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Abstract

CdS nanopowder capped with sodium bis(2-ethylhexyl)sulfosuccinate was synthesized by using water-in-oil microemulsions. The CdS
nanoparticles of about 5 nm obtained were embedded in polymethylmethacrylate matrix by a photocuring process. The transparent yellow
solid compound was characterized by optical absorption and emission spectroscopy, high-resolution transmission electron microscopy, and
energy-dispersive X-ray spectroscopy. The properties of this compound were compared with those of the nanopowder dispersed in heptane
and in methylmethacrylate. The results obtained indicate that the nanoparticles are homogeneously dispersed in the matrix and do not change
in size during the embedding process. Even if the surface slightly changes its luminescence properties, as a consequence of the different new
chemical environment, the final product seems to be suitable for practical applications.

0 2004 Elsevier Inc. All rights reserved.

1. Introduction In contrast to microelectronic circuits, operating via or-
dered functional elements such as logical gates, polymer
In the last few years, the production of semiconductor nanocomposites use the properties of disordered systems, as
nanoparticles was the focus of much research because othe nanoparticles are stochastically dispersed in the system.
their potential applications in optoelectronifl, photo- These properties can be used to manufacture LEDs, photo-
catalysis[2], solar energy conversidi], and water pollu-  diodes, solar cells, and sensors and for other technological
tant photodegradatiof#]. Devices using the properties of  applicationg6].
nanoparticles are promising due to the possibility of tailoring ~ Two main methods are used to obtain nanoparticles em-
a number of optical, electrophysical, and magnetic proper- bedded in a matrif7]: one carries out the nanoparticle syn-
ties by changing nanoparticle size, which can be controlled thesis inside the polymeric matr[8]; the other consists of
during synthesis. Although a wide range of synthetic meth- gllowing monomer polymerization after nanoparticle disper-
ods are now available, it seems clear that there is still a sjon has occurref9].
major problem associated with the reproducible preparation  The goal of the present article was to incorporate CdS
of materials with good mechanical properties for technolog- nanoparticles into a solid matrix where the growth of the
ical applications. A promising way to prepare these kinds of particles and their coalescence processes are inhibited. To
materials uses the interplay between polymer chemistry andyse the CdS optical properties the matrix must be trans-

quantum dot synthes[S]. parent. CdS nanoparticles, capped with sodium bis(2-et-
hylhexyl)sulfosuccinate, were embedded in a polymethyl-

" Corresponding author. Fax: +39-091-590015. methacrylate (PMMA) matrix by means of a photocuring
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substrate. PMMA, a vinyl polymer obtained by free radical PMMA samples containing CdS nanoparticles were pre-
polymerization of the methylmethacrylate monomer (here- pared using an ultramicrotome.
after MMA), is a thermoplastic transparent material used as
a shatterproof replacement for glass. Its refractive index is
equal to 1.49, in the range of the typical refractive index of 3. Resultsand discussion
glass (1.3-1.7); whereas its haze (1-3%) is higher than that
of glass, which ranges from 0 to 0.17%.
CdS nanoparticles were synthesized in water-in-oil mi-
croemulsions, and to stop the growth process an amine

was added before extraction. Nanoparticle growth was controlled nanopatrticles, a promising one is based on the

e oot e e peocess. e f vaterin-i (o) mictoemiions Nanoparile
size was confirmed by high-resolution transmission ellec— many metal sn_JIﬁdes were synthes_lz_ed in this way by mix-
tron microscopy (HRTEM). Before the embedding process ing two w/o mlcroemulsmn_s contal_nmg the sw_table water-

) ' - ? .’ soluble metal salt and sodium sulfide, respectij&,11].
nanoparticle elemental composition was determined using

: . : In this procedure nanoparticles need to be separated from
energy-dispersive X-ray (EDX) spectroscopy. Optical prop- , : .
. : . ._the reaction medium. Bare nanoparticles are thermodynam-
erties of the nanoparticles embedded in the polymer matrix

. ically unstable with respect to growth and they tend to co-
were revealed by photoluminescence spectroscopy and com- : ; . .
lesce spontaneously, losing their peculiar properties due to

pared with those of the nanopowder dispersed in heptane an . . ’ .
he small dimensions. For this reason nanoparticles are pas-

in MMA. sivated by adding suitable capping agefita—15] which,
bonding to the surface, prevent their coalescence.

CdS nanopatrticles were obtained by adding stoichiomet-
ric amounts of solid tetrabutylammonium hydrogen sulfide
(TBAS) in a stirred water/AOT-heptane microemulsion
containing CdS@. It is well known that nanoparticles size
can be controlled by varying different parameters, such as

98%), cadmium sulfate (Aldrich, 99%), tetrabutylammo- reactant and surfactant concentrations and temperature. In a

nium hydrogen sulfide (TBAS, Fluka, 99%), bis(2-ethyl- previous work[16], how the water-to-AOT molar ratio af-
hexyl)-amine (BEA, Aldrich, 99%), and-heptane (Sigma, fec_’:_shnatnopartlc:e slze wai detmf[)résstéa(;eld; C th ¢
99%) were used as received. Water was bidistilled. Methyl- € temperature was kept at. : » (e water-

. o . .~ to-AOT molar ratio was adjusted to 3, and the CdSdd
methacrylate (99.0%, Aldrich) was purified by using a dis- . ' '
posable column, to eliminate the polymerization inhibitor. TBAS concentrations were set at 0.20 l@so'“t'O”.TBAS
readily dissolves and reacts, allowing the formation of CdS

22 Methods nanoparticles. To stop growth and to separate nanoparti-
o cles from the reactant medium, BEA was added to have
UV-vis absorption spectra were obtained in the range a BEA/CdS molar ratio of about 4. BEA addition was

300-600 nm by using a double-beam Beckman DU-640 Performed after 1 h of mixing reactants. After water and
spectrophotometer with a resolution of 1.0 nm. Photolumi- n-heptane evaporation &t = ,A'OOC under a pressure of
nescence (PL) spectra in the range 400-750 nm were Ob_about 100 mbar, a nanoparticle—surfactant composite was
tained using a Jasco FP-570 spectrofiuorometer equipped’Ptained. The composite was dispersed in ethanol in the
with a xenon lamp of 150 W as an excitation light source. All We'ght ratio 1 to 15 by 99”“3_/_5“”'”9 for 5 min. A cer-
measurements were performed at room temperature undefin @mount of AOT was solubilized and nanoparticles were
excitation wavelengths of 400 and 425 nm. Each PL spec- separated by centrifugation. To completely remove the sur-
trum was normalized by dividing the obtained values by the factant, the process has to be repeated several times. The

absorption intensity at the corresponding excitation wave- [iNSing process has been stopped at the second cycle to avoid
length. Moreover, the emission spectrum of the medium in nanoparticle coalescence. The decrease in AOT concentra-

which the nanoparticles were dissolved, i.e., heptane, MMA, tion was inferred by means of UV-vis spectroscopy follow-
and PMMA. was subtracted. ing the bands that fall in the range 220-250 nm.

3.1. CdS nanopatrticle synthesis

Among the various methods employed to produce size-

2. Experimental
2.1. Materials

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT, Aldrich

HRTEM and EDX investigations were carried out with a
JEOL 3010 transmission electron microscope with an UHR 3.2. CdS powder characterization
pole piece (point-to-point resolution of 0.17 nm). Samples
of AOT-capped CdS nanoparticles for HRTEM observations ~ AOT-capped CdS nanoparticles dispersed in heptane
were obtained by placing a 5-uL drop of heptane dilute were characterized by absorption and emission spectroscopy;
dispersion of nanoparticles on a carbon copper grid, andafter solvent evaporation they were characterized by means
then evaporating the solvent at room temperature. The solidof HRTEM and EDX techniques.
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Fig. 2. Particle size distribution of CdS nanoparticles determined by
HRTEM. The histogram was obtained from a statistical counting made on
several micrographs.
2.0x107 - _ To optain a relqtionship .betweetg and nanpparticle
mean diametersd], in a previous pap€il6] UV-vis spec-
s tra and HRTEM measurements were performed with AOT-
@ capped CdS nanoparticles dispersed-heptane and syn-
. thesized using five water/AOid/heptane microemulsions
L1 i having different water/AOT molar ratios. The empirical re-
lationship obtained was
rs=a x dP, )
0600020 amr owm oo o wherea =237+ 13 andg = 0.174+0.02[21]. Asd is the
’ 0021 ’ ’ o mean size of the particles, no information on the polydisper-
1/x sity of the sample can be obtained.
(®) With Eq. (2) a nanoparticle size of.8+ 1.6 nm was ob-

Fig. 1. (A) Absorption (continuous line) and emission (dashed line) spec- tained. The error il was calculated by using the standard

tra of AOT-capped CdS nanoparticles in heptane. The emission spectrum ; ; ; .
error propagation theory considering the uncertaintiesspn
was obtained using an excitation wavelength of 400 nm. The narrow peak propag y 9

is a band-edge emission from the radiative decay from excited {fate o, and/?' . L

ground statég). The broad peak is from radiative decay of the carrier cap- In Fig. 1 the photoluminescence activity induced under
tured by the nanocrystal surface trap state from the excited state, as  excitation at 400 nm, i.e., within the optical absorption band
shown in the inset. (B) Plot afA /2)2 versus 1. centered at 450 nm, is also shown. As can be seen in the

inset toFig. 1, the deexcitation pattern involves two radiative

The absorption UV-vis spectrum is shownFig. 1 as channels:
a function of wavelength. The band centered at 450 nm is
due to the CdS first (k1s) exciton transitior{17], i.e., the
valence band—conduction band transition. As a consequence
of the quantum size effect, the threshold wavelength ¢f
this band is a function of nanoparticle sjiA8—20]

To evaluate the.s values, UV-vis spectra were analyzed 2.
according to the equation

1. A radiative recombination of an electron—hole pair

trapped, which is referred to as “band-edge emission,”
gives a narrow emission band at about 450 nm (chan-
nel a in the inset).

A deexcitation pathway is due to the recombination of
the exciton trapped in the defect states localized on
the surface of the nanopatrticle (“surface luminescence”

(A)Z K(l 1) channel b in the insefp2—25]

y
A Ao s The last deexcitation pathway is responsible for the emis-
whereA, A, andK are absorbance, wavelength, and an em- sion band centered at about 560 nm, whose width is de-
pirical constant, respectivelyA /A)? is plotted versus /i termined by inhomogeneous and homogeneous broadening,
in Fig. 1B; the dashed line represents the linear regressiondue to electron—phonon coupling. Moreover, we cannot ex-
of the rising part of the band. From its intersection with the clude the presence of other nonradiative deexcitation path-
x axis aig value of 464+ 9 nm was achieved. ways. Photoluminescence excitation profile measurements
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Fig. 4. EDX patterns of CdS nanoparticles dispersed in heptane after addi-
tion of BEA and extraction from reaction medium.
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(data not shown) confirm that the two emission bands have g iso F
the same excitation band, centered at about 450 nm, in agree- ¢ &
ment with the observed absorption band. £ 2l L1 &
The histogram inFig. 2 was obtained from a statistical g 5
count made on several HRTEM micrographs. The nanopar- 15 =
ticle size distribution centered at 5.0 nm is characterized - X
by a polydispersity of about 18%. The small discrepancies == mcomymmoin P
with data obtained under similar conditions and reported in 350 400 450 500 550 600 650 700
Ref.[16] are related to differences in the time at which BEA wavelength (nm)

was added. Th? mean size ag_reeS_W|th the value Obt_al_ned bBﬁig. 5. UV-vis spectra of MMA (dashed-dotted line) and of AOT-capped
means of UV-vis band analysis; this confirms the validity of cqs nanoparticles dispersed in MMA (dashed line) together with the PL
the above procedure in determining the mean particle sizespectra (excitation wavelength: 400 nm, continuous line; 425 nm, dotted
from the CdS absorption band. line).

From the HRTEM image irFig. 3 it can be seen that
nanoparticles are crystalline with twbspacings of 3.2 and  ported (dashed—dotted line #ig. 5. No significant dif-
2.1 A, which are compatible with the CdS cubic structure.  ferences are present in the CdS absorption band, when

Information on nanoparticle elemental composition be- compared with the spectrum of nanoparticles dispersed in
fore the embedding process was obtained by means ofheptane (solid line itfFig. 1), except for an intensity factor.
EDX spectroscopy. The pattern Fig. 4 shows the peaks  Analysis of the CdS absorption band, centered at 450 nm,
pertaining to the elements constituting the nanoparticles gave an average nanoparticle size @51.6 nm, very close
(Cd and S) together with peaks linked to the surfactant mole- to that obtained for nanoparticles dispersed in heptane; no
cules (C, O, Na). The Na peak confirms that, after extraction absorption in the range of interest (350—700 nm) is observed
from the reaction media, AOT molecules are still present.  for pure MMA.

The emission spectrum obtained using the 400-nm excita-
3.3. Characterization of CdS nanoparticles dispersed in  tion wavelength (solid line iffig. 5), exhibits interesting dif-
MMA ferences from the spectrum of CdS nanoparticles dispersed
in heptane (dashed line ifig. 1). The two emission bands at

The homogeneous dispersion obtained by sonicatingabout 450 and 550 nm are still present, but they both appear
a CdS nanopowder—MMA mixture was characterized by broader, with the relative intensity ratio largely modified.
means of absorption and emission spectroscopy. PL specdt can be deduced that the direct transition is substantially
tra were obtained using two different excitation wavelengths reduced in favor of the alternative deexcitation pathway in-
(400 and 425 nm). All spectra are reportedFig. 5. For volving surface defects. In this respect, it must be noted that
comparison, the pure MMA UV-vis spectrum is also re- the PL spectra are corrected by dividing the obtained values
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Fig. 6. Scheme of PMMA polymerization in the presence of AOT-capped CdS nanoparticles.

100

by the absorption intensity at the corresponding excitation o

wavelength. The broadening of the band profile and the vari-

ation of the intensity ratio changes can be ascribed to the _ 1% .
modified environment of the particles, when they are dis- £ ,,[ e
solved in MMA. Comparing the two PL spectra obtained ; 460 ?_
under excitation at 400 and 425 nm (continuous and dotted < 2
lines in Fig. 5, respectively), we note a significant depen- _§ {00 §
dence on excitation wavelength, as evidenced by the inver- § o1} £
sion of the intensity ratio of the two emissions. As reported < Z

in the literature for other systems, this suggests the presence ) 1

of a conformational distribution of particles having slightly TNl e

d?fferent spectral properties that can be selectively excited at N 0 a0 e o ‘:’(’m““";; T
different wavelengthf26—28] wavelength (am)

3.4. Synthesis and characterization of CdS-PMMA Fig. 7. UV-vis spectra of PMMA (dashed—dotted line) and CdS-PMMA
nanocomposite (dashed line) together with the PL spectra of CdAS—-PMMA (excitation wave-

length: 400 nm, continuous line; 425 nm: dashed line).

It has been reported by Katsikas et[80] that colloidal
CdS can be used as photoinitiator for polymerization of nonradiative deexcitation channels. This result validates data
MMA. With this in mind, a first attempt to carry out poly- relative to the sample dispersed in MMA monomers; i.e., PL
merization was made by placing the MMA-CdS nanoparticle activity is sensible to the modification induced on the surface
dispersion in a Rayonet reactor equipped with eight 365-nm by the environment. In particular, the two emission bands
lamps of approximatively 35 W and continuously irradiating are broad and the radiative channel involving the surface de-
for 2 h, until the polymerization occurred. This procedure fects appears to be, in percentage, more efficient. Moreover,
was not suitable for our purpose, as the long UV irradiation comparing the ratio of the two radiative channels from PL
damaged the CdS nanoparticles due to an oxidative loss ofSpectra obtained under excitation at 400 and 425 nm (con-
sulfur. tinuous and dotted lines IRig. 7, respectively), it is evident
To avoid the UV radiation damage of CdS nanoparticles, that the dependence on excitation wavelength is less notice-
the photocuring process was successfully performed by us-able with respect to the MMA case.
ing a photoinitiator for PMMA polymerization, as reported ~ The HRTEM image inFig. 8 shows that nanoparticles
by Fang et al[29]. The process is outlined iRig. 6. The embedded inside the PMMA polymeric matrix are still crys-
transparent yellow solid product, composed of a polymeric talline and they do not change their shape or their narrow size
matrix containing CdS nanoparticles, was characterized by distribution. The nanoparticle mean size of about 5.0 nm ob-
absorption and emission spectroscopy and by HRTEM. tained by HRTEM is consistent with the value estimated by
The typical CdS absorption band, obtained in the UV—vis UV-vis band analysis.
spectrum, is shown iRig. 7 (dashed line). The nanopatrticle
average size estimated from the band threshold wavelength
was 554 1.6 nm. The pure PMMA UV-vis spectrum re- 4. Conclusions
ported in the same figure (dashed—dotted line) shows negli-
gible absorption in the range of interest (400—700 nm). It has been shown that CdS nanoparticles can be dispersed
The emission spectra (continuous and dotted lines inin MMA monomers and that CdS nanoparticles embedded
Fig. 7) seem to be less dependent, with respect to the MMA in a PMMA matrix can be obtained as a transparent yellow
case, on excitation wavelength. Moreover, both radiative solid by a photocuring process, initiated by activating a pho-
emissions appear to be less efficient when CdS particles ardoinitiator with 365-nm radiation. Such a material could find
embedded in PMMA, probably due to the presence of larger interesting optical applications.
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