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The sonochemically driven synthesis of CdSe quantum dots (QDs) and their subsequent sonochemical
ZnS shelling is described. By adapting the use of Cd(@AKPPO, and hexadecylamine to an ultrasound-
driven synthesis and by applying a subsequent sonochemical ZnS shelling procedure to CdSe QD cores
using Zn-ethylxanthate, highly luminescent QDs with quantum yields of 50% to 60%, narrow emission
spectra (fwhm~25 nm), and size distributions 6f10% were obtained. Furthermore, QD synthesis via
ultrasound has several attractive features, such as a straightforward process control in the absence of any
outside heat source and the ability to achieve nucleation and growth at bulk temperatures notably lower
than those required for thermal techniques. The approach presented herein is accessible to laboratories
with limited synthetic expertise to create CdSe/ZnS QDs.

Introduction ctylphosphine (TOP)/trioctylphosphine oxide (TOPO) at
. . . . reaction temperatures of 25850°C for 24 h, followed by
The recent widespread interest in semiconductor quantumy sjze-selective precipitation stépMore recently, it has
dots (QDs) is due largely to their distinct optical properties, peen shown that Cd-containing quantum dots can be formed
including broad absorption bands, narrow, size-tunable, fom non-pyrophoric precursors such as CdO, Cd(Q/Am)d
emission bands, and excellent photostabiliti€hysically, CdCO,1011|n addition, to enhance the quantum yields and
the quantum properties of QDs (a size-dependent fluores-pp,qogtapilities of such quantum dots, shells of a higher band
cence emission) occur if electrehole pairs (excitons) are gap semiconductor material like ZnS have been added
confined to dimensions that are smaller than the eleetron thermally to existing core materiald: 4 More recently, the
hole _Q|stance (exciton diametér): As a resu_lt _Of this focus on QDs has been toward their biofunctionalization,
cond|t|qn, the ;tate of free charge carriers W'th'n a nano- y, g shifting QD development from traditional chemistry
crystal is quantized and the spacing of the discrete ENeT9Y|aboratories exclusively to research groups with biological,

s_tates (emissio_n cqlors) Is Iinkec_j o the size of the nanoparyis medical, and engineering expertise. Unfortunately, such
tlple.tThek():lombn_wat_mn of smatl_l size, rll'gh photi)stal(ajllliy,r?nﬁl laboratories are often limited in their ability to participate
size-Uhable emission Propertes makes guantim dots hig yactively in the development of new QD-based imaging
attractive probes for biological, biomedical, and bioanalytical probes because they lack the expertise in synthetic chemistry
imaging application$-” Among different quantum dot

materials, ZnS-shelled CdSe QDs have played a particularlyaanI the appropriate equment_ r-equ.|red to generate quality
. . . .. 2 core=shell QDs for further modification. For these groups,
important role because high-quality quantum dots with

narrow emission bands can be created that span the whol€ O”?merc'a"Y available qua_ntu_m dot P robes typically are not
. a viable option due to their high price. The current study
optical spectrum. _ . - . :
] . . seeks to eliminate this deficiency by presenting a facile
In their early development, syntheses of high-quality CdSe gonochemical synthesis procedure for ZnS-shelled CdSe QDs
quantum dots involved heating mixtures of pyrophoric \yhich makes quantum dots with attractive photophysical
precursors such as Cd(Gkl and elemental Se in trio-  yroperties available at low cost to research labs with minimal

synthetic expertise.
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As an alternative to thermally driven syntheses, sonochem- Transmission electron microscopy (TEM) micrographs were
istry has been applied successfully to a variety of chemical taken using a FEI/Phillips CM-100 TEM operated at 100 kV and
reactions® including those that impact the fields of materials & JEOL 2010F field-emission TEM operated at 150 kV. High-
science and nanoscience. For example, sonochemical techtesolution transmission electron microscopy (HRTEM) images were

niques have been used to prepare a wide range of materialibtained using a JEOL 2010F field-emission TEM operated at 200
including latex particle$® Fe/FeC particle$] Ag nanofi- V. TEM samples were prepared by depositing a droplet of the

: . . QD solution (as prepared for absorbance and photoluminescence
18 ] 0

bers; and'both S and Al nanoparticles. Overall, while studies) onto holey carbon grids (Ted Pella, Inc.). The chloroform
sonochemical syntheses of quantum dots and other nanoxqytion was allowed to evaporate, leaving the nanocrystals on the
materials have been reportd?®including a CdSe synthesis g,
using a sonoelectrochemical technig@ié) comparison to X-ray diffraction data were obtained using a D5000 Automated
the strategies reported herein, these procedures often resulbowder X-ray Diffractometer with a Cu anode and a graphite
in QDs of varying morphologies or aggregated crystals with monochromator (Siemens/Bruker AXS). Prior to their examination,
comparably poor luminescent properties, such as broadquantum dot samples were washed and centrifugedavith an
emission bands. Indeed, a recent revietvat surveyed the  acetone:methanol (50:50) mixture to remove excess coordinating
latest productive routes to high-quality quantum dots did not solvent. The final precipitant was suspended in chloroform for
include sonochemical methods. In the study described herein deposition onto Zero Background Plates made of quartz. Thin films
we show that sonochemistry can indeed provide a ver of evenly dlspersed_ core ar_1d core/shell nanocrystals were cast on
powerful strategy for the synthesis of high-quality CeSe quartz and placed in the dlﬁractomgter and scanned fromtd5
ZnS core-shell quantum dots and offers several advantages 60°. Data for each sample was acquired at 2 s/step and 50Steps/

. . . To improve the signal-to-noise ratio, scans were continuously
over traditional thermally driven approaches. In particular

h q nclude | : d repeated with data averaging for approximately 24 h.
these advantages include lower reaction temperatures and a Quantum Dot Core Synthesis.To compare directly the ef-

Stra'ghtfon’v.ard process qoerI’ thus maklnog quantum dot ficiency of the sonochemical method described herein to established
materials with quantum yields (QYs) of 580%,~25 nm thermal techniques, the approach of Peng and co-wdfémsas
fwhm emission spectra, and10% size distributions acces-  adapted to the ultrasound synthesis of TOPO-coated CdSe quantum

sible to an increased number of research labs. dots using Cd(OAg) TOPO, and stearic acid (SA), as well as
Cd(OAc), TOPO, and hexadecylamine (HDA), thus comparing
Experimental Section different coordinating solvent conditions. HDA was chosen as a

capping agent because it was reported to result in high-quality
Methods. Absorbance spectra of quantum dot solutions were quantum dot$® In contrast, Cd(OAg)+ SA was used because of

measured using a Lambda 19 UV/VIS/NIR Spectrometer (Perkin- its rapid growth kinetics during thermal synthede all cases,
Elmer). Samples were prepared by first precipitating freshly the Cd:Se ratio was held at 1:5, and the overall Cd concentration
prepared quantum dots out of their coordinating solventg (@th in the coordinating solvent was 0.33 mol/kg. A typical synthesis
a 50:50 acetone/methanol solution. The resulting precipitant was was carried out as follows: TOP and selenium powder were placed
then dispersed in chloroform. Solutions were placed into quartz in a sidearm test tube which was purged continuously with argon
cuvettes and were scanned over a4000 nm wavelength range.  (note that nitrogen igot an inert atmosphere when sonication is

Photoluminescence spectra were recorded using a Cary Eclipseised?) and the selenium powder was dissolved by sonicating for
Fluorescence Spectrophotometer (Varian) and an SLM 48000 2 min using a high-energy sonifier (Branson, Model 450) equipped
Spectrofluorometer (SLM/ISS) with all samples excited at 400 nm With & micro-tip operated at a frequency of 20 kHz and an ultrasonic
and emissions monitored between 450 and 800 nm. To acquirePower of 9-10 W. Subsequently, Cd(OA£)TOPO, and stearic
photoluminescence spectra, samples were prepared in the sam@cid (60:40 TOPO:SA) or Cd(OAg) TOPO, and HDA (75:25
fashion as described for absorbance spectra. To determine quantunt OPO:HDA® were placed in identical Ar-purged reaction vessels.

yields, laser quality Rhodamine B (quantum yield: 90%) was used These reactants were heated gently to melt the mixture, and the
as a reference dye. previously prepared Se/TOP solution was injected into the melt.

At that time, sonication was initiated using a specific ultrasonic
power (in the range of-930 W; frequency: 20 kHz) chosen so as

(15) Suslick, K. S.Ultrasound: Its Chemical, Physical, and Biological

Effects VCH: New York, 1988; p 140. to effect the desqed reaction kinetics, and product aliquots were
(16) Bradley, M.; Ashokkumar, M.; Grieser, B. Am. Chem. So2003 taken as the reaction color was observed to change from pale yellow
an }\IZE 52?- S 1 Koltvoin. Y.« Fel - Vesh L sh Al to deep red. The aliquots were washed(® mL) with acetone/
ikitenko, S. I.; otypln, ., Felner, I.; Yesnhurun, I.; ames, A. |.; H H
Jiang, J. Z.- Markovich, V.. Gorodetsky, G.: GedankenJAPhys. methqnol and d_rled unde_r high vacuum. Before use, the product
Chem. B2004 108 7620. material was dispersed in dry chloroform and centrifuged to
(18) zhang, J.; Han, B,; Liu, M,; Liu, D.; Dong, Z.; Liu, J.; Li, D.; Wang,  precipitate any remaining particulate matter. Typically, Tech-grade
J.; Dong, B.; Zhao, H.; Rong, L. Phys. Chem. 2003 107, 3679. HDA and TOPO were used, but batch-to-batch variability was
(19) Dhas, N. A,; Raj, C. P.; Gedanken, Bhem. Mater199§ 10, 3278. b d ' y
(20) Su, C.-H.; Wu, P.-L.; Yeh, C.-S. Phys. Chem. B003 107, 14240. observed.
(21) gobson, Rg-gA-; l\g;g/aney, P.; Grieser, B. Chem. Soc., Chem. ZnS Shelling of Core Quantum DotsZnS shell formation over
ommun.1994 7, . ; ; ; ;
(22) Li. B.; Xie. Y. Huang, J.: Qian, YUltrason. Sonochem999 6, a CdSe core was carn,ed.out using zmc_ethy_lxanthate synthesized
217. via the procedure of O’'Brien, et .The zinc nitrate hexahydrate
(23) Zhu, J.; Koltypin, Y.; Gedanken, AChem. Mater200Q 12, 73. and potassium ethylxanthate used in this preparation, as well as
(24) Wang, G.; Li, G.; Liang, C.; Zhang, IChem. Lett2001, 4, 344.
(25) Wang, G.; Wang, Y.; Zhang, Y.; Wu, Y.; Li, G.; Zhang, Mater.
Lett. 2004 58, 794. (28) Talapin, D. V.; Rogach, A. L.; Kornowski, A.; Haase, M.; Weller, H.
(26) Mastai, Y.; Polsky, R.; Koltypin, Y.; Gedanken, A.; Hodes JGAmM. Nano Lett.2001, 1, 207.
Chem. Soc1999 121, 10047. (29) Bailey, R. E.; Nie, SJ. Am. Chem. So@003 125 7100.
(27) Crouch, D.; Norager, S.; O'Brien, P.; Park, J.-H.; PickettPRilos. (30) Nair, P.; Radhakrishnan, T.; Revaprasadu, N.; Kolawole, G.; O'Brien,

Trans. R. Soc. London 2003 361, 297. P.J. Mater. Chem2002 12, 2722.
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Figure 1. Absorbance and photoluminescence spectra of sonochemically
synthesized CdSe QDs obtained via the HDA approach. The varying values Anax [N
of Zmaxfor each emission spectrum and the corresponding shift of the exciton 165 —
absorbance peak in the absorbance spectra correlate to different sonication

times during CdSe core synthesis.
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. . _ 160 SA-Approach
tributylphosphine (PBg), were purchased from Aldrich and used |

without further purification. To obtain ZnS-shelled quantum dots,
aliquots of freshly synthesized CdSe core material were removed&
(4 mL) and placed into a separate reaction vessel. Zinc ethylxanthate<. 1
(0.10 g, 0.53 mmol) was then dissolved in BB2.0 mL, 8.1 mmol) = 150
and added to the 4 mL aliquot of CdSe core solution. No purification %
steps were performed on the core solution prior to this addition.
We have determined that small amounts of oxygen and water
potentially remaining after an argon purge do not significantly affect 1 —v

the reaction when using our rapid, low-temperature sonochemical 140 4 \
synthesis. The two solutions were combined at®@nd sonicated |

continuously 89 W for 12 min, reaching a final temperature of 135 ————
120°C. Small aliquots were removed at various intervals, noting 500 520 540 560 580 600 620
the time and temperature as sonication progressed. A [nm]

‘max

155 4

145

. . Figure 2. fwhm values of fluorescence spectra obtained during sonochemi-
Results and Discussion cal formation of CdSe QDs using HDA and SA.

CdSe Core Quantum Dots.To explore the ultrasound-
driven formation of CdSe nanocrystals with size-dependent

emission properties, small aliquots were removed from SA-based syntheses as a function of the maximum emission

§on|cated core synthess reaction mixtures at various t'mewavelengthzlmax. With HDA as the coordinating solvent,
intervals to characterize their photoluminescence and absor—tan

b Fi 1sh . bsorb e bandwidth initially decreases with increasing sonication
ance sp_ectra. igure 1 Shows repre;entat!ve absorbance anfl, o (wavelength of maximum emissiohyay) until it reaches
photoluminescence spectra, as obtained via the HDA-base

: i N . minimum of about 25 nm. Notably, these narrow band-
synthesis procedure, for different sonication times (photo- .o are comparable to values reported for high-quality

Iumlnle SCGECE‘f Zggctra W‘I?r:e obtalneq qu_lng a; ehxc'tatr']onCdSe quantum dots synthesized using thermal pro-
wavelength o nm). The specira in igure 1 show the oy eqg1.133+33 Spectra obtained from sonochemically
characteristic feature of quantum dots synthesized in SOI”t'On’driven reactions using SA as a coordinating solvent, on the

afrehd shlft.wnhdmcrealsmg r_eact|on| time; sml]p(lje okljser\r:atlon other hand, were observed to exhibit broad emission peaks
.Odt. e;omcfate reactur)]n mlrfliure;sobreveae colorc ang((ajsof fwhm ~ 150 nm, thus being different with respect to
indicative of QD groM - Unlike absor ance spectra repqrte previously reported thermal synthesis procedures using
for thermally synthesized CdSe QDs, which show multiple

abl ’ b ) W&o th i di identical reagent®. Obviously, identical reagents and co-
resolvable exciton absorption peaks;those llustrated in ordinating solvents in thermal and sonochemical syntheses

.F igure 1 re"ea' one; however, both, thermally and sonochem-do not necessarily lead to identical photophysical properties.

ically synthesized QDs based on HDA _show_narrc;xvsspho- With respect to their quantum vyields, the products of

toluminescence spectra of comparable line widis: sonochemical syntheses via HDA and SA show very similar
Interestingly, CdSe QDs synthesized sonochemically based

on HDA vs SA show quite different photoluminescence (31) vy, K.; Singh, SLangmuir2004 20, 11161.

properties (photoluminescence spectra of CdSe QDs syn-(32) V(\Blerion,sD_.:AT_’inautd, F.A; ng'"%'ﬁs’ SéhC.: P;rgg, Vlvd J.égt?lnchet, D.;

thesized via SA-based sonochemistry are shown in the g5 Li,ejls.?]'.;\)\}anal,li(éz.s;'euo, \'/v.;lzgéy, J.erg"; Misrﬁma’s}. D.- Johnson,

Supporting Information). To illustrate the spectral differences M. B.; Peng, X.J. Am. Chem. So@003 125 12567.

between the HDA and SA systems in more detail, Figure 2
shows fwhm values of the emission spectra for HDA- and
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features. In both cases, the quantum yield is very wavelength-
dependent. While the HDA system shows an average
quantum yield value of 9.3% and a maximum value (at 504
nm) of 32.4%, the SA-based counterpart is characterized by
an average quantum yield of 11.1% and a maximum value ¢ goo g
(at 572 nm) of 35.8%. Interestingly, the maximum quantum :
yields determined are similar to those for the corresponding
thermal synthesis approaches using the $&anevery similar
reactants and solver&though it has been shown that under

550 —

—A— SA (9W)

lambda max [ni

carefully selected reaction conditions quantum yields of up :g: gﬁ gmg
to 85% can be achieved as w#ll. 500 -2~ SA (30W)
. . T . -&- SA Thermal Method
The above results provide two important findings. First, —= HDA (24W)

some mixtures of reactants, which are well-established in —&- HDA Thermal Method
| | | I |

thermal s_ynthe5|s procedures_, do not necessarily result in 0 1000 2000 3000 4000
high-quality quantum dots using ultrasound. For example, Time [sec]

CdSe quantum dots prepared by the SA procedure do NOtrigure 3. Growth kinetics for CdSe quantum dots obtained via HDA and
show the narrow emission peaks observed by thermal SA illustrating the influence of ultrasound energy and coordinating solvent

; inatin QN growth kinetics. A comparison with the data obtained from the SA-
syntheS|s, even thoth the same reagents and Coordmatmgaseél0 and the HDA-based thermal synthesis procedures shows that

solvents were usel.Second, if appropriate reagents and sonochemistry has the potential to control the growth kinetics in a facile
coordinating solvents are chosen, sonochemistry can resultmanner by adjusting the sonication power.

in CdSe quantum dots with photophysical properties similar

to those of their thermally synthesized counterp&8This 20 e “
indicates that ultrasound is a convenient and powerful tool 180 — a- -7 .o

for the synthesis of CdSe quantum dots with properties & gm =
comparable to those obtained via thermal syntheses. More- _ 160 o <
over, the use of ultrasound has two additional benefits, as % NP

discussed below. 140 — U e

One advantage of the sonochemical procedure is that the 120 @~ 9W (SA): 5 conc.

Temperature [°C]

growth rate of nanocrystals can be controlled via the -6 - 9W (SA)
ultrasound intensity in a more precise manner than is possible 100 :Z: ;m Egﬁ;
via thermally driven syntheses. In the latter case, the growth -A-30W (SA)
processes often are characterized by high initial growth rates, 80 - _®  —®=21W(HDA)
making size control difficult. Sonochemistry is thus particu- ®®@@® A~ 30W(HDA)
larly relevant for cases where rapid growth kinetics of I T T T
500 550 600 650

quantum dots occurs. For example, upon injection of the
stqrtlng materials I.nt.o the hot coordinating solvent, spectral Figure 4. Temperature vémax plots obtained during sonication of the

shifts of 100 nm within less than 20 s have been obsefed. reaction mixture using the SA and HDA approaches. The temperature was
Figure 3 showsimax Vs time plots for sonochemically  determined using a temperature sensor positioned in the reaction vessel

generated SA- and HDA-based CdSe quantum dots Theduring the sonication process. The increasing temperature with progressing
’ sonication time indicates the moderate bulk heating of the sample due to

increasing values Ofimax With time indicate the growth  yirasound and the fact that the reaction tube is surrounded by air without
process of quantum dots due to continuing ultrasound connection to a heat sink. However, the temperatures detected are still

exposure The pIOtS illustrate different grovvth kinetics of SA- notably below values necessary for the formation of CdSe QDs via thermal
’ techniques. As shown for the case of QD formation via SA, increased

and HDA-based CdSe QDs, thus highlighting the well-known ¢oncentrations of reagents lead to QD growth at notably lower temperatures,
fact that different reagents and coordinating solvents often thereby reaching temperatures less than D0

result in varying growth kinetic¥:3! Furthermore, as il-  attractive for reaction systems which otherwise are character-
lustrated for both SA-based and HDA-based QDs (Figure ized by fast reaction kinetics.

3), quantum dot growth can be controlled by ultrasound  Another important advantage of the sonochemical ap-
power in a very straightforward way. While similar growth  proach over thermally driven reaction procedures is that
kinetics are observed for sonochemically and thermally quantum dots can be formed at significantly lower reaction
synthesized quantum dots when high ultrasound intensity istemperatures using ultrasound when the same reactants and
used (e.g., ultrasound intensity30 W, though the thermal  solvents are used. This interesting feature of sonochemistry
method® under identical reactant/solvent conditions generally is illustrated in Figure 4 for SA-based CdSe quantum dot
always results in more rapid growth kinetics), slower growth syntheses. Figure 4 shows that ultrasound intensities-809
rates can be achieved via sonochemistry by simply reducing\w are associated with a temperature range in the sample of
the ultrasound power. The ability to slow QD growth in a 110-190°C, with products thereby covering a spectral range
facile and controlled manner using ultrasound makes the of A,., ~ 450-680 nm. Similarly, HDA-based CdSe
synthesis of quantum dots of any desired size particularly quantum dots were synthesized over a spectral rangg.of

~ 450-620 nm using a temperature range of +1®0°C

(34) Qu, L.; Peng, XJ. Am. Chem. SoQ002, 124, 2049. and ultrasound intensities of 21 and 30 W. In contrast, the

Amax [NM]
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corresponding thermally driven synthesis approaches were
shown to provide best results if temperatures of -3860 1000+
°C (SA-based CdSe QD$)and 256-310°C (HDA-based
CdSe QDs), respectively, were us€dOur experimental
results also indicate that quantum dot growth occurs at
notably lower temperatures (for a givéR.y if the concen-
tration of reactants is increased. For example, we were able_:
to synthesize CdSe quantum dots at a temperature of onlys
68 °C using a lowered ultrasound intensitly®W when the 2
concentrations of Cd and Se were increased 5-fold (Figure™
4). Importantly, the ability to conduct CdSe quantum dot 200+
syntheses at reduced temperatprevides an opportunity
to include temperature-sengié reagents in a one pot 0-
synthesiswhere moderate reaction conditions are needed. —— ]
However, it should be stated that sonochemical syntheses 400 450 500 550 600 650 700 750
below 100°C, as described in this study, result in a notable Wavelength [nm]
broadening of the photoluminescence spectra and in reducedigure 5. Photoluminescence spectra of reaction aliquots removed during
qguantum yields. Therefore, we did not study the concentra- sonochemical ZnS shelling. CdSe core starting matetipl dotted line;
tion dependence of the quantum dot synthesis in more detail.er']?j“f;srﬁfn:(dgsz’dt?’"ig 12 min (increasing luminescence, solid lines);
CdSe/zZnS Core-Shell Quantum Dots. As mentioned
earlier, the formation of a semiconductive shell over a

800+

ts]

rb. un

600

Ta

400

quantum dot core structure greatly enhances the photophysi- 50 /\_
cal properties of the QD. This is due, in part, to the large \.\_
band gap of the shell material, which results in passivation 4 / ~a

of deep traps at the crystal surfdée'* Thus, one commonly

used capping agent for CdSe nanocrystals is ZnS, which hasy

a band gap of 3.68 eV at 300 K as compared to the CdSeg 30

band gap of 1.70 eV at the same temperatére. e
Therefore, in a natural extension of our ultrasound-driven 2

QD core synthesis, we also explored sonochemistry for the S

shelling of CdSe QDs. Here, we focused mostly on the 2

shelling of CdSe QDs created via the HDA approach because™ 197

%]
(]

204

these materials showed very promising properties charac- l '\ ./'

teristic of high-quality quantum dot imaging probes. To 0 "

extend the concept of a facile synthesis, we did not want to , . . . . . , . ,
use the pyrophoric reagents commonly used for ZnS shell 0 5 10 15 20
synthesis, such as Zn(G} Instead, we have found that Sonication Time [min]

ultrasound in conjunction with zinc ethylxanthate can also Figure 6. Plot exhibiting the relationship between guantum yield and
accomplish the efficient ZnS shelling of CdSe guantum dot sonication time during the ZnS shelling process. The data are based on the
cores in a one-pot synthesis procedure. In our strategy, toﬂuorescence spectra shown in Figure 5. The corresponding absorption

; . spectra required for the quantum yield analysis are not shown.
prevent ZnS nucleation, the shelling process was conducted

using low-intensity ultrasound {910 W). reaction time after which a decrease in the emission band
Figure 5 shows fluorescence emission spectra taken as antensity is observed. Here the maximum intensity has been

function of sonication time during the ZnS shelling of CdSe attributed to a core/shell system, which has a completed ZnS
QDs. The spectra exhibit the well-known features of a she|l13.37

successful shelling process: a moderate red shift of the Most importantly, sonochemical ZnS shelling leads to a
emission spectra and a pronounced increase in the emissioramatic increase in the quantum yield (QY) of the core QD,
band intensity>% Furthermore, it can be seen that the with QYs of 50-60% being achieved routinely. Figure 6

fluorescence reaches a maximum value upon a specificillustrates a representative plot of quantum yield versus
sonication time during ZnS shelling of CdSe QDs. These

(35) To streamline our synthesis procedure, CdSe quantum dots were notdatg clearly support the established picture that the QY
purified prior to the shelling process. The one-pot synthesis approach - . . .
could provide an alternative explanation for the relatively large red remains low (10%) prior to the completion of a protective

shift (~40 nm) of the photoluminescence spectra that was observed shell and that only after formation of a complete protecting

after ZnS shelling because blending of the quantum dot shell could ; ; ; ;

have occurred. (See comparison of absorbance and photoluminescenc&lzayer IS a notgble increase in QY observed. As discussed

spectra before and after znS shelling, Supporting Information.) For above, the slightly decreased QY values that occur after

example, an even more pronounced red shift of 47 nm was reported |onger sonication times are linked to the fact that the further

for a synthesis procedure that also relies on a single shelling precursor

[Zn(S,CNMeHex} and Zn(SeCNMeHex}] without prior purification

of the core quantum do#s. (37) Baranov, A.; Rakovich, Y.; Donegan, J.; Perova, T.; Moore, R;;
(36) Azad Malik, M.; O'Brien, P.; Revaprasadu, 8hem. Mater2002 Talapin, D.; Rogach, A.; Masumoto, Y.; Nabiev, Rhys. Re. B:

14, 2004. Condens. Matter Mater. Phy2003 68, 165306/1.
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Figure 7. X-ray diffraction (XRD) pattern comparing CdSe and CdSe/
ZnS quantum dots, which were synthesized using sonochemistry. The XRD
data show the characteristic features reported previously for core and core/
shell systems, respectivelyThe dashed and solid lines represent the XRD
powder patterns of CdSe and ZnS wurtzite structures, respectively.

increase in thickness of an already complete QD shell reduces
fluorescence and quantum yield, respectivéfy.It should

be mentioned that the QYs obtained through the ultrasound
procedure are comparable to shelling procedures of CdSe
cores using established thermal technictfe®.

While the photoluminescence data presented in Figures 5
and 6 point to the successful sonochemical ZnS shelling of 50+
CdSe quantum dots, X-ray diffraction (XRD) patterns and
TEM/HRTEM analyses that compare our CdSe and CdSe/
ZnS nanocrystals more conclusively verify the presence of
a ZnS shell. The XRD spectra in Figure 7 show the typical
diffraction patterns reported previously for CdSe core and Ly
CdSe/ZnS core/shell systerttsAs reported for other syn-
theses, the comparably broad features within XRD patterns
do not exactly correspond to the calculated powder patterns 0- L
of CdSe (dashed) and ZnS (solid) wurtzite structdfes. G
However, by comparing the powder spectra of CdSe and _

CaSe/ZnS quantum dots with hei calculated powder wurtz FOYE & TE NG HETEN (net) of e (op) and Cdseizns Q0s
ite patterns (dashed lines: CdSe; solid lines: ZnS), one can(pottom). The observed size shift between CdSe and CdSe/ZnS QDs
observe the influence of the ZnS shell on the overall XRD provides experimental evidence about the successful shelling of the core
pattern (e.g., the enhanced intensities at the 110 and 112 ZnéSDs using Zn-ethylxanthate. The size of the insets is 5.4xBl1 nm (W
lines). The relatively moderate changes in the XRD pattern

due to ZnS shelling are not surprising because ZnS has abetween core and core/shell QDs of 1.0 nm provides direct
smaller scattering factor than CdSdn addition, Figure 8  experimental evidence for the presence of the ZnS layer.
compares TEM images of sonochemically synthesized CdSeFurthermore, given that the distance between adjacent planes
core QDs and CdSe/ZnS core/shell systems. Here the corelong the [002] axis in bulk ZnS wurtzite is 3.1Athe
system is compared to a core/shell system which shows thepbserved size shift corresponds+d..6 ZnS monolayers.
maximum QY (compare Figure 6). The insets in each TEM This result agrees well with earlier findings, which reported
image show representative HRTEM micrographs, which that CdSe/ZnS QDs and nanorods show their maximum QY
illustrate the high crystallinity of both types of nanocrystals if their shell consists of-1.5 monolayera34!

obtained through sonochemistry. Figure 8 also includes size To verify that remaining excess core precursors did not
distribution histograms of CdSe and CdSe/ZnS QDs, aslead to further core growth during the one-pot shelling
determined from TEM micrographs. The observed size shift process, we also studiethay of the photoluminescence
spectra and QY over time using low-intensity ultrasound (9

(38) Ebenstein, Y.; Mokari, T.; Banin, Appl. Phys, Let2002 80, 4033. 10 W) without shelling precursors. Unlike in the presence

(39) Hikmet, R.; Talapin, D.; Weller, HJ. Appl. Phys2003 93, 3509.

(40) Stsiapura, V.; Sukhanova, A.; Artemyev, M.; Pluot, M.; Cohen, J.;
Baranov, A.; Oleinikov, V.; Nabiev, IAnal. Biochem2004 334, 257. (41) Mokari, T.; Banin, UChem. Mater2003 15, 3957.
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of Zn-ethylxanthate, this control experiment showed no 100°C. This opens the door to the synthesis of high-quality
further red shift ofAmax @and no change in QY (data not quantum dots in the presence of temperature-sensitive
shown), thus indicating that the chosen ultrasound power isreagents. Furthermore, the straightforward process control
too low to drive further core growth and nucleation. and low cost make it a viable method for the large-scale
Similarly, the photoluminescence spectra of CdSe/ZnS alsosynthesis of quantum dots. Even though the findings
show that the XRD signal related to ZnS crystal structures presented here were focused on CdSe/ZnS QDs, we envision
is not caused by ZnS quantum dots. Such ZnS nanocrystalghat this approach can be expanded to other mat& sl
show a notable emission in the range of 3@@0 nm if reaction conditions. The facile sonochemical approach
excited at~250 nm?# which was not observed in the current presented herein represents a viable alternative to existing
study (data not shown). These controls provide further CdSe/ZnS synthesis procedures. In particular, it could help
indirect experimental support, indicating successful ZnS laboratories that have biological and engineering know-how,

shelling in the presence of Zn-ethylxanthate. but only limited synthetic expertise to become more actively
involved in probe development and new applications involv-
Conclusion ing these fascinating nanocrystals.

~We have shown that CdSe quantum dots can be synthe-  Acxnowledgment. This work was supported by the IUPUI
sized using high-energy ultrasound and that this technique grant-in-Aid Program and an IUPUI Roadmap Initiative Grant.
can readily and conveniently add ZnS shells; these core/shellrEM analyses were carried out in the Center for Microanalysis
QDs are characterized by the following: (1)-560% QY's; of Materials, University of lllinois, which is partially supported
(2) narrow emission line widths (fwhny 25 nm); (3) high by the U.S. Department of Energy under Grant DEFG02-91-
crystallinities; and (4) narrow size distributions ©fL0%. ER45439. We also want to thank Richard White and Vladimir
The data presented here indicate that the core synthesis baséaleshko (University of Virginia) for providing HRTEM images
on Cd(OAc), TOPO, and hexadecylamine (HDA) and the @nd Jeff Swope (Indiana University-Purdue University India-
subsequent QD shelling via zinc ethylxanthate represent an@polis) for assistance in obtaining XRD results.
facile and inexpensive approach to th? design ".md generation Supporting Information Available: Photoluminescence spectra
of these_ nanocrystals, thereby entirely relying on non- of sonochemically synthesized CdSe quantum dots via the SA-based
pyrophoric materials. Importantly, the procedures used are gy nihesis approach are shown for different sonication times and
straightforward and readily accessible to researchers in a wideapsorbance and photoluminescence spectra are included which
range of disciplines. In addition, sonochemistry also offers compare CdSe with CdSe/znS (PDF). This material is available
the opportunity to form CdSe/ZnS QDs using precisely free of charge via the Internet at http://pubs.acs.org.
controllable sonication conditions at relatively low reaction CMO505547
temperatures that, under specific conditions, can be less than

(43) We also have successfully applied the ultrasound method described
(42) Li, L. S.; Pradhan, N.; Wang, Y.; Peng, Mano Lett.2004 4, 2261. to synthesize high-quality CdTe QDs.



