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We report here the synthesis of water soluble?Mdoped CdS nanocrystals in which it has been
possible for the first time to obtain a distinct Knd-related emission well-separated from the defect
state emissions. By varying the reaction temperature systematically, we establiSha§3he optimum
temperature to maximize the ¥thd emission, the existence of this optimum synthesis temperature being
shown as the result of two opposing influences of the temperature. Most interestingly, present results
establish that M# favors preferential doping of larger-sized particles even within the narrow size
distribution achieved in the present synthesis, rendering the relatively smaller-sized nanocrystals depleted
of Mn?* for any given synthesis. One important aspect of the present approach is that the synthesized

nanocrystals readily dissolve in water without any deleterious effect on tife Mrelated emission
intensity.

Introduction independent routes to functionalizing semiconducting materi-

Semiconductor nanocrystals (NCs) have received enor-2lS, namely by tailoring the size of semiconducting NCs to
mous attention because of their size-dependent electrénic  tune their band gap suitably and doping diverse ions to intro-
and optical~7 properties, making them potential candidates duce atomlike sharp energy levels into a variety of semi-
for various technological applications such as light-emitting conducting NCs:~2¢ This combined approach opens up the
diodes? lasersi® and biological labeld Independently, possibility of realizing specific advantages of NCs, e.g., quan-
doping of bulk semiconductors has also proven to be yet tum confinement; high quantum efficienc§;™?” and resis-
another effective approach to tuning properties of such tance to photooxidatioff,with those of doped semiconduc-
materialsi® where the excitation takes place in the host tors. At the simple level, doping of different luminescence
semiconducting material, whereas the deexcitation involvesactivators in a semiconducting nanocrystal can tune the
the dopant energy levels via an energy transfer between thgPhotoluminescence and electroluminescence at energies even
host and the dopant site. Thus, it is natural to find enormous lower than the band gap of the bulk mateffa? whereas
excitement, effort, and success in controlling various proper- the quantum size effect can tune the excitation energy with

ties of semiconducting materials by combining these two the size of the NCs without having a significant change in
the energy of the activator related emission.
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Study of MA™ Doping in CdS Nanocrystals

In one of the early investigations in this direction,
Bhargava et al. reported Mhdoping in ZnS NCs exhibiting
a high quantum efficiency of the Mh emission and a
shortening of the lifetime to a few nanoseconds of théMn

Chem. Mater., Vol. 19, No. 13, 208253

gap region improves with increasing synthesis temperature.
Our investigations also firmly establish that at any given
synthesis condition, Mit is found to be incorporated
preferentially in the relatively larger-sized NCs. To the best

emission as compared to that in the bulk doped crystals (1.80f our knowledge, the samples synthesized here provide the

ms)!* Since then, MA" has been the most extensively
studied luminescence activator in—IV/I semiconductor
NCs519 Subsequent studi®s®2 on Mr** doped ZnS and
CdS NCs clarified that the lifetime of Mn d—d transition

first example of well-separated Mhemission from defect
state emissions observed at room temperature, without
requiring any surface modification in terms of a ceshell
structure.

does not change with quantum confinement, and the nano-

second decay time observed by Bhargava et alas

Experimental Section

interpreted as arising from broad defect state emissions from

ZnS NCs. Unlike the case of Mh-doped ZnS NCs with its
well-resolved and easily identifiable Mhrelated emission,
the case of M#-doped CdS NCs has often been less clear.
Although Mr?™-doped bulk CdS is usually prepared by
thermal diffusion at a high-temperature 800 °C), corre-

Cd(CHCOO)2H,0, Mn(CH,COO)»4H,0 and solvent dimethyl
sulfoxide (DMSO) were purchased from Ranbaxy,&8H,0 was
obtained from Aldrich and the capping agent 1-thioglycerol from
Fluka. The chemicals were used as received without further
purification. A typical synthesis involved dissolution of €d4-y
mmol) and MA*™ (y mmol) salts in 40 mL of DMSO; 0.5 mL of

sponding NCs are prepared at a much lower temperature and.-thioglycerol was added to this solution, where the quartity

doping Mr#t in CcP* sites of CdS NCs is a challenging task.
Many of the reported Mit-doped CdS NCs synthesized so
far have problems like poor Mh emission, which is
invisible at room temperature and appears only at low
temperature®® Moreover, defect state emissions and2¥in
emission in MA™-doped CdS NCs appear over the same
energy region, giving a very broad emission without any
distinctive feature in most of the reported PL speé¥&
making it virtually impossible to distinguish the two con-

four times the nominal M# percentagey, in Cdi—Mn,S. The
reaction mixture was heated to the desired temperature in the 45
130°C range with constant stirring, and a freshly prepared solution
of %~ in 10 mL of deionized water was added drop by drop to the
DMSO solution over a period of5 min. The reaction mixture
was maintained at that fixed temperature for 12 h under an argon
flow with continuous refluxing. A nonsolvent, acetone, was added
in excess to the reaction mixture to precipitate out the nanocrystals,
which was then centrifuged and washed thoroughly with methanol
three times, followed by a washing with acetone to get rid of any

tributions. Substantial efforts have been made to increasemn2t and other unreacted ions remaining outside the clusters. A

the quantum efficiency of the Mh emission by modifying
the surfac® of the NCs and also formirfiga CdS:Mn/ZnS
core—shell NCs. It has also been known for some time that
only a small fraction of the initial manganese concentration
in the reaction mixture is actually incorporated in the lattice
of the NCs with the excess manganese remaining outside
leading to a wrong estimation of manganés€his is similar

to the case of Mtt-doped ZnO, in which only a small
amount of MiA* could be doped into the lattié@ Here, we
report the doping of M#i" ions into CdS NCs at different

blank reaction was carried out only with ¥nand S~ precursor,
without adding Cé" precursor; this resulted in the formation of
MnS with the space group6smc without showing any trace amount
of other kinds of Mn compounds (see the Supporting Informa-
tion). Mr?*-doped bulk CdS was synthesized for use as a refer-
ence sample for EPR studies. Like the synthesis of NCs mentioned
above, we carried out the reaction at®5but without adding any
capping agent; the powder obtained was sealed in a quartz tube at
a high vacuum and heated at 700 for 30 h to obtain the bulk
sample.

For size-selective precipitation, the nonsolvent acetone was added

reaction temperatures, establishing a narrow range of optimalin two steps. In the first step, 45 mL of acetone was added, which

temperature for the synthesis of this system with desirable

helps to precipitate the larger particles; the reaction mixture was

PL properties. Our results suggest that the existence of anthen centrifuged to collect the NCs followed by washing with

optimal synthesis temperature is the result of two opposing
trends; although the incorporation of Kminto the NCs is
relatively more facile at lower temperatures, the quality of
the generated NCs in terms of size dispesity, crystallinity,
and the consequent presence of defect states within the ban
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methanol and acetone as before. Ten milliliters of extra acetone

was added to the supernatant solution, which precipitated out the

smaller particles, followed by centrifuging and washing as before.
Powder X-ray diffraction (XRD) patterns were recorded on a

a‘;iemens D5005 diffractometer using CuxKadiation. The dif-

fracted intensities from these nanocrystals are generally weak and
all patterns were recorded at a slow scan rate (10 s p&rid.get

a good signal-to-noise ratio. UWisible absorption experiments
were performed on a Perkin-Elmer's Lambda 35 thisible
spectrometer, and Perkin-Elmer’s LS 55 Luminescent spectrometer
was used for photoluminescence measurements. All theviBible
absorption spectra and PL spectra were recorded by redispersing
the NC powder in DMSO except one aqueous dispersion, as
mentioned in the next section. Atomic absorption spectroscopy
(AAS) is an excellent tool for quantitative identification of trace
amounts of a metal element in the presence of much higher con-
centrations of other elements, and the concentration of manganese
with respect to that of cadmium was measured using Perkin-Elmer’s
AAnalyst 200, atomic absorption spectrometer, equipped with
Perkin-Elmer lamps for Cd and Mn at wavelengths 228.8 and 279.5
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delay times after the initial excitations in order to further
probe the nature and origin of emission features; the result
for a 50us delay is shown in Figure 1a. More delay spectra
can be found in Figure 2 of the Supporting Information.
h \ W These results make it clear that the lifetime associated with
! | the surface state emissions is substantially less thams50
i R being entirely absent in the spectra with a/&Odelay. In
i Y contrast, we find that the emission peak at 620 nm associated
i 3 with the Mr?t d—d transition has a long lifetime that is
\ visible even after 3 ms. These results also allows us to probe
! i the Mre™ d emission line shape without an overlapping
o 560/' s s .‘éoo contribution from surfage states, while support_ing the earlier
_ report§?32 that the lifetime of MA* d—d transitions does
----- so°c (b) ; v not reduce to the nanosecond scale with quantum confine-
] ment. The observed 620 nm peak for Memission is red-
shifted compared to the peak position for Mrd-emission
that has been earlier reportédt ~585 nm. However, very
recently, Pradhan et al. reportécthe tuning of M@*
emission peak from 582 to 610 nm in the same tetrahedral
ZnSe nanocrystalline sample by exchanging the aliphatic
amine capping agent with a thiolate ligand and suggested
that because thiolate is a stronger ligand te\l semicon-
ductor NCs, MA" centers will experience less electric field
/ . . . difference along different directions. This results in a smaller
400 500 600 700 800 splitting of the energy levels. It is possible that there is also
Wavelength (nm) an analogous decrease in the electric field at thé*Mite
Figure 1. (a) PL spectra of the undoped and 1.9%3loped CdS NCs in these NCs as well, which might have caused the red-shift
synthesized at 58C. The dash-dot line represents the PL spectrum of 1.9% i Mn2t emission. Photoluminescence excitation (PLE)

Mn2*-doped CdS NCs with a time delay of 5&. Inset shows the PLE . ..
spectra of the undoped and doped NCs corresponding to 514 and 620 nmSpectra CorreSpondmg to 514 and 620 nm emissions for the

emission, respectively. (b) PL spectra of the hdoped CdS NCs undoped and doped samples, respectively, are shown in the
synthesized at different temperatures with fixed 2Viprecursor (25%) inset to Figure 1a; we have also shown an expanded version
concentration. Inset shows the intensity ratio ofd emission (un) to f this fi in th ' S ina Inf ion for b lari
surface-state emissions obtainég) as a function of reaction temperature. of this figure In the : gpport]ng nformation for better C arty.

_ _ These spectra exhibit maxima-a870 nm corresponding to
nm, respectively. Approximately 3.2 mg of the nanocrystal powder the band gap excitation of those CdS nanocrystal host. This
was dissolved in about .10 mL of 1:1 hydrochloric acu_i diluted to clearly suggests that Mh emission at 620 nm arises from
25 mL and used to estimate manganese concentration. A part oan2+ ions being incorporated in to the CdS NCs. Energy
the solution used for estimating manganese concentration wasy o aither directly from the conduction/valence bands
diluted 100 times to estimate cadmium concentration, because . . .

and/or from the defect states excites Wions that provide

manganese and cadmium have linear working ranges with upper ) .
limits approximately at 2.5 and 1.5 mg/L, respectively. A Tecnai 900d traps for the excited electrons and holes, which then

F30 microscope at an accelerating voltage of 300 KeV was used de-excite and emit at-620 nm via the*T;—°A; transition
for transmission electron microscopy (TEM). Electron paramagnetic Of Mn?* d-states? It is important to note here that earlier
resonance (EPR) measurements were carried out on powder samplegfforts to dope M#" into CdS nanocrystals and therefore
at 9.5 GHz using a Bruker X-band spectrometer at room temper- obtain the characteristic Mnh d-electron transitions have
ature. been largely impeded by the presence of a strong and
overlapping PL feature arising from defect states of CdS,
Results and Discussion leading to a broad emission encompassing both thé&"Mn

The photoluminescence (PL) spectra of the undoped angd—d transitions and_ d_efect state tr_an_sitions in contrast to
1.9% Mr#+-doped CdS NCs synthesized at®5are shown present result of a distinct I.\Hh'd emission, well-separated
in Figure 1a; the absorption edge of both samples appearsfrom .the surface' state emissions of thg host nanocrystals.
at ~373 nm. The PL spectrum of the undoped sample is One important difference between earlier approgches an_d
broad with a peak at 514 nm, red-shifted from the band E,dge,present one appears Fo_ be that surface state emissions with
characteristic of surface state emissions. Interestingly, theP€ak at~508 nm exhibited by these NCs are much more
PL spectrum of the Mit-doped nanocrystals shows a blue-shifted compa_red to eqrher reports; this in tu_rn gllows
distinct, sharp feature at620 nm in addition to surface state  US to observe a distinct PL signature for theVid-emission
emissions; evidently, this sharp emission feature with an (Péak at~620 nm) that is well-separated from surface state
intensity larger than that from the surface state is absent for€Mmissions (see the Supporting Information).
the undoped NCs. This observation already suggests that the To optimize the synthesis conditions, we carried out the
sharp emission feature at about 620 nm is indeed due 6 Mn doping of Mi#* into CdS NCs at various temperatures. A
ions. We have collected the emission spectra with different selected set of PL emissions from Rrdoped CdS NCs

(a) 55 °C
Undoped

Intensity (a. u.)

Intensity (a.u.)

Intensity (a. u.)
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prepared at different temperatures are shown in Figure 1b, low angle (a) wide angle
where we have normalized the surface-state emission inten- ¥

sity at 513 nm for an easy comparison. This plot makes it @&

evident that there is a systematic variation in the emission Al

intensity ratio between Mt d emission and surface-state

emissions with the reaction temperature. To quantify the
variation in the ratio of the two intensities, namely the

intensities associated with Mhd emission Kv,) and with

Intensity (a.u.)
P

surface-state emission$s ) to each of the PL spectrum W2
shown in Figure 1b, we decomposed individual spectra in zB i Iy
terms of surface and Mn contributions. This was achieved e T e F e e R e
by a least-square-error analysis of the experimental spectra 20 (degree)
using the PL spectrum of the undoped sample and time- .
delayed (50us) PL spectrum of the corresponding doped 5 (b) B’gﬂ/"pe‘j
" e i, ¥ (']

sample as references for surface and?Memission contri- L
butions, respectively. We have plotted this intensity ratio as - '
a function of synthesis temperature in inset to Figure 1b,
establishing 55°C as the optimal reaction temperature to
obtain the highest relative Mh d emission. We have also
shown absorbance-normalized PL data in Figure 4 of the
Supporting Information, which clearly establishes that the
Mn?* d emission intensity is indeed maximized even in
absolute terms for the NCs synthesized at ®& The
quantum efficiency of these NCs were found to ©2%.

All further results reported here are on this optimally
synthesized sample, although we have obtained similar results Wavelength (nm)
for samples synthesized at other temperatures too. :

In an attempt to dope different amounts of ¥rin CdS
NCs, we carried out the synthesis with different starting
concentrations of Mit precursors. We have used AAS to
find out the exact amount of Mh present in the final
reaction product containing nanocrystal powder. For 10, 20,
25, and 30% M#A™ precursor used during the synthesis, we
observe 0.9, 1.6, 1.9, and 1.8% Mnrespectively, in the
final product. These results confirm that, in spite of a high
solubility (up to 45%) of MA" in bulk CdS latticé® and
our repeated efforts to dope higher concentrations of'ivin
the extent of doping is much less in these CdS NCs. The
doping level increases gradually by increasing the*Mn i, e \
precursor concentration from 10 to 25%, but a further Frigure 2. (a) Low-angle and wide-angle X-ray diffraction patterns for the
increase in the M precursor concentration up to 30% does undoped and Mit-doped CdS NCs; bulk wurtzite (WZ) and zinc blende
not increase the doping level. We have estimated therhin (%) Patems of Cas v asc show, () Uisie st specta
concentration in the supernatant solution obtained after thevertical line in each spectrum indicates the point of inflection. (c)
precipitation and centrifugation of the product NCs and found Transmission electron micrograph of 1.9% Mrdoped CdS NCs.
that almost the entire amount of the Krremains in that
solution. For example, during the synthesis of 1.9%*Mn
doped CdS NCs, 245 mg of a Minprecursor that contains
54.94 mg of MA" was used and the AAS results show that
the 53.6 mg of MA" remains in the solution after the NCs
are precipitated out. This shows a poor reactivity of théMn

Absorbance (a.u.)

T T T T T T T T
300 350 400 450 500

it difficult to obtain unambiguous crystal structure informa-
tion from the XRD patterns of these NCs because of large
broadening and overlapping of cubic and wurtzite XRD
patterns. However, it is more important to note that the
undoped and all doped samples have almost identical XRD
precursor under the reaction condition, consistent with poor patterns with an e.qu.al ex_tent of peak broadenmg_, suggesting

; these NCs have similar size and crystal structure independent
doping of the NCs. o : . :

, of Mn?*-doping. The low-angle X-ray diffraction pattern
We show the corresponding powder XRD patterns of these ¢hown in Figure 2a exhibits a peak af 2 4.6° for all

samples in Figure 2a. CdS NCs may crystallllze in both samples independent of its Rincontent. This diffraction
wurtzite (WZ) and zinc blende (ZB) structur€siimaking  heay in conjunction with Bragg's law, provides an estimate
of the average interparticle separatf@rwhich equals the

(40) Eggngei OR&J?ayak”Sh”a”, R.; Ayyub,JPPhys. Condens. Matter  diameter of the NCs, including the capping layer; the low-
(41) Nanda, Y.].; Kurﬁvilla, B. A,; Sarma, D. [Phys. Re. B 1999 59,
7473. (42) Sapra, S.; Sarma, D. Pramana2005 65, 565.
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angle peak in Figure 2a corresponds to 1.9 nm for all the Absorption PL (a) — ., =508nm)
samples synthesized at 8&, suggesting that the present Pon = 620 0
synthesis approach allows us to dope?¥imto CdS NCs \

without causing any perceptible variation in the nanocrystal 0.9%

size.

Figure 2b shows the U¥visible absorption spectra of the
Mn?* doped and undoped CdS NCs. These spectra appea
very similar to each other with the point of inflection
determined from the dip in the derivative and marked with ~
a short vertical line for each case in the figure, appearing at ;

Absorption PL (b) (e)

—&, =508 nm
\\\ h =620 nm

373+ 2 nm. This corresponds to a band gap of 3t30.02 ;
eV. The variation in the band gap &f0.02 eV for various @ | 1.6%
samples is well within the experimental uncertainties, thereby %

suggesting very similar size for all those NCs independent 3
of Mn?" content. The increase in the band gap of the NCs
compared to the bulk CdS band dapf 2.42 eV (513 nm)

is due to the quantum confinement effect in the nanometric
size regime. Using the reported results of the band gap Absorption PL
variation with sizé&, the size of these NCs was calculated to
be 1.9 nm. Figure 2c shows the transmission electron
micrograph of the 1.9% Mi-doped CdS NCs confirming
the size to be 2.1 nm with a size distribution of 12%. The
average size obtained from the TEM data is in agreement
with the size estimated from UWisible absorption (1.9 nm)
and low-angle XRD (1.9 nm). As mentioned earlier, low-
angle XRD gives the diameter of the NCs including the
capping layer; therefore, it is surprising to find the size
estimate from this low-angle XRD measurment agreeing Wavelength (nm)

with the size estimated by UA_VIVISIble abs_orptlon, which Figure 3. PL spectra of the Mit-doped CdS NCs synthesized at 85
does not account for the capping layer thickness. However, with different M2+ concentrations (ac) excited at 370 (black line) and
Nanda et af! reported an effective capping layer thick- 400 nm (red line); the excitation wavelengths are indicated by black (370
ness of~2 A for 2.5 nm CdS NCs using the same capping ") 126 (00 1) ariws on e conespondng bible specun,
agent 1-thioglycerol as we used. Assuming a similar capping wavelength. All PL spectra in this figure are normalized at the highest
layer thickness in these NCs, the small underestimation intensity surface state emission, as evident from the figure. The black dash-
of size by law angle XRD is possibly due to experimental dot line is the PL spectra excited at 370 nm with a time delay 0fi$0

o PLE spectra (etf) corresponds to 508 (black line) and 620 nm (red dashed
uncertainties. line) emission.

We now turn to certain intriguing aspects of emission and i i
absorption properties of these doped NCs. Figure 3 shows aeV) substantially lower than th_e average absorption edge of
series of absorption, PL, and photoluminescence excitation”™3/3 "M (3:32 eV), does not give rise to any Md-related
(PLE) spectra of the same sized NCs synthesized &C55 emission, as shown in the Suppqrtmg I_nformatlon. This
with different Mr?* doping concentrations. The left panels, CONfirms that the M#" d-related emission involves energy
a—c, show the absorption spectra in each case along Withtransfer from the CdS host. More significantly, the relative
the PL spectra for two different excitation wavelengths; the intensities. of _d.ifferent features in the .PL.spectra of the NC_:s
specific excitation wavelengths are shown by the vertical cnange sf|gn|f|cantly when the ?);]C'Lat'on Wa"e,'ength IS
arrows in relation to the absorption spectra in the same panel.C anged rom 370 to 4(,)0 hm, wit _t e spectra in Figures
The right panels, €f, show the PLE spectra for the two 3a—c exhibiting a drastic increase in the Kind-related
emission wavelengths, 620 nm corresponding to2Mn feature with 400 nm excitation in each case. Because there

d-related emission and 508 nm corresponding to surface—is invariably a finite, though narrow, size distribution of the
state emissions in each case. The PL spectra were aISC§ynthesized NCs, there_ is (_)bviouslyacorresponding distrik_Ju-
collected with a time delay of 5@s to identify the MA* tion of bandgaps contributing to the spread of the absorption

d-related emission separated from surface-state emissions a‘idge experimentally observétlt is then logical to assume

shorter wavelengths; these spectra are shown in panels a that a I_ower excitation energy of 3.10 eV (490 nm) .in
with dashed-dotted lines. As expected, the relative intensity comparison to 3.35 eV (370 nm) would preferentially excite

of the Mr?* d-related emission in comparison to surface- the larger-sized patrticles in the given distribution and unable

defect-related emissions increases with an increasing dopan{ho, ixc'te :ge sm?ller-smed Ones. Thus, thg obzervatlon of a
concentration. We note that an increase in the excitation "Iner Mt d-related PL emission intensity when excited

wavelength to 480 nm, i.e., with an excitation energy (2.58 With 400 nm suggests that Mnis not homogenously or
statistically doped across the entire size distribution, but is
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(43) Kittel, C. Introduction to Solid State Physicgth ed.; John Wiley &
Sons: New York; Chapter 8. (44) Viswanatha, R.; Sarma, D. @hem—Eur. J. 2006 12, 180.
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Figure 4. UV-—visible absorption and PL spectra normalized by the
corresponding integrated absorption spectra of the samples obtained afte

size-selective precipitation of 1.9% Mnrdoped CdS NCs synthesized at o > 5 .
55 °C. Absorption spectra were integrated down to the wavelength doped CdS NCs with dilute HCI. After being washed, the?Moontent is

} ) : p reduced to 1.0%. Two sets of vertical lines at the top and bottom of the
corresponding to the absorption maximum in each case. The PL spectra,. P~ - ] "
were excited with 375 nm radiation. figure indicate the sextet lines hyperfine splitting of 95 and 70 G,

respectively.

preferentially doped into the larger sized NCs, making the d—d transitions is much higher for the larger particles than
smaller-sized ones less doped. This interpretation is alsothe smaller particles, suggesting a preferentiatMtioping
supported by the PLE spectra in the right panels of Figure in the larger NCs. These results confirm that for nanocrystals
3. Those figures show that the PLE corresponding to the synthesized at a particular reaction temperature?‘Nions
Mn2* d—d transitions is a little red-shifted compared to that are preferentially incorporated in the larger-sized particles
of surface-state emissions for each of the samples. Becausgithin the given size distribution of the synthesized NCs.
surface-state emissions are contributed to by all sized NCs, The EPR spectra recorded at 9.5 GHz and room temper-
red-shifted PLE spectra corresponding to Mml-related  ature for all the MA™ doped CdS nanocrystal samples
emission suggest that Mhis preferentially present in the  synthesized at 55C show some weak, partially resolved
larger-sized NCs. peaks superimposed on a broad background signal, as
To establish this preferential doping of Ktninto the illustrated in Figure 5 for a few specific cases. The EPR
larger-sized NCs on a firm footing, we carried out a size- spectrum of 2.7% Mti-doped bulk CdS, used here as a
selective precipitation of the 1.9% Mihdoped NCs syn-  reference material, shows the typi€alix-line structure with
thesized at 55C. After collecting the presumably larger a hyperfine splitting of 70 G, corresponding to substitutional
particles that precipitated out on addition of 45 mL of Mn?" ions at the tetrahedral €dsites. The broad signal in
acetone, the smaller nanoparticles were collected from theall nanocrystal spectra originates from the dipedigpole
supernatant solution obtained after isolating the larger interactions between the Mhimpurities and its relative
particles by the addition of 10 mL of extra acetone. In Figure contribution increases with an increase in #iconcentra-
4, we show comparative UWvisible absorption and PL  tion. Weakly resolved narrow bands in the EPR spectra of
spectra normalized by the corresponding absorption spectraNCs are found to arise from two sets of sextet lines. The
of these two samples generated from a single synthesis ofmajor contribution comes from the set with a hyperfine
Mn?*-doped CdS via postsynthesis size-selective precipita- splitting of 70 G corresponding to isolated manganese ions
tion. The particles collected by the first precipitation from incorporated in the tetrahedral CdS lattice, whereas the minor
the reaction mixture exhibit the band gap at 385 nm (3.22 phase with a hyperfine splitting of 95 G corresponds to
eV) compared to 365 nm (3.40 eV) for the particles obtained isolated manganese ions with different bonding environments
from the supernatant solution, as shown by the absorptionpresent near the surface of the N€¢ The 1.9% Mr*-
spectra in Figure 4. This suggests a larger size for the doped CdS NCs were washed thoroughly with dilute HCI
precipitated particles compared to the ones from the super-(pH 2.5); this remove® undoped MA™ species surrounding
natant, establishing the efficacy of the size-selective pre-the nanocrystal surface. AAS shows 1.0% Arin the
cipitation process. From the well-established relationship washed sample that was 1.9% before washing; this shows
between the shift in the band gap and the size of R@s, that about half of the M#t concentration remains on the
estimate the larger particles to have an average diameter ofurface of the NCs. After sample is washed, the intensity of
2.1 nm, whereas the smaller particles are estimated to havehe broad EPR signal decreases significantly and the
an average diameter of 1.8 nm. In fact, the different-sized tetrahedral lines become visibly more prominent, as shown
particles can be easily identified colorimetrically; the powder in the figure. Thus, it appears that the dipolar interaction
of the larger particles has a pale yellow color and that of the broadened spectral feature is preferentially from the clustered
smaller particles has an off-white color (see the Supporting
Information). AAS shows that the larger particles have 2.3% (45) Kennedy, T. A.; Glasser, E. R.; Klein, P. B.; Bhargava, RPRys.
Mn?t and the smaller particles have 1.6% MnThe PL Rev. B 1995 52, R14356.

e - . (46) Mikulec, F. V.; Kuno, M.; Bennati, M.; Hall, D. A.; Griffin, R. G.;
spectra in Figure 4 clearly show that the PL intensity ofMn Bawendi, M. G.J. Am. Chem. So@00Q 122, 2532.

Figure 5. EPR spectra taken at 9.5 GHz and room temperature for
Ipowdered samples of Mh-doped CdS NCs with different M concentra-
tions, bulk Mrf™-doped CdS, and after washing the as prepared 1.9%-Mn
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Figure 6. (a) UV—visible absorption spectrum of the 1.0% Rirdoped

CdS NCs synthesized at 13€. (b) Low-angle and wide-angle XRD .
patterns for the M&-doped CdS NCs synthesized at 18and bulk WZ 250 300 350 400 450 500
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Mn2* surrounding the surface of the NCs, as it can be TS %M
preferentially washed away with the help of a dilute acid.
The acid wash, however, leaves the signals due to the two
sets of sextets relatively unaffected, suggesting that these
originate from deep within or from subsurface regions of
NCs, accounting for the two different hyperfine splittings.
We note thaia 2 nmdiameter CdS particle has on the order
of 100 C&" ions? Therefore, a homogeneous doping of
about 1% M@*, as reported here, would require essentially
each and every CdS nanocrystal to be doped with a single : . ; ;
Mn?* ion, if the doping would be perfectly uniform. This is 400 500 600 700 800
obviously not the case, as suggested by the presence of the Wavelength (nm)

dipole broadened contribution in EPR spectra of every dopedFigure 7. (a) UV-visible absorption spectra of the 1.8 and 1.9%Mn
doped CdS NCs synthesized at 45 andG5respectively. (b) Comparison

_nanocrystal_ s_ample;, representing Clus.t(:_"”ng of severél Mn of the PL spectra of 1.8 and 1.9% kfndoped CdS NCs synthesized at 45
ions. Thus, it is inevitable that the remaining manganese ions,and 55°C, respectively.

being insufficient to dope every nanocrystal, can dope only
a certain fraction of the NCs and leave the rest undoped. Anm for those synthesized at 3& (Figure 2a). All these
part of the doped NCs has isolated manganese ion in theresults establish the formation of larger-sized particles with
CdS lattice exhibiting a hyperfine splitting of 70 G, whereas the increase in the reaction temperature. In passing, we
some others have isolated manganese ions near the subsumention that we also synthesized undoped NCs at°f30
face region of the NCs showing a hyperfine splitting of 95 these particles exhibited essentially identical band gap and
G. All the NCs doped with isolated Mh ions are expected ~ XRD pattern to the doped ones synthesized at 430
to contribute to the sharp PL emission near 620 nm (Figures Interestingly, AAS showed only 1.0% of Mnhdoped in
1 and 3), whereas the undoped NCs are the primarythese NCs synthesized at 130, though we used 25% Mh
contributors for observed surface state emissions. precursor concentration during the synthesis. This is a
Noting that larger NCs tend to be preferentially doped at significantly lower level of doping compared to that (1.9%)
a given synthesis temperature, it appears natural to attemp@chieved at 55C in spite of a larger average size of CdS
achieving a higher level of Mri-doping by deliberately NCs obtained at 13%C. We recall here that a similar reaction
synthesizing larger NCs, for example, by employing a higher carried out at 70C (Figure 1b) yielded a doping level of
reaction temperature. Thus, we synthesized CdS NCs at 130L.4%. In fact, we find that increasing synthesis temperature
°C in presence of 25% nominal manganese dopant ions mucHeads to a systematic decrease in the actual level 6f*Mn
in the same way as the lower temperature synthesis, describedloping in CdS. This observation is consistent with the earlier
in detail in the Experimental Section. The UVisible report of Levy et aP3suggesting an expulsion of manganese
absorption spectrum of this sample is shown in Figure 6a. ions from the interior of MA*-doped CdS NCs on annealing
From the absorption edge (411 nm), we obtain a band gapbeyond 80°C.
of 3.02 eV, corresponding to an average particle size of 2.6 We also carried out reaction at a lower temperature,
nm2 Further, the absorption peak is considerably sharper45°C, in an attempt to dope a larger amount ofa¥rFigure
compared to those shown in Figure 2b, suggesting a narrower7a shows a broad UVvisible absorption spectrum of Mn
distribution of particle size with the increase in the reaction doped CdS NCs synthesized at 45, indicating a larger
temperature. The wide-angle XRD pattern (Figure 6b) with size distribution compared to the NCs synthesized &&5
considerably narrower widths of the diffraction peaks AAS shows that for nominal 25% Mh doping in which
compared to the those in Figure 2a for NCs synthesized atthe reaction temperature is kept at°45 the amount of M#&"
a lower temperature also suggest the formation of larger present in the nanocrystal product is 1.8%, which is very
particles with the increase in the reaction temperature. Theclose to the 1.9% Mt obtained by synthesizing the NCs
size of the nanocrystals estimated from the low-angle XRD at 55°C. Though the percentage of knin the NCs remains
(Figure 6b) using Bragg’s low is 2.8 nm compared to 1.9 more or less the same whether synthesized at 45 6C55
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Figure 8. Comparison of the PL spectra of 1.8% Mn-doped CdS NCs
synthesized at 558C dispersed in DMSO and deionized water.

the relative PL intensity of the M d emission with respect
to defect-state emissions of the NCs synthesized &tC15
decreases significantly compared to that of the NCs synthe-
sized at 55C, as shown in Figure 7b. The relative decrease
in the Mr?+ d emission efficiency of the NCs synthesized at
45°C may be attributed to the lower crystallinity of the NCs,
enhancing the contribution from defect-state emissions.
NCs with a high PL efficiency, high resistance to photo-
bleaching, broad excitation spectrum, and narrow emission

biological applicationg’”* However, NCs are mostly syn-
thesized in nonpolar organic solvents and the key issue for
any biological application is the water solubility of these
nanocrystald® Many effort$® have been made to solubilize
NCs in aqueous buffers by replacing the hydrophobic layers
on the surface of the NCs by amphiphilic ones. Unfortu-
nately, in many such cases, there is a drastic decrease in th
PL efficiency concomitant with the surface modificatitsii°
1-Thioglycerol-capped Mii-doped CdS NCs synthesized by
us are soluble in water. Figure 8 compares the PL spectra o
the 1.8% Mri*-doped NCs synthesized at 586 dispersed

in deionized water with that of the NCs dispersed in DMSO.

f
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size ranging from 1.9 to 2.6 nm. With the help of AAS, it is
shown that only a small percentage of Min(<2.3%) is
associated with the nanocrystal samples in spite of the
presence of a large (25%) Mihconcentration in the reaction
mixture. It is shown that the PL spectra of the doped NCs
exhibit Mr?* d-electron transitions around 620 nm, clearly
separated from surface-state emissions with a maximum near
508 nm; this is the first example of such a clear separation
between the Mfi-dopant emission and surface-state emis-
sions in Mri*-doped CdS nanocrystals. Exciting the samples
with energies lower than the band gap energies of host
nanocrystals but higher than the kMrd—d transition energy
does not give rise to any measurable Pl intensity, establishing
that the Mi@™ d—d transition takes place following an energy
transfer from CdS host NCs to the dopant site. The presence
of surface-state emissions along with Mrd emission for

all samples suggests nonuniform doping of the NCs; this
interpretation is further supported by EPR and other experi-
ments. Systematic dependencies of the PL and PLE on the
excitation and emission energies, respectively, indicate that
the larger-sized NCs are preferentially doped by?Mn
compared to the smaller-sized ones, even within the narrow
size distribution achieved for a specific reaction condition.
This surprising phenomenon is conclusively proven by
carrying out a size-selective precipitation of a given sample
of NCs into a group of large particles and a separate group
Bt smaller particles and characterizing the size-separated
groups for their MA* content as well as their spectroscopic
properties. The present investigation shows thetG the
optimum reaction temperature to maximize the Ml
emission intensity; at higher temperatures,?Mis annealed

out of the substitutional sites, leading to a lower level of
doping, whereas a lower temperature of synthesis leads to
fess crystalline materials and consequent higher emis-
sion via defect states relative to Mn d emission. Finally, we
also showed that these ¥ndoped CdS NCs are soluble in
water without any perceptible effect on the Mrd emission
intensity, unlike many other systems, thereby suggesting

_ o é)ossible biological applications.
The efficiency of surface-state emissions decreases to a larg

extent in the aqueous dispersion of the NCs compared to  Acknowledgment. The authors acknowledge the Department
that of the DMSO dispersion, but the efficiency of the®Nin  of Science and Technology and Board of Research in Nuclear
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of the biomolecules, which r_n_asks th_e S|gnals from labeled Supporting Information Available: XRD pattern of MnS, PL
molecules. _M_'Z'+ d—d transitions with its fluorescence gpecira with different delay times, PLE spectra of the undoped and
I|fet|me n ml||IS€‘COI’1dS can be Used to Separate thell’ S|gna| 1.9% doped NCS, PL emission Spectra normalized by the corre-
from shorter-lifetime (nanosecond scale) fluorescence of sponding absorption spectra for different synthesis temperature, PL
biomolecules, enabling one to detect the labeled molecules.spectra with excitation energy less than band gap, photographs of
the powders of larger and smaller particles obtained by size-selective
precipitation and a discussion regarding a probable cause for well-
separated M emission from surface state emissions. This material
is available free of charge via the Internet at http://pubs.acs.org.

Conclusions

Highly crystalline CdS and Mii-doped CdS NCs with a

narrow size distribution were synthesized with the average
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