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emiconductor nanocrystals with size-

tunable photoluminescence are

promising alternatives to organic
dyes for fluorescence-based applications.’?
II—VI semiconductors based on cadmium
chalcogenides are the front-runners for
such applications because of their intense
absorption, high quantum yield, and, more
importantly, luminescence properties that
are size-dependent and hence tunable over
a wide wavelength range.? They are also ex-
cellent donors in fluorescence resonance
energy transfer (FRET)-based applications
due to their narrow emission and broad ex-
citation spectra, enabling the effective
separation of the donor and acceptor fluo-
rescence.” Studies of FRET between differ-
ent colored Il—VI semiconductor nanocrys-
tals® and from the nanocrystals to dye-
labeled polymers® and biomolecules’™""
including DNA'? have been reported. FRET-
based detection and assay of analytes in
water have become increasingly impor-
tant."® Such applications require that the
nanocrystals be water-soluble, and conse-
quently, a number of innovative methods
have been developed to render [I-VI semi-
conductor nanocrystals water-soluble.'
Their superior optical properties are, how-
ever, offset by the fact that the Cd, Se, and,
to a lesser extent, S are toxic and pose a po-
tential pollution hazard.'® This has been
recognized and has led to efforts to de-
velop emissive nanocrystals that do not in-
volve these elements.'®

ZnO is a well-known II—1V semiconduc-

tor with a band gap of 3.2 eV that exhibits
an efficient blue-green emission with high
efficiency that has been attributed to deep
trap states lying midway between the con-
duction and valence bands.'” Nanoparticles
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ABSTRACT Core—shell Zn0:Mg0 nanocrystals have been synthesized by a sequential preparative procedure
and capped with carboxymethyl 3-cyclodextrin (CMCD) cavities, thereby rendering the surface of the nanocrystals
hydrophilic and the particles water-soluble. The water-soluble C(MCD-capped Zn0:Mg0 nanocrystals emit strongly
in the visible region (450 —680 nm) on excitation by UV radiation and are stable over extended periods and over a
range of pH values. The integrity of the cyclodextrin cavities is preserved on capping and retains their capability
for complexation of hydrophobic species in aqueous solutions. Here we report the use of the water-soluble
cyclodextrin-capped Zn0:Mg0 nanocrystals as energy donors for fluorescence resonance energy transfer studies.
The organic dye Nile Red has been included within the anchored cyclodextrin cavities to form a noncovalent CMCD
Zn0:Mg0— Nile Red assembly in aqueous solution. Significant Nile Red fluorescence at 640 nm is observed on
band gap excitation of the Zn0:Mg0 in the UV, indicating efficient resonance energy transfer (RET) from the nano-
crystals to the included dye. The number of acceptor molecules interacting with a single donor in the CMCD Zn0:
MgO—Nile Red assembly may be altered by controlling the filling up of the anchored cavities by Nile Red, leading
to a variation in the efficiency of resonance energy transfer. The donor—acceptor distance was estimated from
the efficiency measurements. The Nile Red emission following RET shows a pronounced thermochromic shift,
suggesting the possible use of the CMCD Zn0:Mg0— Nile Red assembly as thermometers in aqueous solutions.

KEYWORDS: water-soluble ZnO:MgO nanocrystals - carboxymethyl B-cyclodextrin-
capped - trap-state emission - resonance energy transfer - Nile Red

of ZnO have been studied for use as photo-
catalysts, sensors, and phosphors.'® The
emission spectra of ZnO have been exten-
sively studied; the as-prepared ZnO nano-
crystals exhibit a sharp UV excitonic emis-
sion at ~380 nm (3.3 eV) and a broad
intense visible emission at ~550 nm (2.2
eV). The ratio of the intensities of the vis-
ible trap emission to the UV excitonic emis-
sion is strongly dependent on particle size
being larger the smaller the nanocrystal; for
ZnO nanocrystals larger than 12 nm, the vis-
ible emission is usually absent.’® In prin-
ciple, visible light emitting ZnO nanocrys-
tals would be ideal candidates as
replacement for Cd-based fluorescent la-
bels since they are nontoxic, less expensive,
and chemically stable in air. However, the
nanoscale ZnO tend to aggregate
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ZnO: MgO
Scheme 1.

or undergo Ostwald ripening because of high surface
free energy, resulting in the disappearance of the vis-
ible emission. Attempts to stabilize the ZnO nanocrys-
tals in solvent dispersions by capping have usually re-
sulted in the quenching of the visible trap emission.?° It
has been shown that small additions of Mg (<10%) re-
sulting in the surface segregation of MgO on ZnO nano-
crystals prevented the aggregation of the nanoparti-
cles and formation of nonradiative recombination sites,
resulting in a more intense and stable green photolumi-
nescence.?! The visible emission involves deep trap
states arising from oxygen vacancies and also either
electrons and/or holes in shallow trap states that origi-
nate from surface species/states in these large surface
to bulk volume nanocrystals.?>%3

Here we describe a simple procedure to obtain
water-soluble ZnO:MgO nanocrystals that are stable
over a range of pH values and which fluoresce in the vis-
ible. Water solubility is achieved by capping the ZnO:
MgO nanocrystals with carboxymethyl 3-cyclodextrin
(CMCD) cavities. The anionic derivative of
B-cyclodextrin, CMCD, is formed by substitution of
part of the primary hydroxyl groups located at the nar-
rower rim of the cyclodextrin toroidal cavity by car-
boxymethyl groups. These groups can coordinate to
the metal oxide surface in much the same way as car-
boxylic groups of fatty acids. Capping of nanocrystals
by cyclodextrin cavities are known

CMCD-ZnO: MgO

Zn0O:MgO nanocrystals to Nile Red in the
noncovalent supramolecular CMCD ZnO:
MgO—Nile Red assembly.

RESULTS AND DISCUSSION
Zn0O:MgO nanocrystals were synthe-
sized by a sequential preparative proce-
dure that involved formation of the ZnO
core followed by the MgO shell. Cyclo-
dextrin capping of the ZnO:MgO nano-
crystals was achieved by simple mass ex-
change, addition of CMCD, with an
average degree of carboxymethyl substitutions of 3.8
per cyclodextrin molecule, to the ZnO:MgO nanocrys-
tals resuspended in 10% H,0/DMSO (Scheme 1).
Representative X-ray diffraction patterns and TEM
images of the cyclodextrin-capped ZnO:MgO powders
are shown in Figure 1. For comparison, the X-ray diffrac-
tion pattern of cyclodextrin-capped ZnO nanocrystals
without Mg is also shown. Both patterns (Figure 1a) are
consistent with the hexagonal phase of ZnO, a conclu-
sion supported by high-resolution TEM (inset of Figure
1b), which show lattice fringes with a spacing of 2.6 A
characteristic of the 002 planes of wurtzite. The particle
size calculated from the Debye—Scherrer broadening
is 6 nm. It is well-known that core/shell II—IV semicon-
ductor nanocrystals such as CdS:Mn/ZnS and CdS/CdSe
exhibit no X-ray broadening upon deposition of the
shell layer.” Similarly, the MgO shell is not expected
to affect the XRD peak width of the ZnO core, imply-
ing that the size of 6 nm corresponds to the ZnO core
in ZnO:MgO nanocrystals. Particle sizes were obtained
by analyzing >100 nanocrystals from the TEM image
(Figure 1b). The average particle size was 6.4 (=1.5) nm,
consistent with the values from X-ray broadening. Infra-
red and Raman spectroscopy of the ZnO:MgO nano-
crystal powders clearly establish the presence of CMCD
cavities coordinated to the metal oxide surface (see
Supporting Information). The molar ratio of CMCD per

to render the surface hydrophilic 6000 (a)
due to the existence of hydroxyl
groups on the rim of the cyclodex-
trin cavity.>* A unique features of
the CMCD-capped ZnO:MgO nano-
crystals is that the surface-anchored
cyclodextrin cavities retain their
host capabilities for inclusion of
small hydrophobic molecules. Here
we show how the fluorescence
properties of the water-soluble
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CMCD Zn0O:MgO nanocrystals can i
be modified by inclusion of the hy- & 2
drophobic organic dye, Nile Red,
within the anchored cavities. We are
able to demonstrate that FRET oc-
curs from the visible light emitting
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Figure 1. (a) Powder XRD patterns for the CMCD-capped ZnO:MgO and ZnO. (b)
TEM images of the CMCD-capped ZnO:MgO. The inset on the left shows a high-
resolution image showing lattice fringes with a spacing of 2.6 A. The histogram of
particle sizes in the TEM image is shown in the right inset.
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Figure 2. (a) Optical absorption and PL spectra of aqueous solutions of CMCD-capped ZnO:MgO. The excitation spectra ob-
tained by monitoring the emission at 555 nm are shown by dashed lines. The inset shows digital photographs of the CMCD-
capped ZnO:MgO aqueous solution illuminated by (i) normal laboratory light and (ii) UV radiation (312 nm). (b) Fluores-

cent lifetime decays of the aqueous CMCD Zn0O:MgO solution monitored at 380 and 550 nm following excitation at 280 nm.

mole of ZnO:MgO, as determined by elemental analy-
sis, was 4.17 X 103, Assuming a uniform spherical par-
ticle size of 6 nm, this ratio would correspond to 20
CMCD cavities anchored to each of the ZnO:MgO nano-
crystal particles.

As expected, the cyclodextrin-capped ZnO:MgO
nanoparticles are very soluble in water. The solubility
may be attributed to the exposed hydroxyl groups lo-
cated on the wider rim of the cyclodextrin cavity. The
proton NMR signals of the CMCD-capped ZnO:MgO
nanocrystals dissolved in D,O appear at similar posi-
tions as that of B-cyclodextrin but are considerably
broadened because of immobilization of the cavities
(see Supporting Information).

The UV—visible and photoluminescence (PL) spec-
tra of aqueous solutions of the CMCD-capped ZnO:
MgO nanocrystals are shown in Figure 2a. The optical
absorption consists of a partially resolved band with a
sharp onset corresponding to the excitonic transition of
ZnO (Figure 2a). The observed optical band gap of 364
nm (3.4 eV) can be related to the dimension of the
nanoparticles; the calculated ZnO particle size is 5.4
nm. The PL spectrum of the aqueous CMCD-capped
Zn0O:MgO on excitation at 280 nm exhibits an intense
broad emission band in the visible centered at 555 nm
and a much weaker, but sharper, emission at 375 nm.
The visible emission is the dominant feature of the lu-
minescence from the aqueous CMCD-capped ZnO:
MgO, being about 40 times more intense than the UV
emission and is stable for long periods of time (>30
days). The excitation spectrum obtained by monitoring
the emission at 555 nm is similar to the absorption
spectra. The PL spectra of the ZnO:MgO nanocrystals
are characteristic of the ZnO core. This is not unex-
pected; the band gap of MgO is 7.8 eV compared to
3.4 eV of ZnO, and the valence band of MgO is offset
by 1.48 eV below that of the ZnO valence band.?® The
Zn0O:MgO core—shell structure would, therefore, corre-
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spond to a type | nanostructure wherein both the pho-
togenerated electrons and holes are localized in the
ZnO core.?” The quantum yield of the visible emission
of the CMCD-capped ZnO:MgO nanocrystals in water,
estimated using quinine sulfate in 0.1 N H,SO, as stan-
dard, is 7% (see Supporting Information). The fluores-
cence spectra of the CMCD-capped ZnO:MgO in water
show no change in band position and quantum yields
for pH values between 5 and 12 (see Supporting Infor-
mation). The UV emission at 375 nm in the PL spectrum
of the CMCD-capped ZnO:MgO results from the recom-
bination of excitons, while the visible emission from re-
combination involving deep trap states arisies from
oxygen vacancies and photogenerated charge carriers
in shallow traps. This assignment is supported by life-
time measurements (Figure 2b). The average lifetime of
the visible emission (36 ns) is much longer than that of
the UV excitonic emission (2.5 ns); this is characteristic
of emission involving deep trap states.?® The mecha-
nism of the visible light emission from aqueous solu-
tions of the CMCD-capped ZnO:MgO nanocrystals ap-
pears to be similar to that recently proposed for the
oleate-capped ZnO:MgO nanocrystals in nonpolar or-
ganic solvents.?®> The capping of ZnO:MgO nanocrys-
tals with CMCD cavities provides a simple route for ob-
taining nanocrystals that are water-soluble and emit in
the visible when exposed to UV.

The host—guest chemistry of the CMCD-capped
Zn0O:MgO nanocrystals was explored by investigating
the inclusion of the organic dye, Nile Red, within the an-
chored cyclodextrin cavities; Nile Red is known to form
a 1:1 inclusion complex with B-cyclodextrin. It was cho-
sen as the guest molecule because its absorption spec-
trum has appreciable overlap with the emission spec-
trum of the ZnO:MgO nanocrystals while its absorption
coefficient in the UV spectral range, 330—360 nm,
where the ZnO:MgO nanocrystals are excited, is negli-
gible (Figure 3). Nile Red has the added advantage for
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Figure 3. Schematic of the FRET process in CMCD ZnO:MgO—Nile
Red assemblies (for clarity, only one anchored cyclodextrin cav-
ity is shown). The normalized absorption (solid line) and photo-
luminescence (dashed line) spectra of the donor (D), CMCD-
capped ZnO:MgO nanocrystals and the acceptor (A), Nile Red,
in aqueous solutions are shown. The spectral overlap of the ZnO:
MgO fluorescence (dotted, green) and the Nile Red absorption
(solid, magenta) is shaded in gray.

the present study that it is poorly soluble in water. Fluo-
rescence resonance energy transfer occurs when the
electronic excitation energy of a donor chromophore
is transferred to an acceptor molecule nearby via a
dipole—dipole interaction between the
donor—acceptor pair.® The FRET process is more effi-
cient when there is an appreciable overlap between the
emission spectrum of the donor and the absorption
spectrum of the acceptor. Figure 3 shows that there is
sufficient overlap between the PL bands of the ZnO:

MgO nanocrystals and the
100

sorption band of the ZnO:MgO nanocrystal. The
acceptor—donor ratios are expressed as the number of
Nile Red molecules per anchored cyclodextrin cavity
and also as the number of Nile Red molecules per ZnO:
MgO nanocrystal. The latter assumes a uniform spheri-
cal particle size of 6 nm for the ZnO:MgO nanocrystals.
With increasing acceptor—donor ratio, the visible emis-
sion of the ZnO:MgO nanocrystals between 510 and
580 nm is effectively quenched while there is an en-
hancement of the Nile Red emission at 640 nm. The
spectra clearly indicate resonance energy transfer from
the ZnO:MgO nanocrystals to the included Nile Red. It
may be noted that the PL spectra in Figure 4 are the “as
recorded” spectra. Because of the absence of any di-
rect excitation of the Nile Red acceptor molecules at
356 nm, the spectra did not require any correction or
deconvolution. Further evidence that the emission from
Nile Red at 640 nm in the CMCD ZnO:MgO—Nile Red as-
sembly arises from a resonance energy transfer pro-
cess was established from the excitation spectra re-
corded by monitoring the Nile Red emission at 640 nm.
The excitation spectra show a feature at 360 nm corre-
sponding to the band gap excitation of the ZnO:MgO
nanocrystal. The corresponding excitation spectra of
Nile Red solubilized in water using B-cyclodextrin show
no such feature. The presence of an iso-emissive point
in Figure 4 is evidence that the inclusion of Nile Red
may be described as a simple thermodynamic equilib-
rium between two species. This implies that the filling
up of the anchored CMCD cavities by Nile Red mol-
ecules is an independent process. At higher concentra-
tions of included Nile Red, when the ratio of included
Nile Red to anchored cyclodextrin cavities exceeds 0.9,
the ZnO:MgO—Nile Red assembly precipitates out of
the aqueous solution. This occurs, presumably, because
the surface of the nanocrystals when covered by in-
cluded Nile Red molecules is no longer hydrophilic.

absorption band of Nile Red. n 1.00
. e 0.0
Effective Forster-type reso- b 1.6 (0.07)
_ 30 (0.1
nance energy transfer be 80 4% 03 2
tween the nanocrystals and 6.0 (0.3 075 @
3 o 8.3 (0.4 g
the dye may, therefore, be = 604—9.8 (05 b=
. . c 10.6(0.55 =
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The PL spectra of aqueous *10 2
solutions of the CMCD- 0. : . —-.\. —< 0.00
capped ZnO:MgO nanocrys- 400 500 600 320 360 400
tal donors with increasing Wavelength (nm) Wavelength (nm)
amounts of added Nile Red Figure 4. Evolution of the photoluminescence spectra of the CMCD—Zn0O:MgO—Nile
acceptors are shown in Fig- Red assembly with increasing Nile Red to ZnO:MgO ratio, n. The ratio of Nile Red mol-

ure 4. The excitation wave-

ecules per anchored cyclodextrin cavity is shown in parentheses. The panel on the right

| h shows the excitation spectra recorded by monitoring the Nile Red emission at 640 nm for
ength, 356 nm, corre- a sample with n = 10.6. For comparison, the excitation spectra of the acceptor, Nile Red,
sponded to the excitonic ab-  solubilized in water using B-cyclodextrin, are also shown (green line).
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Figure 5. Variation of the resonance energy transfer (RET)

efficiency with increasing Nile Red to ZnO:MgO ratio. The

solid line is a fit to eq 4 for a donor-acceptor distance, r, of

4.3 nm.

The efficiency of the resonance energy transfer (RET)
defined as Q = (I;,6 = lznonrlznor Where I o g 1S
the integrated fluorescence intensity of the ZnO:MgO
donor in the CMCD—Zn0O:MgO—Nile Red assembly and
I, the integrated fluorescence intensity of an identi-
cal concentration of CMCD—Zn0O:MgO in water in the
absence of Nile Red has been plotted as a function of ra-
tio of the number of acceptor Nile Red molecules to a
Zn0O:MgO nanocrystal donor in Figure 5. We have ana-
lyzed the variation in RET efficiencies with acceptor con-
centration assuming that the Forster mechanism is
valid in the present situation.**® In this formalism the
RET efficiency is defined as

6
Kzn0-nR _ Ry

-1 56, 6
kzno-np T Tzno Ry 1

Q=

M

where 7, o is the decay time of the ZnO:MgO donor in
the absence of Nile Red and k,,o_nr is the emission rate
constant of the donor in an isolated CMCD ZnO:
MgO—Nile Red pair separated by a distance r. R, is the
critical distance, or Forster radius, at which transfer and
spontaneous decay of the excited donor are equally
probable, k;,.o.nr = Tzno- Ry May be experimentally de-
termined from the spectroscopic data and is given by

. 9000(In 10)c*¢p,”

° 128N e @
where k? is an orientation factor and has a value of
2/3 for randomly oriented donor—acceptor dipoles,
g’ is the quantum yield of the donor in the absence
of the acceptor, N, is the Avogadro number, 7 is the re-
fractive index of the medium, and J(\) is a quantitative
measure of the donor—acceptor spectral overlap over
all wavelengths (the shaded area in Figure 3) and is
given by

J = [ Ip0e,000dh @3)
0
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I5(N) is the normalized fluorescence spectrum of
the donor (CMCD-capped ZnO:MgO nanocrystals), and
ea(\) is the absorption coefficient of the acceptor (Nile
Red). For the CMCD ZnO:MgO—Nile Red assembly, the
spectroscopically determined value of R, is 3.4 nm. For
a donor interacting with multiple acceptors and if the
energy transfer to each of the acceptors can be consid-
ered as independent events, then the efficiency of the
transfer may be expressed as

nRy

T @)
nRy +r

where n is the number of acceptor molecules.®® The
value of r, the donor—acceptor distance in the CMCD
Zn0O:MgO—Nile Red assembly, was determined by fit-
ting eq 4 to the experimentally observed variation of
the transfer efficiency with acceptor concentration (Fig-
ure 5). The fit returned a value of 4.3 nm for r.

The resonance energy transfer in the CMCD-capped
Zn0O:MgO-Nile Red assembly has a number of unique
features that distinguish it from similar studies using
quantum dots (QDs). Unlike in the QDs, the energy
transfer here is not from the excitonic emission but
from emission originating from recombination of pho-
togenerated electron and hole carriers that are trapped
in surface states (shallow traps), with deep trap states
arising from oxygen vacancies in the ZnO core. The vis-
ible emission in the ZnO:MgO nanocrystals has no cor-
responding “absorption” in the optical spectra since it
arises from recombination of carriers that are generated
by band gap excitation but subsequently trapped in
shallow states that lie just below the conduction band
or just above the valence band. It is for this reason that
the excitation spectra (Figure 3) obtained by monitor-
ing the Nile red emission in the CMCD-capped ZnO:
MgO—Nile Red assembly show a feature at 360 nm cor-
responding to the band gap of the ZnO “core”,

15.6k -

15.6k - ®
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°

15.5k -
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15 20 25 30 35 40 45 50 55I
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Figure 6. Thermochromic emission shifts for Nile Red included in
the CMCD ZnO:MgO nanocrystals in aqueous solutions. The solid
line is a linear fit with a thermochromic shift value of 3 cm~"/K.
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although the resonance energy transfer is from the vis-
ible emission at 530 nm of the ZnO:MgO donor. It may
be seen that the excitation spectra of Nile Red in the
CMCD ZnO:MgO—Nile Red assembly are identical to the
excitation spectra of the visible emission of the CMCD
Zn0O:MgO donor (Figure 2). The second unique feature
of the resonance energy transfer in the CMCD-capped
ZnO:MgO—Nile Red assembly is that there is no direct
linkage between donor and acceptor; they are held to-
gether by supramolecular interactions. The acceptor
molecule, Nile Red, forms an inclusion complex with
the cyclodextrin cavities that cap the ZnO:MgO nano-
crystals. The interaction between Nile Red and the cy-
clodextrin cavity is dispersive in nature.

A characteristic feature of the fluorescence of Nile
Red, in addition to its solvatochromic property, is ther-
mochromism.?" The emission shows a blue shift with in-
creasing temperature. This property is retained by the
Nile Red molecules in the cavities of the CMCD-capped
Zn0O:MgO nanocrystals. The position of the Nile Red
emission, following resonance energy transfer, shifts to
lower wavelengths with increasing temperature. Figure
5 shows how the emission energy of the included Nile
Red varies with temperature in aqueous solutions. Over
this temperature range, the variation is linear with a
thermochromic shift value of 3 cm™'/K. The reported
thermochromic shift values for Nile Red in nonpolar sol-
vents are in the range of 0.9 to 4 cm™ '/K>" The ob-
served thermochromism of the CMCD ZnO:MgO—Nile

METHODS

Materials. Zinc acetate dihydrate (Zn(OAc), - 2H,0), magne-
sium acetate tetrahydrate (Mg(OAc), - 4H,0), tetramethylammo-
nium hydroxide (N(CH5),OH - 4H,0, 97%), and Nile Red were pro-
cured from Sigma-Aldrich. Carboxymethyl B-cyclodextrin
(C45H570_,035(CH;COONa),, (CMCD)), was received as a gift from
Cerestar Co. (Hammond, IN, USA)). The average degree of substi-
tution, n, was 3.8. All chemicals were used as received.

Synthesis of (MCD-Capped Zn0:Mg0 Core—Shell Nanocrystals. The
CMCD-capped ZnO:MgO nanocrystals were synthesized by a
two-step procedure. In the first step, ZnO:MgO nanocrystals
were prepared by a sequential preparative procedure. In this
procedure, the ZnO “core” was synthesized by dropwise addi-
tion of a stoichiometric amount of tetramethylammonium hy-
droxide (TMAH) dissolved in ethanol (0.55 M) to 30 mL of 0.1 M
Zn(OAc), - 2H,0 dissolved in DMSO followed by stirring for an
hour. The MgO “shell” was subsequently formed by the simulta-
neous addition of 2 mL of 0.15 M Mg(OAc), - 4H,0 in DMSO
along with 1 mL of the TMAH base in ethanol to the above reac-
tion mixture, followed by continuous stirring. The ZnO:MgO
nanocrystals were precipitated by addition of ethyl acetate.
Transmission electron microscopy (TEM) and X-ray diffraction
measurements of the ZnO:MgO and that of ZnO nanocrystals
with no Mg present precipitated from the reaction mixture af-
ter 15 days of aging showed that the average particle size of the
Zn0:MgO (~5 nm) nanocrystals is smaller than that of ZnO (~12
nm) (see Supporting Information). The molar ratio of Mg to Zn,
as determined by EDAX measurements, was ~8%, while elemen-
tal mapping showed that individual particles had both Mg and
Zn present (see Supporting Information). The ZnO:MgO nanoc-
rystals were capped with CMCD by addition of 3 equiv of CMCD
dissolved in DMSO to the as prepared ZnO:MgO solution dis-
persed in DMSO. The reaction mixture was stirred for 6 h at 50

Red assembly can in principle be used as a thermom-
eter in aqueous solutions.

In conclusion, we have shown that capping of ZnO:
MgO nanocrystals, prepared by a sequential synthetic
procedure, with CMCD molecules provides a simple
route for obtaining nanocrystals that are water-soluble
and emit in the visible when exposed to UV. The emis-
sion is stable over a range of pH values and for ex-
tended periods of time. The integrity of the capping cy-
clodextrin cavities is preserved and available for
host—guest chemistry. We have successfully demon-
strated the inclusion of a hydrophobic dye, Nile Red, in
the capping cyclodextrin cavities in aqueous solutions
to form a noncovalent CMCD ZnO:MgO—Nile Red su-
pramolecular assembly. We show that there is reso-
nance energy transfer from the CMCD-capped ZnO:
MgO nanocrystals to included Nile Red following band
gap excitation of ZnO in the UV. A unique feature of the
resonance energy transfer in the CMCD-capped ZnO:
MgO—Nile Red assembly is that the energy transfer is
from the visible trap state emission although the pri-
mary absorption is in the UV. The present work also
highlights the versatility of using cyclodextrins as cap-
ping agents; its host—guest chemistry can impart addi-
tional functionality to the nanocrystal or QD. Here we
have shown how the fluorescence properties of ZnO:
MgO nanocrystals can be modified by inclusion of an
organic dye within the cavities of the capping
cyclodextrin.

°C, cooled to room temperature, and excess of acetonitrile added
to obtain a white precipitate. The precipitate was then isolated
by centrifuging and washed repeatedly with 3:1 water/DMSO
solvent mixture and finally with 3:1 water/acetone. Stoichiome-
try was determined by elemental analysis (2.9 11% C, 1.19% H).
The molar ratio of CMCD per mole of ZnO:MgO was 4.17 X 10>,

Physical Characterization. . Powder X-ray diffraction patterns
were recorded on a Siemens D5005 X-ray diffractometer using
Cu Ka radiation of A= 1.54 A. Data were collected at a scan
speed of 0.3 °/min with an increment of 0.1°. High-resolution
transmission electron microscopy (HRTEM) images were col-
lected on a Tecnai F30, FEI fitted with EDAX and elemental map-
ping attachments. Elemental analysis was done by ThermoFinni-
gan Flash EA 1112 CHNS analyzer. FT-IR spectra were recorded
as KBr pellets on a Perkin-Elmer Spectrum One spectrometer op-
erating at 4 cm ™ resolution. "H NMR spectra for CMCD and
CMCD-capped ZnO:MgO nanocrystals dissolved in D,O were re-
corded on a Bruker Avance 400 spectrometer. Absorption and
photoluminescence spectra of CMCD-capped ZnO:MgO nano-
crystals dissolved in water were recorded at room temperature
on a Perkin-Elmer Lambda 35 UV —vis spectrometer and a Perkin-
Elmer LS50 B luminescence spectrometer, respectively. Time-
resolved fluorescence spectra were recorded in Fluoromax-4-
TCSPC spectrofluorometer using a 280 nm Nano LED source for
excitation. Quantum yields of the CMCD-capped ZnO:MgO nano-
crystals were determined using quinine sulfate dye as reference
(see Supporting Information).

FRET Measurements. For the FRET studies, the donor concentra-
tions were kept constant while that of the acceptor varied. The
solution of the donor was prepared by dissolving 400 mg of the
CMCD-capped ZnO:MgO in 100 mL of milli-Q water. This corre-
sponds to a concentration of anchored cyclodextrins of 0.019 M.
Nile Red solutions of concentrations ranging from 0.5 to 1.5
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mM in acetone were prepared. For the FRET measurements, 0.1
mL of the Nile Red solutions, of different concentrations, was
added to 3 mL of the CMCD ZnO:MgO donor solution in a quartz
cuvette, and the PL spectra were monitored continuously.
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and TEM images of 15 day aged ZnO:MgO and ZnO nanocrys-
tals. EDAX spectrum of ZnO:MgO nanocrystals. Elemental map-
ping of Zn and Mg in ZnO:MgO nanocrystals. Infrared and Raman
spectra and table of assignments of CMCD-capped ZnO:MgO
nanocrystals. "H NMR of CMCD and CMCD-capped ZnO:MgO
nanocrystals in D,O. Fluorescence spectra of the water-soluble
CMCD-capped ZnO:MgO nanocrystals recorded at different val-
ues of pH. Determination of the quantum yield for the visible
emission from CMCD-capped ZnO:MgO nanocrystals in water.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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