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A general method for entrapment of hydrophobically coated nanocrystals in micrometer and
submicrometer composite silica spheres, nano@micro, was developed. The method employs two starting
solutions—hydrophobic solvent containing the salel precursor, a polymer, and the nanocrystals, and
an emulsifying hydrophilic phase which catalyzes the-g@l process. The use of a hydrophobic polymer,
polystyrene, serves to encapsulate the nanocrystals inside the spheres while maintaining many of their
original properties. The obtained nano@micro spheres were characterized structurally by transmission
electron microscopy and scanning electron microscopy, chemically by energy dispersive X-ray
spectroscopy, and optically by ensemble and single-particle fluorescence spectroscopy. It is possible to
control the size of the microspheres from the 100 nm scale to the micrometer scale, with good
monodispersivity and with good separation between the microspheres. The method is demonstrated for
encapsulating a wide variety of nanocrystals, primarily semiconductors covering different spectral bands,
and of different shapes including spheres and rods. The semiconductor nanocrystals impart widely tunable
emission to the microspheres. A similar encapsulation techniqgue was also applied to thiol-coated Au
particles. The technique is generally applicable to other hydrophobic nanocrystal systems of magnetic,
oxide, and other materials.

Introduction tions of semiconductor NCs requires means for incorporating

) ) them in various matrixes. On one hand, this would provide
In recent years there has been major progress in methods, yaction and compatibility for the NCs with various

for céontroll|ng the".growth of.nanogrys_tgls (NCslr)ﬁzf] SEMI- anvironments, and on the other hand, this would impart
conducting, metallic, magnetic, and oxide materadape  gqcific properties of the NCs to the carrier matrix. Carrier

corg[rol haz enabled dobtalrgngﬁgk?pqrtlcles n forf'?s such matrixes which have drawn much attention in recent years
as dots, rods, tetrapoas, and m € Size-, COMPOSIton-,  4re ceramic and oxide-glass sg@el materials.

and shape-dependent properties of such NCs can be har- Earli K NCs in solgel als f d
nessed for a variety of applications in areas ranging from . arlier-work_on WS In sorge materials ocuse
primarily on hydrophilic, water-soluble NCs. For instance,

biological fluorescent taggifi§ to light-emitting diode$, . . ;
lasersi®!t and catalyst$? Further development of applica- CdS and PbS particles were prepared in agueous solution
and subsequently added to a ¥dRecently, additional types

of water-soluble semiconductor NCs were entrapped in silica
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Nano@micro Method for Entrapment of Nanocrystals

hydrophobically modified setgel materials (Ormosils) are

highly desired since they can naturally entrap the particles _ i
d Chemicals.Reagents for Nanocrystal Synthedis-n-butylphos-

without further treatment that could degrade their quality an

performance. Indeed, a recent report described the synthesi

of hybrid organie-inorganic monoliths doped with core/shell

Chem. Mater., Vol. 17, No. 2, 253
Experimental Details
hine (TBP; 99%) and dimethylcadmium (Cd(g§ were from

trem. Cd(CH), was vacuum transferred from its original cylinder
to remove impurities, and stored in a refrigerator inside a glovebox.

semiconductor NCs, overcoated by hydrophobic surface Tetradecylphosphonic acid (TDPA) was purchased from Alfa.

ligands!” The formation of solgel glasses doped with
semiconductor NCs while maintaining their efficient lumi-

Hexylphosphonic dichloride @El15CI,PO; 95%), trioctylphosphine
(TOP; 90%; purified by vacuum distillation and kept in the

nescence using alkylamines as base to catalyze rapidglovebox), trioctylphosphine oxide (TOPO; 90% purity), selenium

monolithic glass formation was also reportéd.

(Se), indium trichloride (InG), hexamethyldisilathianf(TMS),S},

We became interested in the entrapment of the NCs within 1 M diethylzinc{Zn(CHs)} in hexane solution, hydrogen tetra-

submicrometer hydrophobic/hydrophilic composite-sge|
spheres as a method for protecting the NCzs a new way
for functionalization of silica particles, and as a method for

reducing the toxicity of NCs as desired, e.g., in biomedical

applications. In this context, we mention that composite-sol

chloroaurate trihydrate (HAu@BH,O), 1-dodecanethiol (lauryl
mercaptan, GH,sSH; 98%), sodium borohydride (NaBH95%),
and tetraoctylammonium bromide (N{&€:,)4Br; 98%) were pur-
chased from Aldrich. Tris(trimethylsilyl) arsenid€TMS);As} was
prepared as detailed in the literatédfédexylphosphonic acid (HPA)
was prepared by reacting hexylphosphonic dichloride with water.

gel submicrometer particles made of organic polymers and Solid HPA was then extracted with diethyl ether and isolated by

silica have found applications in cataly$schromatogra-
phy?! controlled releas&, and optic& and as materials
additives (fillers)?

evaporation of the solvent.

Reagents for Composite Sabel SynthesisPolystyrene, mono-
hydroxy-terminated, MW 10000 (PS-10000), was purchased from

The general method we describe here for the entrapmentscientific Polymer Products (3P Tetraethoxysilane (TEOS) and

of hydrophobically coated NCs inside micrometer- and

Tween 80 (Aldrich Catalog No. 27,436-4) were from Aldrich.

submicrometer-sized composite silica spheres is based on synthesis of NanocrystalsAll NCs were prepared by known

earlier work published in this journdt.It is a direct one-
pot sol-gel preparation procedure of silicpolystyrene (PS)
composite particles employing two starting solutieias
hydrophobic solvent containing the sajel precursor, the

procedures and coated with ligands that render them hydrophaobic:
CdSe dotg8 CdSe/zZnS core/shell (CS) da&3° CdSe rodg;31:32
CdSe/zZnS corelshell rod3,InAs dots$* InAs/ZnSe core/shell
dots3 These semiconductor nanocrystals are coated by phosphine

polymer, and the NCs inside and an emulsifying hydrophilic ligands such as TDP and TOPO, and in the case of rods additionally

phase which catalyzes the sael polycondenation. The NC

entrapment method is demonstrated for a variety of nano-
crystals, primarily semiconductors covering different spectral
bands, and of different shapes including spheres and rods
We also demonstrate the entrapment of thiol-coated Au

particles (useful, for instance, in cataly§)sand believe the

with phosphonic acids such as TDPA and HPA. Au nanocrystals
were also prepared and are coated by 1-dodecanéthiol.

Entrapment Procedure of the NCs within the Sot-Gel
Composite SpheresThe entrapment procedure is based on the
previous procedure published for synthesis of silipalystyrene
composite microspherés. A typical example is given: Two

solutions are first prepared: In a 100 mL flask, 12.5 mL of ethanol,

technique 'is straightforwardly applicable glso for other 2.5 mL of ammonium hydroxide (25% by volume), and 0.5 mL of
hydrophobically coated NCs. We term the micrometer-sized the surfactant Tween 80 are mixed. The second solution consists

particles which contain nanoparticles “nano@micro” com-
posites.
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of 1.0 mL of TEOS, various amounts of polystyrene (ranging from
30 to 80 mg), and 1.0 mL of a toluene solution of the coated NCs.
Various amounts of NCs were used, ranging from 20 to 60 mg in
1 mL of toluene, depending on the desired concentration. The
hydrophobic solution is then added to the hydrophilic solution at
once and vigorously stirred overnight. The formed spheres are
separated from the solvent by centrifugation for 5 min and then
removal of the solvent. For further measurements sonication for
30 min is required to separate the aggregate particles. Table 1
summarizes the various conditions used in the specific cases.
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Table 1. Entrapment Reaction Conditions for Various Nanocrystals
in Silica/Polystyrene Spheres, Forming Nano@micro Particlés
nanocrystal type, NCamt PSamt size of spheres (hnm),
size (nm) (mg) (mg) figure number
1 CdSerods, 24.5 4.9 20 30 250, Figure 3A
2 CdSedots, 3.5 40 40 500, Figure 3B
3 CdSedots, 6 20 50 780, Figure 3C
4 CdSerods, 1k 3 30 60 1000, Figure 3D
5 CdSerods, 1% 3.8 35 30 300
6 PbSe dots, 10 50 40 500
7 InAs/ZnSe CS, 4.3 20 35 400
8 InAs/ZnSe CS, 6.3 20 35 400
9 Audots, 6 30 45 750

an all the syntheses described in the table we keep the same parameters
for the ethanol, surfactant agent, toluene, TEOS, and ammonium hydroxide;
just the PS and NC amounts were changed as shown in the table. The size
for dots indicates the average diameter.

Particle Characterization. Low-resolution transmission electron
microscopy (TEM) images were obtained using a Phillips Tecnai
12 microscope operated at 100 kV. Low-resolution scanning _
electron microscopy (SEM) images were taken on an analytical b3 on¥ 10.620
Quanta 200 ESEM microscope of FEI. Samples for TEM were A "  CdSe/znS <ol o @

repared by depositing a drop of ethanol solution with the composite F'9ureé 1. (A) TEM image of CdSe/ZnS core/shell quantum rods @5
par?icles 0¥1t0 pa o 9 er r[i)d supporting a thin film of eirt)her 3.8 nm) that were entrapped in the spheres shown in (B). (B) Nano@micro
p pper g pp 9 o E particle: a composite silica/polystyrene sglel particle,~100 nm in size,
amorphous carbon or carbon/Formvar. The excess liquid was within which the CdSe/ZnS nanorods are entrapped (the nanocrystals are
wicked away with filter paper, and the grid was dried in air. Energy- resolved as dark spots). (C) An EDS measurement of thegeslspheres
dispersive X-ray spectroscopy (EDS) analyses were conducted onWith %”ttraptpzd_I_Chds_efzrt‘Shcofe/Sh?_'"R”S""E&CTYSta'S- fSt'h Cd, Sg' hZ”v and S

_ . were detected. e Inset shows an Image o reegsxb pheres
a JEQL JAX 8600 suDe_rprObe' Samples were deposited on Awith the nanocrystals inside. The width of the inset is An2.
graphite substrate for this analysis. Fluorescence spectra were
recorded using a spectrometer/CCD setup (StellarNet model pearance of that color from the solution. Moving on to TEM,

EPP2000). For NEtoluene solutions spectra were taken. For the . .
sol—gel-entrapped NCs, films were prepared from the spheres, after':Igure 1A ShOW_S a _TEM _|mage of CdSe/ZnS core/shell
uantum rods with dimensions of 16 3.8 nm (lengthx

the sol-gel powder was dispersed on the glass substrate, and theq_ - .
emission was detected at a right angle in the detection monochro-diameter). Such rods exemplify one of the forms of the highly
mator, using a photomultiplier tube (PMT). For all fluorescence advanced hydrophobic nanocrystals of interest that can be
measurements we used a 473 nm laser line for excitation. entrapped by this method. The entrapment can be clearly
Microscopy and fluorescence microscopy images for single seen in Figure 1B, where a dotted, single composite sphere
nano@micro spheres were measured on a homemade setugvith diameter~100 nm is shown (sample 5 from Table 1).
described elsewher@.All optical studies were carried out under  Note that we do not expect to necessarily resolve elongation

ambient conditions. of the rods due to the different orientations inside the three-
) . dimensional sphere. Chemical analysis by EDS also provided
Results and Discussion direct evidence for entrapment. Figure 1C shows the EDS

1. Overview of the Results The preparation of various ~Measurement of selgel spheres shown in (B): Si from the
nano@micro particles, where the NCs are rendered hydro-Silica component of the composite, Cd and Se from the
phobic by the proper use of ligands, was made possible duenanocrystal core, and Zn and S from the nanocrystal shell
to the composite nature of the sajel particles: The PS ~ Were detected. Three composite spheres with nanocrystals
component provides the needed hydrophobic environmenténcapsulated inside are presented in the inset of Figure 1C.
for such entrapments, and indeed, this environment provedThe three-dimensional nature and structure of the spheres,
efficient in entrapment of significantly smaller hydrophobic With a diameter of 0.5m, is obtained by HRSEM (high-
dyes?® We shall see below that the entrapped NCs are not fesolution SEM) measured on these samples.
aggregated. Table 1 provides an overview of the nano@micro 3. Preparation of the Composite Sot-Gel Particles An
particles that were prepared, and of the various conditionsissue that presented difficulty in the development of the
needed for each case; the generality is clear. As seen in thecomposite spheres was in the initial yield of well-separated
table, we have focused on a selection of semiconductingspheres versus connected ones, which form a continuous film.
nanocrystals that can impart optical functionality to the We identified that a critical parameter for aggregation was
nano@micro spheres, taking advantage of the widely tunablethe PS/TEOS ratio, while the nanocrystal concentration has
band gap absorption and emission they exhibit. little effect on such aggregation. The concentration range to

2. Entrapment of the Nanocrystals Following the obtain a high yield of spheres is about-310 mg of PS/mL
reaction, the first evidence for entrapment is provided by of TEOS, with the other parameters of all the components
the color of the sediment containing the compositesich the same as described in the Experimental Details for a
is typical for the specific NC and its sizand the disap-  typical synthesis. We believe that the key was to ensure full
entrapment of the PS. An additional source for observed
(37) Ebenstein, Y.; Mokari, T.; Banin, Appl. Phys. Lett2002 80, 4033. aggregation is fusing after sphere preparation in solution or
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2um lum Figure 3. TEM images showing control of the composite particle size:

) ) . ) A) sol—gel spheres (0.26m with CdSe/ZnS core/shell nanorods encap-
Figure 2. TEM images of the composite segel particles (a) before and (su?ated i?]sidep(dimerSSiogs 24:54.9 nm), (B) sot-gel spheres (0.5m) P

(b) after sonication. (c) Spheres on a carbon-coated grid compared with (d) i, 5 Cdse/zns core/shell sample (diameter 3.5 nm) encapsulated inside,
spheres on a carbon/Formvar-coated grid. Entrapped within the spheres ar?c) sol-gel spheres (0.78m) with CdSe (diameter 6 nm) nanoparticles

CdSe/ZnS core/shell nanorods of dimensionsd3.8 nm. encapsulated inside, (D) sefjel spheres (&m) with CdSe/ZnS core/shell
nanorods encapsulated inside.

directly on the TEM grid, due to strong interparticle
interactions. This problem can be minimized, as mentioned A
in the Experimental Details by sonicating the samples for
1/2 h prior to deposition on the TEM grid (Figure 2a,b), and
also by changing the TEM grid surface from carbon-coated |
to carbon/Formvar-coated grids, which are more hydrophilic, ‘ﬂ ||'| j
also shown in Figure 2c,d. The latter grid surface attracts | /J v \
more strongly the silica spheres and reduces their mobility
once deposited. The process was optimized to the extent tha
monodisperse silica spheres could be obtained reproducibly ®
(as seen in Figures 1 and 3).

Another important parameter in controlling the nano@micro :
sphere synthesis is the ability to achieve a narrow size 000 ke 19.240]
distribution of their size along with size control. Such size
control is important for applications such as biolabeling, | 12000
optical coatings, and optical microcaviti€dn Figure 3 we N
demonstrate the ability to control the composite sphere sizes B | 1
Four TEM images of setgel spheres with nanocrystals | | (
encapsulated inside are shown, with diameters ranging from| ©
0.25 to 1um (see the Figure 3 caption and Table 1 for more / ‘
details on these samples). Such size control was achieveq v
mainly by modifying the concentration of the polymer: W\M\"H‘M fu
Increasing its concentration increases the size of the resulting WN\WW&M\NWM
sphere (see Table 1), yet not exceeding the maximal 0 ) '
concentration indicated above. Another parameter which is 000 ke\ 10230
f:ritical fora narrow_size distribution is the working pH,_that Figure 4. EDS measurements of (A) sojel spheres (0/m) containing
is, the concentration of the sefel polycondensation  entrapped PbSe nanoparticles (10 nm) (Si, Pb, and Se are seen) and (B)
catalyst: it is very critical to work in the pH range of 16:5  sol-gel spheresd= 0.75um) with entrapped Au nanoparticles (6 nm)
11.5 for that purpose. Finally, the reaction time is also an (S'and Au are clearly seen).
important parameter, which dictates the stability of the
particles to high-intensity light or to probing electrons.
Optimally, the reaction time should be around5h.

4. Generality of the Entrapment to Various Nanocrys-
tal Systems and Its Use for Controlling Photolumines-
cence Properties of the Nano@micro Particlesro further
prove the generality of the approach, we entrapped a variety

2100) €

+ 3 F 00
—

[

of semiconductor nanocrystals of various shapes and sizes.
For example, we entrapped 10 nm PbSe NCs (Table 1). The
EDS spectra of these samples are shown in Figure 4A, and
Pb and Se elements are identified. The method is not limited

to semiconductor nanocrystals, and we also demonstrated it
for thiol-coated Au nanocrystals. Figure 4B also shows the

EDS spectra for the Au-encapsulated NCs.

(38) Cha, J. N.: Bartl, M. H.: Wong, M. S.: Popitsch, A.; Deming, T. J.: This ge_nerality o_f ent_rapment can be employed to intro-
Stucky, G. D.Nano Lett.2003 3, 907. duce optical functionality by semiconductor NCs to the
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core/shell semiconductor nanocrystals are entrapped as shown
in Figure 5.

Even broader spectral coverage can be achieved by
encapsulation of semiconductor nanocrystals with different
compositions. For instance, InAs-based NCs provide cover-
Figure 5. Three films made from composite silica/polystyrene particles age of the near-IR range and were also used in the present
within which luminescent CdSe/ZnS core/shell semiconductor nanocrystals study?S Figure 6 presents photoluminescence (PL) spectra
are entrapped (green emission, entrappec Blnm nanocrystals; yellow, f th . h | ith CdSe/ZnS NC
3.6 nm nanocrystals; red, 26 4.5 nm nanorods). of three nano@m'_cro sphere samples wit elZn S

that span the visible range from a peak at 556 nm for
InAs/ZnSe CdSe/ZnS encapsulated core/shell nanorods of sizex13 nm to 586
nm for core/shell nanodots of diameter 3.8 nm and to a peak
of 605 nm for core/shell nanorods of size 24 nm. Also
084 shown are spectra for samples where two different sizes of
InAs/ZnSe NC core/shell nanodots were entrapped, which
cover the near-IR range from 1100 nm for core/shell

°81 nanodots of diameter 4.3 nm to 1450 nm for core/shell
nanodots of diameter 6.3 nm. This directly demonstrates the
0.4 applicability of our general entrapment method to a variety
of semiconductor NCs with different shapes and composi-
024 tions. We note that the encapsulation leads to a decrease in
the fluorescence quantum yield (QY) although quantitative
oo studies were difficult because of scattering of the samples.

We found that adding the surfactant, Tween 80, to the NC
solution did not quench its fluorescence, while Triton X (used
Figure 6. PL spectra of five different nano@micro samples of CdSe/ZnS in ref 25) reduced the ﬂgorescence Intensity Slgmﬁcamly'_
sol-gel and InAs/ZnSe selgel spheres. CdSe/ZnS samples: RS 13 The observed decrease in the PL of the entrapped NCs is
nm),( CS (3-§5 nr;:), IES (2f5; 4.5 nr;:)- :jnAS//ZnSe Samplezi Cs (43 nm)a likely due to the effect of exposing the nanocrystals to water
CS (6.3 nm). The three films with CdSe/ZnS entrapped are presented in; ;

Figure 5. The effect of size on the color of the photoluminescence is directly in the soi—gellprepgratlon Process. The PL o_f encapsulated
evident, where green emission was observed for spheres with 3hm nanocrystals is easily observable as shown in Figures 5 and

NCs, yellow ford = 3.6 nm NCs, and red for 25 4.5 nm NCs. 6. We also note that the PL was still observed even after the

nano@micro composites. This takes advantage of the wide-nNano@micro spheres were left in air for a period of one year.
range tunable absorption and emission characteristics pro- A more detailed study of the optical properties of the
vided by the unique optical properties of the quantum- spheres involved a single-sphere analysis with a scanning
confined NCs. Such color-tunable spheres are interesting forfluorescence microscope setup, which was also used to
various applications as inks, coatings, biomarkers, optical provide further direct evidence for the encapsulation of the
microcavities, and building blocks for photonic band-gap nanocrystals in the spheres. Figure 7 shows results of this
structures. Several types of optical measurements weremeasurement, as follows: Figure 7A shows a far field optical
performed to further verify the entrapment of the nanocrystals image of three spheres obtained with a digital camera coupled
in the spheres and to study the effect of entrapment on theto an inverted microscope with a 1Q00il immersion
photoluminescence. First, visually, the fluorescence of silica objective under lamp illumination. In Figure 7B we show
spheres containing nanocrystals of various sizes can be seean image obtained by scanning a sample of spheres deposited
while the samples are illuminated with a UV lamp. An onto a microscope coverslip under illumination with ant Ar
example is films prepared from the sphere composite silica/ ion laser at 514 nm and an intensity ox¥. Two single
polystyrene particles within which luminescent CdSe/ZnS spheres appear, and on the lower left side of the image an
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Figure 7. Three composite nano@micro sphere$Q0 nm in diameter) containing entrapped core/shell NCs of CdSe/ZnS (3.8 nm), measured by three
methods: (A) optical image of the three sgel spheres, (B) photon distribution map of the PL emitted by the same spheres, imaged by a scanning
fluorescence microscop€;) 3D PL photon distribution maps for the three spheres, measured with a fluorescence microscope setup (the stronger left peak
(1) corresponds, most likely, to an aggregate of two composite spheres), (D) corresponding spectra of the three spheres, taken at diffesartinrgsgrat
(ITs), measured with a fluorescence microscope setup (the stronger left peak corresponds, most likely, to an aggregate of two composite spheres).
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aggregate of two spheres can be seen. Three-dimensionalio several micrometers with good monodispersivity. The
PL photon distribution maps for three spheres, collected method is clearly expanded to encapsulate nanocrystals of
under 514 nm excitation, and using a long-pass filter to reject metals as demonstrated here for Au. There is no apparent
the excitation light, are shown in Figure 7B,C. The emission limit to use the principles developed here for encapsulation
spectrum of the individual spheres was measured by parkingof any type of hydrophobic nanocrystals of semiconductor,
the scanning fluorescence microscope on top of each spherenetal, magnetic, or oxide nanocrystals. This directly takes
and directing the light to a monochromatd@CD measure-  advantage of the significant developments in control of
ment system. nanocrystals witnessed in recent years, where high-quality
particles can be entrapped by a similar approach.
Conclusions
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