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Synthesis, Photoluminescence, and Adsorption of CdS/Dendrimer Nanocomposites
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CdS/dendrimer nanocomposites can be synthesized from methandfica@d S~ with amine-terminated
polyamidoamine dendrimers of generation 8 (G8N&b stabilizers. By controlling the preparation conditions,
nanoparticles with diameters 2 nm can be obtained with a narrow size distribution. They show blue
photoluminescence at450 nm. We studied the effects of various additives on the photoluminescence and
elucidated its mechanism. Stable aggregates of two to three @8Mlécules with several CdS nanoparticles
form; the particles are located at the surface of the G8Nidlecules. The adsorption of the CdS/G8NH
nanocomposites on flat substrate surfaces is determined by the substrate chemistry. The hydrophilic nature of
G8NH; results in weak affinity to graphite but strong affinity to hydroxy-terminated substrates such as mica,
oxidized silicon wafers, and carboxylate-terminated monolayers. Patterning of nhanocomposites on these
hydrophilic substrates is achieved by the microcontact printing method. We propose to use only one molecule,
a large dendrimer, to control the nanoparticle formation and also the immobilization of the synthesized
nanoparticle/dendrimer composites.

1. Introduction metal ions, and it is a good nanoreactor for the reductive

! . 8
Semiconductor nanoparticles show unique size-dependentsymhes'S of the corresponding metal clustérs? Recently,

optical properties and are of great interest for applications in synt_hgses of meta}l, semiconductor, 62‘?d oxide nanoparticles
optoelectronics, photovoltaics, and biological sensifigarious stabilized by %i?g imers were reportéd;in three cases CdS
chemical synthetic methods have been developed to prepare Sucﬂanppartlcleé.: ' Accprdlng to the rglatlve location of nano-
nanoparticles. Wet chemical syntheses can be realized with Sopart_lcles at og In dendrlmers_, thre_e d_|fferent types of q_anocom-
called “stabilizers”, which cap the surface of the nanoparticles p03|£es eX|_s?, "f" nanopamcﬂles inside fie_ndrlmers”( mte_rnal
during their growth, or by confinement in nanoreactors. Two type ).’ outside ( (_axternal type?), or both ( mixed type”). Which
different approaches have been developed to synthesize high-type IS formed is pontrollt_ad by the size and Sh?‘pe of the
quality semiconductor nanoparticles with stabilizers. One is an dendr!mers, by the Interactions between the metal ions apd the
organometallic synthesis based on the high-temperature ther_dendrlmers, and .by the reaction pathways for the formatlon. of
molysis of precursors, first reported by Murray et al. in 1993, the nanocomposites. Thereforg, dgndrlmers can be used either
and further improved later oft® An alternative synthesis as nanoreactors (templates with internal cavities, hence, the

employs polyphosphatésr thiol$® in aqueous media. For the internal t.y.pe) or as §tabilizer-like templates (external type).
case of nanoreactors, various cage-shaped functional materials !N addition, dendrimers can form layers on substrates. These
such as reverse micell@sliblock copolymerd? and vesicled? layers attach by electrostatic forces, hydrogen bonds, van der
etc., are used to control the growth of nanoparticles. However, Waals forces, metalligand interactions, or covalent bonds
their quality, especially concerning the band edge exciton between the terminal groups and a substt&t& Apart from
emission, has not yet reached that of nanoparticles generateduch 2D assemblies, the 3D deposition of dendrimer-based
by the other approaches. systems with a layer-by-layer deposition technique has been
Apart from having good quality, nanoparticles should easily reporteck®33Moreover, dendrimers can be arranged in patterns
form films or assemble on substrates for potential applications Via microcontact printing?-3¢ Therefore, dendrimers can do
in optics and in optoelectronics. Here, the chemical properties Poth, i.e., on one hand act as stabilizer-like templates for the
of the nanopartide surface p|ay a very important role. Often, formation of the nanoparticles and on the other hand immobilize
the organic stabilizers that are used to control the growth of the particles on a substrate. In our study we used CdS
nanoparticles are not suitable for forming films or for the nanoparticles, which have been prepared in various media and
adsorption of the nanoparticles to a substrate: An additional Studied widely3™"%2 as model guests and studied their synthesis
molecular compound is needed to displace the original stabilizersat dendrimer hosts, their optical properties, the morphologies
and to bind the particles to the substr&é3 or a chemically of the C_:dS/dendrimer nanocomposites, and their adsorption and
reactive substrate must be pres&rtould one material fuffill patterning.
these two functions? Polyamidoamine (PAMAM) dendrimers,  In the following section, we present our synthetic approach
first synthesized by Tomalia in 1985, are highly branched to CdS/dendrimer composites. Section 3 features the pronounced
molecules with well-defined molecular weight and sizelence, influence of metal cations, sulfide, and several organic molecules
they are monodisperse molecular-level templates for chemicalon the CdS photoluminescence. When our synthesized com-
synthesed-1° They are composed of core, repetitive units and posite dispersion is kept at Z&, aging (particle growth) is
terminal groups, each with a different chemical functionality. observed. This process and its influence on the luminescence
A dendrimer can selectively bind a well-defined number of noble are discussed in section 4. Atomic force microscopy (AFM)
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results on morphology, adsorption, and patterning of the 25
composites are given in section 5. Section 6 concludes by
providing a summary and an outlook.
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2. Experimental Section
4 200

We employed “G8NH’, an amine-terminated, generation 8
polyamidoamine starburst dendrimer (8% (w/w) in methanol,
Dendritech). Cd(CBCOO),, Pb(CHCOOQO), Zn(CHCOO),
hexadecylamine (CHCH,)15NH2), NaS (all of analytical
grade), and mercaptohexadecanoic acid (HOOG)ESH)
(90%) were from Aldrich. Dodecanethiol (GHCH,)11SH;
>98%), methanol (analytical grade), NaOH (analytical grade),
25% NH,OH in water (VLSI Selectipur), 31% #D, in water
(VLSI Selectipur), and 30% HCI (Suprapur) were from Merck. 00k ) wef \
Water (18.2 M2 cm) was from a Millipore system. 300 400 500 600

CcPt, &, and G8NH were mixed at room temperature under Wavelength (nm)
an argon atmosphere to obtain CdS/G&NHnOC,OmpO_S'teS' Figure 1. Absorption and photoluminescence (PL; excitation at
A typical preparation of CdS/G8Nr-hanocomposites with an 320 nmy spectra of of CdS/G8NHhanocomposites in methanol with
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initial Cd?*/S?~ molar ratio of 1:1 was as follows: a 5@ C?t/S?™ ratios of 3:1 (solid), 1:1 (dashed), and 1:2 (dotted). Recorded
G8NH; solution was diluted with methanol to 2.5 mL (5« 1 h after synthesis.
G8NH,); then 2.5 mL of 2 mM Cd(CBCOO), and 2.5 mL of
2 mM Na&sS in methanol were added sequentially. The initial sl a cassan b -
ratio Cc?*/G8NH, was 360; this ratio was used for all syntheses. At oef ol
For adsorption, printing, and transmission electron microscopy T [ cosen AA‘ - /-H' )
experiments, the solution was dialyzed against pure methanol g ol Re 2 wt
for 1 day. g , g0 /

Silicon wafers (orientation (100), from Crystal, Berlin, g R 3 N
Germany) were terminated by silicon oxide and OH groups by 2 1l o comron §0_3 _/
the standard RCA procedure: 15 min immersion into a 1:1:5 (T' * /
mixture of 25% NHOH, 31% HO,, and water at 6575 °C; N T comns d
rinsing with water; 15 min immersion into a 1:1:5 mixture of ol i oop = ) )
30% HCI, 31% HO,, and water at 6575 °C; rinsing with 0 30 60 ©0 o 1 2 3 4
water. Highly oriented pyrolytic graphite (HOPG) of ZYA Amount of additives (i solution) Cd2/S? ratio

quality was from NTMDT, Moscow. Gold/mica substrates were Figure 2. Effects of added Cd or & ions (a) and of C#/S* ratios
obtained by depositing 15200 nm of gold (0.2 nms) on (b) on the integrated PL efficiency. The open circle in a marks the
freshly cleaved 300C hot mica at a base pressure of 1fbar. initial condition, a Cd'/S*" ratio of 1.5.

B?[Lore use,”gtc))k: subiltrates \a/ggzl:ame-gr/melzled at dark red(]lglov\f\“_|2 > NR; > CONHR#34 Unlike Ci2* and Pd*, etc., the

with @ small butane flame. (GHsS/gold was prepare binding of Cd* ions to amine groups does not result in any

by oveinlﬁ]ht :jmmers_lon 9(; _anntﬁaledl gold/mica in 1 mM new features in UV/visible absorption spectra. This excludes
mercaptonexadecanoic acid in ethanol. . . the possibility of controlling the load factor of €d in
UVivisible absorption spectra were obt_amed with a Perklr_1- dendrimers by a simple spectroscopic titration. Hence, we
Elmer Lambda 2 spectrometer; photoluminescence and excita-o, 2 1uated the loading of Gt by monitoring the formation of
tion spectra with a Perkin-Elmer LS 50B spectrometer. Photo- ~ g nanoparticles. Assuming two Nigroups per C# ion
luminescence quantum yields were determined by comparisonWe mixed Ca* SZ—. (ratio 1:1), and G8NHin the foIIowiné
with a Coumarin 47 solution. Transmission electron micrographs .. (A) cdt binding onl)} N'Hz groups (512 C#/G8NH):
of composite-covered grids were recorded at 200 kV with a (B) CcP* binding NH, and the outermost shell of Nl@roup's
Philips CM 200. For the time-resolved measurements, the pulsed(768 Cd+/G8NH,): (C) C* binding NH, and all NR (1023
output of a frequency-doubled titaniunsapphire Igser (370 nm, CE+1G8NH); (D) ’Cd” binding Nrt, &l NRs, and & part of
150_ fs, 76 MHz_) was used for sampl«_e excitation. The photo- the CONHR groups (1535 GH/G8NH). Only the first case,
luminescence signal was spectrally dispersed by a monochro-A, resulted in a stable dispersion (no precipitation). This suggests
mator and temporally resolved by a synchroscan streak camergy .+ c#+ ions mainly interact with the terminal NHyroups;

system (Hamamatsu). The time resolution of the system WaShence, the dendrimer does not act as cavity template (nano-
10 ps. Atomic force microscopy images were obtained in reacto’r). For all following experiments, we fixed the 2o
intermittent contact (IC) mode with a Thermomicroscp_pes G8NH, ratio to 360. We varied the Gti/S’Z‘ ratios systemati-
Autqprobe MS. Pr obes were ulirasharp noncontact silicon cally and also added other ions and molecules in various relative
cantﬂe_ve_rs from M|quMasch or from_Nan_osensors. Microcon- quantities. The results of these experiments are reported in the
tact printing was carried out as detailed in ref 75. following subsections. For comparison, a standard result for
. . absorption and photoluminescence of our CdS/G8Nbim-
g]; gggiili?gr;dnmer Photoluminescence and the Influence posites is show.n.in Figure 1. |
Effect of Additives on the Blue PhotoluminescenceWe

PAMAM dendrimers contain three types of amine groups, found that the photoluminescence (PL) was sensitive to the
NH,, NRs;, and CONHR (where R is a linear hydrocarbon Cd?*/S?~ ratios. Figure 2a shows the variations in the PL yield
chain). All of them can be binding sites for &€dions. Their for a sample with an initial CGd/S?~ ratio of 1.5:1 after adding
binding affinity to Cd™ ions is expected to follow the order Cd?*" and S, respectively. The final Gd/S?~ ratios after the
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1 2 3 4 00 a0 a0 500 Figure 4. PL decay curves detected at the peak position (450 nm) of

[ y— Wewelength (nm) the blue PL for a blank CdS/G8NHsample, for added Pb, and for
added Cé&". The dots are experimental points, while the solid lines
show biexponential theoretical fits. Inset: Example for entire decay
N curve; the excitation pulse arrived &0.35 ns.
.}-'\n

08
red shift of band gaps rules out the existence gfZth-S alloys
since the band gap would then blue-shift with increasing™zn
content for such alloy¥#' We observed that increasing
thickness of the ZnS shell in the Cd3nS core-shell structures
lead to decreasing PL intensity (Figure 3b inset).
These results can be a first hint for the PL mechanism. To
— obtain more information, we tried to passivate electron trap states
e with electron-donating additives. This should be possible
¢ because the PL shows a large Stokes shift from the absorption
band gap, pointing to PL from defect-state emission. The donor
0055 2 4 y CH3(CH,)11SH binds strongly to CdS nanoparticles and has been
RGS* raiio used to replace weakly interacting stabilizers on the surface of
Figure 3. (a) Effects of adding Cd (filled circles), Zr#+ (squares), Cds nanopartlcle%.l_.ong-chaln amines have been used as
and PB* (triangles, intensity scale at right) on the PL efficiency of donors to interact with surface €dions (acceptors) of CdS
CdS/G8NH (initial Cd?*/S* ratio= 1:2). (b) Evolution of absorption ~ nanoparticles in order to further optimize the band gap® PL.
spectra for CdSZnS core-shell structures with calculated shell ~Figure 3c reports the dependence of the PL intensity on the
thicknesses of 0, 0.17, 0.34, 0.59, and 1 nm. Inset: Dependence of theratio of R(functional group)/Ci. Linear CH(CH,)1sNH- and
PL efficiency on the thickness of the ZnS shell. {0& ratio= 1:1). amine-terminated dendrimers had no obvious effects, while

(c) Dependence of the PL efficiency on the ra@¢functional groups)/ - .
CP*: 2 mM CHy(CHy)uiSH (squares), 2 mM CHCHy)sNH; (circles), CHs3(CHy)11SH quenched the PL efficiently (for ratios from 0

and 10uM G4NH; (triangles). C&7/S* ratio = 1:1; solvent methanol. to ~1, the PL intensity decreased drastically, while further
addition had no obvious influence).

addition are marked for some values. While adding?'Cd Effect of Additives on the Photoluminescence Decay.he
increased the PL efficiency, adding Sdecreased it. Samples  PL efficiency is determined by both radiative and nonradiative
with an excess of 8 ions (Cd"/S?~ ratio less than 1:2) were  processes. For nanoparticles, due to an increased surface area
unstable-with respect to precipitationcompared to those with  where various defects dominate, nonradiative processes play an
an excess of Cd ions. To obtain the dependence of the PL important role in the excitation decay. Opening up new
yield on the C&"/S?*~ ratios, we added Cd ions to a sample nonradiative pathways decreases the PL efficiency, while
with an initial C#*/S?~ ratio of 1:2 (see Figure 2b). The PL  elimination of nonradiative pathways increases the efficiency.
intensity increased very strongly for €dS?~ ratios from 1 to At the same time, also the kinetics of the PL can be influenced.
1.5. It tended to saturate at higher ratios. Hence, the mostWe changed the PL decay time by addingPand Cd" (see

0.6-\l
\.

PL yield{a.u.)

03}

efficient blue PL was found for Cd/S*~ > 1.5. Figure 4). The rise time of the PL (Figure 4 inset) was very
Adding Zr?* ions, similar to the case of adding €dions, fast (within the time resolution of the measurement system),
led to an increase of the PL, while adding?Plguenched it indicating very short trapping times for photoinduced electrons

(see Figure 3a). Furthermore, by sequential addition éfZn and holes. The complete decay process took longer than our 2
and S~ ions to a CdS nanoparticle solution, cetghell-type ns time window; some residual PL still existed when the next
structures formed as verified by gradual small red shifts of laser pulse arrived. PL decay curvies(t) were fitted with a
absorption spectra (Figure 389:47 Apart from the formation biexponential functionlem = A1 exp(—t/r1) + Az exp(—t/zp) in

of core-shell structures, isolated ZnS nanoparticles at the a 2 ns time window, yielding the fitting parameters in Table 1.
surface of CdS nanoparticles andZad; S (0 < x <1) alloys Multiexponential decay has been often observed both for band
may form, too, when preparing such binary compounds. edge exciton P#4851 and for trapped-state PL at room
Controlling experimental parameters can avoid unwanted struc-temperaturé®-505253This has been ascribed, due to distributions
tures. Pure ZnS nanoparticles stabilized by G@MNHow an of both size and shape of nanocrystals, to emitting states with
obvious exciton peak at250 nm. The absence of this exciton different lifetimes and to detrapping and repopulation of carriers
peak excludes the formation of isolated ZnS nanopatrticles. Theat different energie® 52 We believe that our case (fa 2 ns
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TABLE 1: Fitting Parameters of the Biexponential PL S~ ratio, both effects should yield a nanoparticle surface with
Decay Curves (See Figure 4; Intensity= A, exp(—t/r;) + more nonradiative centers. The slight shortening of the PL decay
Az exp(-tiry) times indicates that most photoinduced carriers are directly
samples Al ups) A 72 (ps) trapped by nonradiative centers close to the band edge, and
blank (Cd+/s~ = 1.1) 0.78 1021 0.22 184350 therefore do not influence the decay of the defect-state PL.
added Cé" (CcPt/S*~ =2:1) 0.78 1142 0.26 217963 However, some carriers already trapped at PL centers further
added Pb" (Cd/S*~ =1:1, 0.81 96+1 0.29 1662t35 relax via nonradiative pathways and contribute to the slight

PE/CdP* = 1:25) shortening of the PL decay.

. . . . " ) CHzs(CH,)1:SH molecules show an influence that is similar
t|m§e WIndOW) comprises mainly two emitting states with close (5 hat of S Vossmeyer et al. reported that the band edge
emission energies. The fast decay parO(l ns) corresponds g iton PL from CdSe nanocrystals decreases when dithiols are
to an emitting state with a sh_ort lifetime, vyh|le the Slc_’W O"€ hound to the nanocrytstal surface, likely due to perturbation of
(~1.8 ns) stems from an emitting state with a long lifetime. o gjectronic structure of the CdSe cétaVe believe that in
Since the lifetime is determined by both radiative and nonra- ;. case the CHCH,)1:SH molecules have a similar effect
d!;twe decay, one possibility is that the twofstates havelvery Note that the molecules are unable to penetrate the CdS, further
different radiative decay times. However, we favor an explana- verifying that the quenching process is mainly surface-related.

tion based on similar radiative, but different nonradiative decay G4NH, and CH(CH,):sNH, are electron donors and mainly
times. This would mean similar defect states in the CdS, but influence shallow electron traps. Different from g(BH,)y:-

different surface conditions on the nanoparticle, i.e., CdS that SH and $- ions, they do not increase the density of nonradiative
is passivated by more or less contact with the dendrimers; more .o ntars and therefore have no obvious influence on the PL.
contact mec;tjns .bhetter pajs“(/jatlon alnd Stl)?wir (.jecai/).I h Adding Cdt ions, on the one hand, can effectively eliminate

C(;)mpar.e r‘]"”t a stan ar;c szoggd(l ar:j |I'nhT? erﬁ't € shallow hole traps (e.g. sulfur dangling bonds) that compete
PL decay in the presence of added”Cdlowed slightly, while iy qeep hole traps (PL centers): on the other hand, surface
it acce!er_ated slightly W|th_ P5. This help_s us to analyze  ~p+ ions can attract Nk groups of neighboring G8NH
ng)nradoggve p)lgociazsses. S|rlllce thhe Sﬁlubllflt)(/:ggng[an(tyg;‘ PbS molecules to achieve a better passivation of the nanoparticle.
( >|; 172 ”2% L )B'f’ .smaler('; an that OI @1 tzq  This corresponds to the obvious growth of the nanoparticles at
mok* L™, f lding PB" lons leads to a replacement of higher Cd™/S*~ ratios. Figure 2b suggests that the PL is not
ions by PB* ions and to the formation of PbS. According to much influenced by surplus @t at high Cd/S*" ratios; in
our calculation for a 2.2 nm diameter CdS nanoparticle (see ¢, some of the surplus @dions can bind to amine gr(')ups
Appendix), the format|o+n of a complete PbS monolayer on the ich are still available after CdS nanoparticles have formed.
surface requires I_ﬁb/CoQ >0.92.1n F_|gure 3a this corresponds Since the solubility product of ZnS (1.6 10723 moP L~?) is
to the last two points, where quenching reaches the steady s'[ate|arger than that of CdS (8 10-27mol L~2), adding only ZA"

+ + i i ’

For PB¥/CcP™ < 0.92, we infer the presence of isolated PbS jons il not lead to the formation of a znS shell. However,
nanoparticles on the surface of the CdS particles. The conduction

. o similar to Cd* ions, Zr#t ions can decrease the number of
band offset between bulk CdS and PbS is 1.2&Vhe kinetic o2 diative centers to a certain degree and thus increase the

energies for electrons and holes in a 2.2 nm diameter CdSp| intensity, though less effectively than €d(due to their
particle are 0.72 and 0.24 eV, respectively. Therefore elec'[ronsdiﬁerent ionic radius). To obtain or to improve band edge

and holes will be trapped in the PbS part (due to larger potential o, it emission, coreshell nanoclusters with larger band gap
energies for both). The acceleration of the PL decay by adding \aerial as shell are synthesized to decrease defect-state
PE* ions indicates that carriers trapped at PL centers of the emission and nonradiative recombinatfént’ Here this concept
CdS part further relax to the PbS part of the nanoparticle. This was also applied. But we did not observe the appearance of
kind of quenching was also observed for HgS nanoparticles band edge exciton emission in our GeEnS core-shell
adsorbed on the s_urface Of_CdS nanoparti¢iér the case of structures, although the defect-state PL intensity decreased by
added C&, the sl[ght slowing of the. decay process |r)d|§:ates ~30% for three layers of the ZnS shell. The reason might be
that som;rnonradlatlve_ Eaﬁh\l/vays might L\ave dbeen e_I'T'”ated'incomplete passivation of interface defects due to the large
Since Ca™ interacts with hole traps in the CdS particle, we  nismatch petween the CdS and znS lattice constants (7%) and

infer that sulfur dangling bonds, which form shallow hole traps due to unoptimized growth conditions for the ZnS shell
above the valence band, play an important role in the nonra- '

diative recombination. Adding Cd ions should passivate some
dangling bonds and thereby increase the PL intensity. In contrast,
adding both % ions and CH(CH,)1:SH molecules shortened The red shift of the absorption spectra of the synthesized CdS/
the decay process slightly, probably indicating an increase in G8NH, nanocomposites (see Figure 5) shows that further growth
nonradiative centers. occurs during storage at Z& (“RT aging”). We found that
We suggest the following model: The PL centers are the this growth behavior is sensitive to the €%~ ratio in the
deep hole traps, and they compete with shallow hole traps for synthesis. CdS nanoparticles with an initial2&&?~ ratio of
either free or shallow-trapped electrons. If the density of the 1:1 showed no red shift of the band gaps, but a narrowing of
shallow hole traps is high, their recombination with electrons the absorption structures upon RT aging. We interpret this as
is preferred, and the PL intensity decreases. Addifigi@hs, size-focusing growth: Narrowing of the size distribution occurs
on the one hand, covers the surface of the nanoparticle withwhen all nanocrystals in a solution are slightly larger than a
excess & and therefore creates more sulfur dangling bonds; certain critical siz€>-58 Under these conditions, the smaller
on the other hand,?S also competes with the NHyroups of nanocrystals in the distribution grow faster than the larger ones.
G8NH, that bind surface Cd (for the stabilization of the  CdS nanoparticles with initial Cd/S?~ ratios of 3:1 and 1:2
nanoparticle) and thus produces a surface with less protectiveshowed a narrowing of the absorption structures with a rapid
groups. While the latter effect might be responsible for the red shift of band gaps at short aging times, but a gradual red
relatively low stability of nanocomposites with a small%cH shift at longer times. The later stage reflects a size-defocusing

4. Aging of the CdS/Dendrimer Nanocomposites
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Figure 5. Evolution of absorption spectra of CdS/G8Nkanocom-
posites in methanol after storage at 25 (RT aging); spectra at the
bottom without aging. (a) Cd/S ratio 3:1; aging, 0 minh 10min, 2

h 10 min, 3 h 55min, 5 h, 6 h, 17 h, 1 day, 3 days, and 6 days. (b, c)
ratios of 1:1 and 1:2; aging, 0 min, 10 min, 30 minh 10min, 3 h 15
min, 5 h 39min, 2 days, 6 days, and 7 days.
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Figure 6. (a) Upper part: Red shift of band gap (solid squares) and
PL (half-squares) for a Ct/S*~ ratio of 3:1 and red shifts of band
gaps for C&/S* ratios of 1:1 (solid circles) and 1:2 (empty triangles),
as a function of RT aging. The open circle marks the start of the
experiments. Lower part: Variations in half-width at half-maximum
of the exciton absorption peak upon aging for?G&?- ratios of 3:1
(solid squares), 1:1 (solid circles), and 1:2 (empty triangles). (b)
Corresponding evolutions of PL spectia«& 320 nm) for the sample
with the Cd*/S*~ ratio of 3:1. Inset: Changes in full width at half-
maximum of the exciton absorption peak (solid squares) and in PL
intensity (half-filled circles) upon aging.

growth®-58 When the monomer concentration (here solvated
Cd?* or & ions, not nanoparticles) is depleted due to the

Wu et al.

the lowest absorption bands did not shift gradually during the
particle growth, but one absorption band was formed at the
expense of another (280, 308, and 333 nm). In our case, except
for the initial growth stage (the first 70 min), this band shifted
from 293 (actually a plateau) to 312 nm, and it showed a gradual
red shift from 312 to 321 nm in the subsequent growth. We
attribute this difference in growth behavior to different reaction
temperatures and stabilizers. For samples with & (S8 ratio

of 1:1, the lowest absorption band (358 nm) coincides with that
of Cd32S14(SCsHs)36(DMF)4 (DMF = dimethylformamide), a
cluster with a 1.5 nm CdS cofé.We find an obvious peak
around 332 nm that is assigned to the second exciton transition
of CdS nanopatrticles; this peak is not observed fog,Ed-
(SGsHs)36'(DMF)4, which shows a strong broad luminescence
at 500 nm that is attributed to an intrinsic excited state of the
cluster, since the cluster has an extremely sharp size distribution
and a well-defined surfacd.Although our nanoparticles also
show a strong broad emission (centered at 460 nm), the 460
nm emission is here from surface defect states; very narrow
band-gap exciton emission for CdS nanoparticles of similar size
has been reported recentf/.

The widths of the exciton absorption and of the band edge
luminescence peaks reflect the nanoparticle size polydispersity.
In our case, only the defect-state PL was observed. We therefore
use the width of the first exciton absorption peak to evaluate
the size distribution of the nanoparticles, which is a good
indicator for size focusing or defocusing. Due to the difficulty
in determining the full width at half-maximum (fwhm), similar
to the case of Yu et af3 we measured the half-width at half-
maximum (hwhm) on the low-energy side of the first exciton
absorption peak for each sample. For all threé'¢gf~ ratios,
we can see a very sharp decrease of hwhms at short aging times,
indicating a rapid size focusing, followed by a slow increase of
hwhms, indicating a slow size defocusing. FoPQ&* = 1:1,
the narrowest hwhm is 14 1 nm, comparable to the 1t 1
nm of hwhm for the monodisperse CdS nanocrystals by Yu et
al53 Note that the largest variation in growth (both the narrowing
of the size distribution and the rapid red shift of the band gaps)
occurred mainly within 1 day. Therefore the RT growth can be
divided into two stages: a fast one within 1 day, due to the
focusing growth, and a slow one, due to defocusing growth.
Our results agree with recent studies that indicate that the control
of the growth behavior can be used to obtain a narrow size
distribution®85°In our case, CdS nanoparticles synthesized with
stoichiometric ratio had an especially narrow size distribution.

In addition, we also plotted the red shifts and fwhms of the
defect-state PL peak energy versus the aging times forP&/Cd

growth, the critical size (the particle radius in equilibrium with S?~ ratio of 3:1. The obvious red shift in the PL peak energy
the bulk solution) of the particles becomes larger than the with aging reflects the size sensitivity of this PL band. The
average size, and the distribution broadens because some smallgrarrowest fwhm for the PL is 106 2 nm and much broader
nanocrystals are shrinking and eventually disappear, while largerthan that for the corresponding lowest exciton absorption band
ones are still growing (Ostwald ripening). Deviations from the (444 2 nm), pointing out its defect-state nature. An interesting
stoichiometric ratio enhance the defocusing growth. Figure 6a feature is that the size-focusing process was additionally
shows the red shifts of the band gaps with time. Each band gapobserved from the variations in fwhm from the defect-state PL

Ey was extrapolated fronwhy' = (hv' — Eg)Y? (o is the
extinction coefficient;hv' is the energy of the radiatiofy.
During 6 days of aging, CdS nanoparticles with an initia#Qd

S~ ratio of 1:1 showed no increase in average particle size,

while those with initial C8/S?~ ratios of 3:1 and 1:2 showed

with aging (Figure 6b inset): very small fwhms at short aging
times, followed by nearly constant minimum fwhms for longer
aging times. The fwhm changes in the PL for shorter time aging
agree with the corresponding hwhm changes in the first exciton
absorption peaks. This is not true for longer aging times, which

an obvious increase in average particle size, indicated by thewe assign to the difference in light absorption and emission

red shift of Eg.

For samples with a Cd/S? ratio of 3:1, the particle size
range coincides with that (diameter2 nm) of CdS nanopar-
ticles stabilized with 1-thioglycerdP For the latter, however,

processes: Absorption spectra reflect all particles in solution,
while PL spectra only represent those that emit radiatively. This
might indicate that a narrower size distribution reflects a better
surface ordering, therefore decreasing nonradiative processes.
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Note that the PL yield continuously increases with aging. The 12
increase in PL intensity can be described by two stages. The
first stage coincides with the size-focusing stage of particle
growth, and the second stage falls in the size-defocusing stage.
Recently, several groups have studied the relation between band
edge exciton emission and growth conditions of nanocry&te%. —_
The increasing PL yield during the size-focusing stage has been 3
observed for band edge exciton emissiff This is ascribed <
to an optimal surface structure/surface reconstruction of the 2
nanocrystal (less surface defect states) during the focusing%
growth. We believe that this mechanism is also responsible for £
the defect-state PL that increases in the first stage in our case. g3
Most probably, mainly nonradiative defect states are eliminated
in comparison with the case of band edge exciton emission
(where both nonradiative and radiative defect-state emissions
are eliminated). Talapin et al. found that during the Ostwald
ripening stage, the particles with nearly zero growth rate show 00
the most efficient band edge exciton emissi®hey claim
that this is due to a better surface passivation, obtained by a Energy (eV)

slower growth rate. For our case, the growth rate is very slow Figure 7. Absorption (solid lines), excitation g, = 450 nm, dashed

in the second stage, although size defocusing starts due tQjnes), and PL 4ex = 320 nm, dashed dotted lines) spectra of CdS
Ostwald ripening. This translates into a further optimization of nanoparticles aged 1 day (top) and 22 days (bottom).

the surface and therefore further increase of the PL. Constant
minimum fwhms of the PL during the second stage support the  We did not obtain band edge emission, probably because our
results by Talapin et al. For CdS nanoparticles with an initial CdS has more defects due to imperfect surface passivation, and
Cd?*/S*~ ratio of 3:1, the PL yield increased (by up to 700%, due to the low synthesis temperature. Our excitation band gaps
see Figure 6b). The final quantum yield was 11% at room were narrower than the absorption band gaps, indicating less
temperature, compared with coumarin 47. The PL yields for effective emission from smaller particles. We therefore used
the other samples also increased, by max. 200%. the excitation band gaf, in the following calculations. We
Influence of Aging on the Blue Photoluminescencesooklal foundEy — hv = 0.87+ 0.005 eV for 1 day and 0.84 0.005
et al. first reported strong blue PL from CdS nanoparticles with eV for 22 days aginghi is the PL peak energy). Sindg —
G4 dendrimers as stabilizetsThey found very high room-  hy is quite large, we can exclude mechanism A. Therefore, the
temperature PL yields. The mechanism of this blue PL has, PL process should involve deep-trapped electrons or holes. For
however, not been elucidated. Three mechanisms can operate transition arising from a trapped electron and a free hole, the
for CdS nanoparticles: Recombination of free carriers (A), of variation ofhw with particle size Ahv) would be close to 0.25
trapped holes with free electrons or shallow-trapped eIectronsAEg (AEg is the variation o, with the particle size) since the
(B), and of trapped electrons with free or shallow-trapped holes pgje carries 25% extra energy, as discussed aliduebetween
(C). When free carriers are responsible for the PL, the emissionigyre 7a and Figure 7b (0.13 eV) was, however, rather close
energyhv should be close to the band gag For bulk CdS, 15 0 750E, = 0.12 eV, indicating its high sensitivity to the
the difference between the effective mass of an electren particle size. From this, we can exclude trapped electrons
0.22my, wheremy |s_the mass of a free electron)_and that of a (mechanism C) as deep-trapped carriers here.
hole (m, = 0.7 my) is relatively large. The fraction of extra . .
energy (due to confinement) carried by electrons is rather high Therefore, mechanism B 'S the most probable pathway for
(75%) compared to that carried by holes (25%). This indicates the PL process. For mechanism B, the energy level d|fferenc_e
that the recombination of a free electron with a trapped hole betyve_en the trapped hole and the valenC(_e band caused by size
(mechanism B) is more sensitive to size effects than that of a Varations should be close to 02B,. The difference between
trapped electron with a free hole (mechanism C). Therefore, the 0.87 eV determined from Figure 7a and the 0.84 eV from
we can use the dependence of the PL peak enéngyof the Figure 7b is 0.03 eV, in good agreement with the value of
particle size to distinguish between mechanisms B and C.  0-2%AEq (0.04 eV). For bulk CdS, a deep-trapped hole state
As shown above, CdS nanoparticles with nonstoichiometic ~0.84 eV above the valence b_éﬁﬂts tq the PL energy value
ratios show an obvious growth behavior. We can use this to we ObS?f"ed here. Mechanism B is .also reported tq be
study the relation between the PL and the particle size. Figure responsible for the trapped-state PL in CdS nanoparticles
7 presents absorption, PL excitation, and emission spectra ofSynthesized with other stabilizets>**°For example, Haessel-
CdS/G8NH nanocomposites aged for 1 and 22 days in methanol barth et al. used two d|fferent elecl:t.ron acceptor§ to quench the
(initial Cd?*/S? ratio of 3:1). Red shifts of the band gaps and PLS from CdS nanoparticles stabilized by R#; in aqueous
of the PL peaks (see Figure 6) indicate an increase in particle Solution. By the comparison between the electron trap potential
size upon aging. Recently, CdS nanoparticles of similar size (2 and the acceptor potentials, they verified that the electron traps
nm), obtained from a high-temperature synthesis, have beenare shallow and that defect-state PL involves shallow electron
reported to show only band edge PALThe strong band edge traps and deep hole traps, located on the surface of the
emission of such small CdS nanoparticles (2.6 nm) was further nanocrystalline particle®. Lifshitz et al. performed photolu-
verified by Yu et al., although the defect-state PL still has 12% minescence and optically detected magnetic resonance studies;
room-temperature quantum yield, indicating the difficulty in they verified that trapped-state PL results from recombination
getting rid of the defect-state emission from very small between shallow-trapped electrons and deep-trapped holes,
nanoparticlest associated with the surface of the partidgs.
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Figure 8. (a) Transmission electron micrograph of CdS/G8Nidnocomposites. (b) Topographic IC-AFM images (intermittent contact mode) of
CdS/G8NH nanocomposites (initial Ct/S*~ ratio of 3:1) on a silicon wafer after adsorption from solution. The white line is the topographic
profile shown below. Right: lllustration of possible nanocomposites. (See text.)

5. Morphology and Adsorption (estimated). Figure 8b presents a topographic intermittent contact

Since we used a Cd/G8NH, ratio of 360 for the synthesis, (IC) AFM image of napocomposites on an ox!dized silicon
Cd?* should bind only to the terminal Nfgroups (1024 per wafer. The average height of the na.nogomlposnesgsnm;
molecule), and the nucleation sites of the CdS nanoparticlesthey have a relatively narrow size distribution and a regular

should be the Nbigroups. Therefore, the location of the Cds Shape. There are some-8 nm high small dots (see circle).
nanoparticles is most probably at the surface region of the 1S height corresponds to that of single G8NHolecules on

dendrimers; i.e., the CdS nanoparticles are bound to the NH NYdrophilic substrate¥:"® Such a dot can be either a single
groups. The diameter of the particles calculated from the Pure G8NH or a single G8NHwith CdS nanoparticles. Thus,
absorption band gap is2 nm83 which is smaller than the 3.4  OUr 9 nm average height indicates that most isolated dots in the
nm calculated by assuming one particle {§&8ss0) per G8NH. AFM image contain two or three G8NHnolecules together
The transmission electron micrograph shown in Figure 8a also With several CdS nanoparticles.

verifies the size of the CdS nanoparticles (around 1.5 nm). The Adsorption of CdS/Dendrimer Nanocomposites on Flat
synthesized CdS nanocomposites are therefore of the externaBubstrates. The adsorption of pure dendrimers on substrates
type, with roughly two CdS nanoparticles per dendrimer can be classified into two types. On hydrophilic substrates, single
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Figure 9. Topographic IC-AFM images of CdS/G8NHanocompos- Figure 10. Topographic IC-AFM images of CdS/G8NHkhanocom-
ites adsorbed on (a) mica, (b) graphite, (c) gold, and (d) HOOGKEH posites printed on gold/chromium/glass substrates{dattern size).
gold.

From these observations, we can roughly classify the adsorp-
dendrimers dominate; their AFM-determined height is smaller tion of fresh CdS/G8Nbl nanocomposites into two types,
than their diameters in solution, indicating a deformation due according to their interaction with the substrate: When hydrogen
to strong interactions between dendrimers and substtaté.  bonds, multidentate metaligand interactions, or electrostatic
On hydrophobic substrates, aggregates of several or even tensorces prevail, the composites will adsorb strongly and will not
of dendrimers dominate, but the height of a single dendrimer is form large aggregates. Substrates that belong to this type are
similar to its diameter in solution, indicating weak dendrimer  sijlicon, gold, and carboxylate-terminated substrates (mica,
substrate interactiorfS. although hydrophilic, does not fit very well into this category).

We imaged fresh CdS/G8NHhanocomposites on mica with  In contrast, when nanocomposites interact weakly (by van der
AFM (see Figure 9). Compared to the silicon wafer (Figure Waals forces) with hydrophobic substrates such as graphite, the
8b), the coverage of CdS/G8NHN mica was much lower, particles can diffuse on the substrate and form larger ag-
despite the high hydrophilicity of the mica substrate. The particle gregates?
sizes on mica were larger than on silicon, indicating the  On the basis of these findings, our CdS/G8Ntanocom-
formation of aggregates. This is different from the adsorption posites should be patterned on substrates in the same way as
of pure NH-terminated (or NH"-terminated) dendrimers on  pure dendrimers. Indeed we have successfully patterned CdS/
mica, where single dendrimers domin&té? The difference G8NH, nanocomposites on silicon wafers, on the basis of
between a silicon wafer and mica may be due to the higher interactions between NiHyroups (of G8NH) and OH groups
density of OH groups on the wafer. on the silicon surfac& Similarly, dendrimers form a monolayer

Pure graphite showed some (multilayer) steps. After adsorp-©n gold (due to multidentate AtNH; interactions) when
tion of CdS/G8NH nanocomposites, the substrate was covered 2dsorbed from solutiofi:” The nanocomposites, too, show a
with spots (see white dots in Figure 9b; some graphite stepsnigh coverage after adsorption on gold (Figure 9c). Hence, they
extend from the lower left to the upper right). Compared with Should be printable on gold, which we demonstrate in Figure
CdS/G8NH on a silicon wafer, the spots were larger in size 10 The large scan (Figure 10a) indicates a successful transfer
and less regular in shape, indicating further agglomeration of 0f theé nanocomposites to the gold surface. Zoom-in scans
nanocomposites upon adsorption. CdS nanoparticles should notFigure 10b,c.d) suggest a high coverage in the printed (contact)
play a role in this agglomeration process since pure dendrimers f€gion and a sharp edge between the printed and the unprinted

too, exist mainly in the form of aggregates on a hydrophobic €9ions.

substrate’3 )
. 6. Conclusions
Nanocomposites can also adsorb on pure gold and on a self-

assembled monolayer, HOOC(@S/gold (Figure 9c,d; the Amine-terminated polyamidoamine dendrimers of generation
gray or white islands witl>200 nm diameter result from the 8 (G8NH,) can be used as stabilizers for the synthesis of very
gold morphology). Since pure G8NHadsorbs on gold with small CdS nanoparticles from €dand S~ in methanol at
multidentate Au-NH, interactions’>’ we assume a similar 25 °C. The particles are located at the surface regions of the
mechanism for the adsorption of CdS/G8Nilinocomposites  dendrimers and can be further modified by amines, thiols, and
on gold. For the carboxylate-terminated molecular layer, metal ions. Sequential addition ofSand Zr#" yields CdS-
electrostatic forcesin addition to hydrogen bondscan also ZnS core-shell nanocomposites. Blue photoluminescence (PL)
be important: Partial deprotonation of COOH groups produces is the dominant PL in this system and is most efficient when
a negatively charged surface, while partial protonation ofNH the ratio Cd™/S*~ is at least 1.5 in the synthesis. Energy level
groups results in positively charged nanocomposies. structure analysis and picosecond time-resolved PL decay
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measurements indicate that deep-trapped hole%*(md:anc_ies) Xegs= (6.02x 10%3m 0)(Ce/Negd
recombine with shallow-trapped or free electrons to yield the 3 ).
blue PL. Shallow hole traps dominate the nonradiative processes. Xzns= (6.02x 10°/mol)(C* /N0

By controlling the nonradiative pathways, e.g., with added"Cd
the blue PL can be improved.
Through the control of the preparation conditions, very small

If we assume that the entire amount of ZnS grows exclusively
on the CdS cores, theXcyds = Xzns The result is as follows:

CdS nanoparticles (2 nm in diameter) with a narrow size C2Ce 2" = Ny Negs = (R3 - RCS)nZn S/RcandS
distribution can be obtained. Their structure is presumably
imperfect; consequently the PL is dominated by a defect-state _ )~ 2+\11/3
emission. We show that additives can passivate various possible R=[14 08 /Ced N Re
defect states at the surface of the CdS nanoparticles. For the PbS shell:
The interaction between our CdS/G8pfanocomposites and
various flat substrates allows for dendrimer-induced facile R=[1 + 0.8CpZ"/Ccd)] " Re

adsorption via hydrogen bridges or multidentate melighnd
or electrostatic interactions. This constitutes the basis for the References and Notes
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