshold of the dye, i.e., between500 and 600 nm where only nanocrystal absorption takesplace.
Discussion

The origin of the additional band at 474 nm is notabsolutely clear yet. There might be several reasons forthis band, such as, e.g., the formation of interfacialelectronic states upon attachment of the dyemolecules tothe nanocrystal surface or a change of the molecularenvironment upon attachment. To get a qualitativemeasure of possible environmental effects, we recordedabsorption spectra of pure diazaperylene which wasblended into a polymer or spin cast on a glass cover slip.For both samples we could observe a red shift of theabsorptionspectrumbyabout30nm.Therefore the changeof the dye spectrum upon attachment might not reflectelectronic interactions with the NCs such as a charge-transfer band. It might rather be due to different mi-croenvironments which in turn lead to different classesof adsorbed dye molecules with variations in theirabsorption spectra. Another possibility for the change ofthe dye absorption spectra would be the formation of dyeaggregates.26 Additional theoretical calculations on the

electronic level structure of the diazaperylene dye anddye aggregates aswell as their electronic interactionwithsemiconductor surfaces are needed to explain the absorp-tion spectra of the NC/dye compound in all detail.The effect of fluorescence quenching of thenanocrystalsupon attachment of the dye molecules can be discussedby means of an electronic level structure that is shown inFigure 4. The shaded areas on the left side of the pictureshow the conduction and valence bands of macroscopicCdSe and ZnS in which the quantized electron and holewave functions are drawn, respectively. The energeticpositions of theCdSe bands are taken from ref 27, and theZnS band offsets were taken from ref 28. In the solid-state language, photoexcitation of a semiconductor pro-motes an electron (e-) from the valence band (VB) to theconduction band (CB) leaving a positive hole (h+) behind.Forsmall semiconductornanocrystals, theabsoluteenergylevels of the electrons and holes can be calculated to thefirst approximation using the “particle in a box” modelwhere the box has the dimensions of the nanocrystal andthe charge carriers have so-called “effective masses”.29The energy levels and wave functions shown in Figure 4were calculatedwithanextended effectivemass approachtaking into account the Coulomb interaction of electronsand holes and finite barrier heights at the particleboundaries.30 The right side of the picture shows the
(26) Mahrt, J.; Willig, F.; Strock, W.; Weiss, D.; Kietzmann, R.;Schwarzburg, K.; Tufts, B.; Trösken, B. J. Phys. Chem. 1994, 98, 1888.(27) Grätzel, M. In Photocatalysis-Fundamentals and Applications;Wiley: New York, 1989.(28) Wie, S. H.; Zunger, A. Appl. Phys. Lett. 1998, 72, 2011.(29) Brus, L. E. J. Phys. Chem. 1986, 90, 2555.

Figure 3. Fluorescence and absorption spectra of isolatedcompounds (top) and of NC/dye complex (bottom). The fluo-rescence and absorption spectra of the dye are almost mirrorimageswhile thenanocrystals showincreasingabsorptionabovethe “band gap” and a symmetric fluorescence band (quantumyield approximately 50% for ZnS covered CdSe particles). Theabsorption spectrum of the NC/dye complex (abs.) is not a puresuperposition of both spectra but shows an additional band at470 nm. The inset in the lower graph shows the fluorescencespectrum of the NC/dye complex (fl.), which is very similar tothat of the pure dye. As the fluorescence excitation spectrum(exc.) recorded at 590 nm reveals almost only dye absorption,the nanocrystal fluorescence is completely quenched. Thefluorescence quenching is also observed in awavelength region(500-600nm)whenonly thenanocrystalsareexcited (fordetailssee text).

Figure 4. Electronic level scheme of theNC/dye complex. Theshaded areas on the left-hand side show the conduction andvalence bands of CdSe and ZnS, inside of which the quantizedelectron and hole levels and their wave functions are drawn.The right side shows the absolute positions of the HOMO andLUMO of diazaperylene as determined by CV measurements.The fact that the nanocrystal fluorescence is also quenched ifonly the NC and not the dye is excited suggests a hole transferfromthenanocrystal valenceband to theHOMOof theattacheddye molecule (for details see text).
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absolute energetic positions of the HOMO and LUMO forthe diazaperylene dye which were determined by cyclicvoltammetry (CV). By comparison of themolecular levelsof the dye molecule with the quantized electronic levelsof the semiconductor particle, it can be seen that theelectronic levels are staggered; i.e., theHOMOandLUMOof the dye are energetically above the quantized hole andelectron state of the NC, respectively. There is someuncertainty about the absolute position of the energylevels31 and band offsets which were taken from differentmeasurements and calculations. However, the absoluteenergetic position of theHOMOofperylene chromophoresattached to TiO2 surfaces has been determined to be evenat 5 eV below the vacuum level.32 This observationadditionally supports the assumption that the energylevels of the CdSe/diazaperylene system are actuallystaggered, i.e., that one might expect electron transferfrom the dye to the nanocrystal or hole transfer from thenanocrystal to thedye.11 Interfacial electron transfer fromthe ligand to the particle is the basis of dye-sensitizedsolar cells33andmightalsohappen in thismodel compoundif the attached dye molecules are photoexcited. Thisassumption is supportedby the fact thatpartial quenchingof the dye luminescence could be observed for all samplesinvestigated. On the other hand, the fluorescence of thenanocrystals is also quenched if the NC/dye structure isphotoexcited at a wavelength where only the nanocrystaland not the dye absorbs, e.g., between 500 and 600 nm forthe sample shown in Figure 3. This observation can beexplained by the occurrence of an effective hole transferfrom the valence band state of the nanocrystal to theoccupied dye level (HOMO). In addition, as this effect isnot reduced by overcoating the dot with ZnS, the holemight easily tunnel through the ZnS barrier. An alterna-tive explanation might be the creation of interfacialelectronic statesupon theattachment of thedyemoleculeswhich lead to fast nonradiative decay pathways. Time-resolved fluorescence and absorption measurements areneeded to further reveal the photophysics of the NC/dyeheterostructures where the tunability of the CdSe bandgap allows for a defined adjustment of the band offsetsand theZnSshell thickness changes the tunnelingbarrierfor the charge carriers. Usually the adjustment of inter-facial energy levels is accomplished by the preparation ofdifferent compoundswhichalsoalters the chemicalnatureof the interface. As the chemical composition of theinvestigated NC/dye system remains the same, semicon-ductor nanocrystalswith attacheddyemolecules are verypromising candidates for both fundamental research ofcharge transfer at surfaces as well as practical applica-tions.
Summary

In summary, it is shown for the first time thatsupramolecularheterostructures canbe synthesized from

CdSesemiconductornanocrystalsandorganic fluorophors.The supramolecular system consisting of ZnS-coveredCdSenanocrystalswithadefinednumberofdiazaperylenechromophores attached to the particle surface shows veryinteresting optical properties and serves as a modelstructure for interfacial electron and hole transfer. It isshown that the optical properties of the nanocrystals canbe strongly influenced by the surrounding ligands, eventhough the particles are passivated with a material ofhigher band gap. Therefore, the chemical and electronicstructure of the ligands has to be taken into accountwhenthe particles are chemically modified for specific applica-tions.
Experimental SectionNMRspectrawere recordedonaBrukerDRX500spectrometeroperating at 500 MHz for 1H and 125 MHz for 13C. Chemicalshifts are given inppmrelative toTMS. IR spectrawere recordedon a Nicolet FT-IR 320 spectrometer. Field desorption massspectrawererecordedonaVGZAB2-SE-FPDmassspectrometer,acceleration voltage 8 kV. UV-vis spectra were recorded usinga Bruins Instruments Omega 10 spectrometer. Fluorescencespectra were taken with a Hitachi F-4000 spectrometer. CVmeasurements of diazaperylene were performed in tetra-n-butylammoniumhexafluorophosphate (TBAHFP)/CH2Cl2 vsFc/Fc+: E1/2red., -1.76 eV; E1/2ox., 0.95 eV (not reversible). Columnchromatography was performed over Merck aluminum oxide 90active basic (0.063-0.200 mm). 1,2-Dimethoxyethane was dis-tilled from deep blue sodium/benzophenone solution. Dimeth-ylcadmiumwas vacuumdistilled; diethylzincwas filtered beforeusing. All other starting materials and reagents were obtainedfrom commercial sources and used without further purification.CdSe nanocrystals (1) in a size regime between 2 and 5 nmindiameterwere synthesizedaccording to literature13asmodifiedby Katari and co-workers.14 Particles larger than 5 nm wereprepared according to the multiple injection method developedmy Peng and co-workers.34 The synthesis of small CdSe clustersabsorbing below 450 nm will be described in detail elsewhere.The ZnS passivation has been performed according to ref 15.1,1′-Biisoquinoline (2) was synthesized according to theliterature.51,12-Diazaperylene (3). In a Schlenk reaction flask undera streamof purifiedargon, 0.5 g (1,95mmol) of 1,1’-biisoquinoline(2) was dissolved in 8 mL of dry 1,2-dimethoxyethane. Subse-quently 1.29 g (33.1 mmol) of potassium, which was separatedfrom its oxide layer and shredded into small pieces, was added.The reaction mixture was stirred under argon for 12 h at roomtemperature. At the end of the reaction, the mixture showed adeep blue color caused by the dianion. The remaining potassium,which conglomerated to one piece, was removed under argonand the solution was allowed to stir under a stream of dried airfor additional 4 h. After disappearance of the blue color, thesolvent was evaporated and the residue was chromatographedon aluminum oxide with THF. After recrystallization fromdichlormethane0.37g (74%) of3wereobtainedasyellowneedles.1H NMR (500 MHz, C2D2Cl4): δ 8.72 (d, 5.5 Hz, 2 H), 8.28 (d,7.3 Hz, 2 H), 7.74 (d, 7.9 Hz, 2 H), 7.69 (dd, 7.9 Hz, 7.3 Hz, 2 H),7.61 (d, 5.5 Hz, 2 H). 13C NMR (125 MHz, C2D2Cl4): δ 151.0,145.1, 137.3, 130.9, 127.7, 125.2, 122.5, 122.0. IRspectrum(KBr-Pressling) ν (cm-1): 3035; 1604; 1572; 1554; 1375; 1346; 1288;213; 1139; 833; 812; 795; 779; 757; 645; 546; 529; 465. FD-MS:m/z ) 254.3 (100%) [M+].
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