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An investigation into the thermolysis of diorganophoshides in co-ordinating Lewis base solvents has revealed the
importance of not only reaction conditions such as time and temperature, but also the importance of organic groups
on the precursor. Nanoparticles of Cd3P2 have been synthesised using compounds such as [MeCd(PBut2)]3 in tri-n-
octylphosphine oxide (TOPO) and 4-ethylpyridine at elevated temperatures. Distinct optical characteristics of
quantum confinement effects are observed as the particle’s dimensions decrease below the excitonic radius of 180 Å.

Quantum dots are a novel form of semiconductor of theoretical 1950s and is used in this work to produce small particles
which in size are at the limits of those considered in classicalinterest but also with the potential to develop as an important
colloid chemistry. Matijevic demonstrated9 that in a system inclass of materials for the electronics industry of the 21st
which nucleation is rapid and extensive, the set of nucleiicentury.1–3 The properties of semiconductors are usually best
initially formed will grow in concert to produce a final productdescribed by a model which describes the properties of the
with a narrow particle size distribution.material as a continuous solid. The resulting electronic proper-

Not only do these materials represent an interestingties of a bulk semiconductor are described in terms of a band
challenge as a new class of materials, they may also havegap and its type. Typically bulk samples of CdS, irrespective
practical applications. Quantum dots have been used to makeof their size once greater than around 20 nm, will absorb all
very simple blue light emitting diodes.10–12 Other potentialelectromagnetic radiation with an energy greater than the
uses include: amplifying electromagnetic radiation in fibreband gap (hn>2.42 eV, 512 nm).4 The band gap is classified
optic communication systems, and in the use of non-linearas direct. However, as particles become smaller their electronic
optical effects in the region of absorption edges.13structure changes, eventually the description of the material

From a chemist’s point of view, one interest in theseas containing continuous bands breaks down and there are
materials is that they can be prepared by methods whichdiscrete bonding and anti-bonding levels in the material. The
resemble traditional wet chemical methods.14 Using this funda-electronic structure resembles that of a molecule rather than
mental approach, three distinct schools in the synthetic chemis-that of the bulk material. The electronic, and other, properties
try of nanocrystalline materials have developed. (1) Anof the particle will then depend on both its size and the
essentially aqueous approach, as epitomised by the work ofmaterial of which it is composed.
Henglein and Weller on colloidal materials, where often aAn alternative view of such structures, which has some
surface active species such as polyphosphate is used to controlconceptual appeal, is that they may be viewed as ‘super
the growth of particles.14 (2) The thermolysis of organometallicatoms’.5 Electrons within the solids are confined within an
species, especially in tri-n-octylphosphine oxide (TOPO) atapproximately spherical particle with the radius of the quan-
elevated temperatures (e.g. 200 °C ) is proving to be an import-tum dot. The solutions of the Schrödinger equation for this
ant and general method. Initially instigated by Bawendi15 the3-dimensional confinement can be viewed for a single electron
use of TOPO seems particularly effective and the method hasas resembling a super atom with electronic states which
been widely used.16–19 The original process involved the reac-resemble the orbitals of atoms (s,p,d...). The transitions
tion of tri-n-octylphosphine selenide with dimethylcadmium inobserved are analogous to those observed in atomic spec-
hot TOPO which acts as a dispersing medium and cappingtroscopy. Consequently one way to view the current excite-
agent. Several modifications of the method have been reported,ment, and interest, in this area of science is that we are put
including the preparation of high quality material using singleinto a position in which we can produce a material which has
molecule precursors based on dithio- or diseleno-carbam-the electronic properties of a ‘tailor-made atom’. In the case
ates.18,19 (3) A third general approach can be defined in whichof the semiconductor CdS these effects were predicted, some
the growth of material is physically limited, e.g. within ayears ago, to become important in the size range from around
micelle 20 or a polymer matrix.21 This however restricts the2–10 nm and Brus and co-workers published a number of
size of the particle to the dimensions of the reacting vessel,keynote papers.6
such as the pores of a zeolite.22The preparation of stable particles in this size range has

The types of chemical reactions used in the preparation ofpresented a considerable challenge to the chemist and such
these materials are summarised in Table 1.materials have been synthesised from aqueous solutions, adapt-

The majority of the successful work has to date involveding the approaches of colloid chemistry,7 or from organometal-
II–VI materials with the aim of investigating the novel opto-lic or metal organic compounds.8 Such small particles have
electrical,23 catalytical,24 and non-linear properties 25 thatrelatively large surface areas and control of their surface
result from size quantization effects. The photo-physics ofchemistry has been important in developing stable forms of
such materials have been investigated thoroughly.26,27 III–Vthese materials and in controlling their properties. The
systems are now also a topic of investigation, however theseapproach can be traced to work by colloid chemists in the
compound semiconductors are intrinsically harder to prepare
than the relatively ionic II–VI materials. Bare metal atoms or†Basis of the presentation given at Materials Chemistry Discussion
ions are unstable as precursors, so complexes such asNo. 1, 24–26 September 1998, ICMCB, University of Bordeaux,

France. In–TOPO28 are utilised. Decomposition of such compounds is
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Table 1 Some typical reactions used in the synthesis of nanodispersed compound semiconductors

Reaction Conditions

Cd2++H2S�CdSnano+2H+ 0 °C, polyphosphate,14 aqueous solution or in a micelle20
Pb2++H2S�PbSnano+2H+ Polymer supported21
Cd2++H2Se�CdSenano+2 H+ Aqueous solution10
(Me)2Cd+SeP(n-C8H10)3�(CdSe)

n
/nTOPO+organic products e.g. 200 °C, in TOPO15

(Me)2Cd+S(SiMe3)2�(CdS)
n
/nTOPO+organic products e.g. 200 °C, in TOPO15

(Me)Cd(E2CNEt2)�(CdE)
n
/nTOPO+organic products e.g. 200 °C, in TOPO, E=S or Se18,19

InCl3+TOPO�‘InCl3·TOPO’ (complex) followed by 100 °C 12 h in TOPO
‘InCl3·TOPO’+P(SiMe3)3�(InP)

n
/nTOPO (amorphous) Days at 265 °C, in TOPO, annealing gave a crystalline

TOPO coated product28

a high energy process, and the nucleation and growth steps removed from the solvent, or upon agitation, the crystals
effloresce, and produce a powder.are hard to separate.29

Other potentially useful, but unusual, systems such as the
II–V and III–VI compounds have received relatively little [MeCd(PBut

2
)]

3
. 1H NMR (C6D6 , 25 °C, 400 MHz), d 0.13

attention, even though compounds such as cadmium phos- (s, CH3, 9H), 1.15 (d, But2 , 54H, 3JPH=11.2 Hz), 1.30 (satel-
phide are known to show interesting quantum size effects.30,31 lites 111Cd/113Cd); 31P NMR, d 20.39 (s, PBut2); 13C{1H}
Only a handful of methods have been published, possibly due NMR (100 MHz), d 31.91 [C(CH3)3 ], 34.21 [C(CH3)3 ]; IR
to the difficulties associated with compounds less ionic than bands n/cm−1 (w=weak, s=strong, b=broad) 1620 (w), 1261
the II–VI or III–V systems. The difficulties have been described (w), 1169 (s), 1100 (s), 1029 (s), 923 (s), 822 (s), 814 (s), 721
in some depth elsewhere, and include the production of (w), 669 (s), 286 (vb,vs).
amorphous materials, diffraction pattern problems, and insta- Owing to the insoluble nature of the compound, the NMR
bility in air.32,33 Cadmium phosphide nanoparticles have pre- sample was prepared using the method previously described
viously been synthesised by a colloidal route, and their physical by Beachley et al.40 The 1H and 31P NMR results correlate
properties investigated.33 An organometallic, sol–gel like route with previous reports. 13C{1H} NMR spectra were not pre-
has also been developed, resulting in capped quantum dots viously reported, and no resonance corresponding to the
from a silylated single source precursor.34 methyl group was observed.38

Cd[P(SiPh3)2 ]2+4/3 MeOHAQ-Cd3P2+other products
Synthesis of [MeCd(m-PPh

2
)]

3
(HPPh

2
)

2Diorganophosphides are possible single source precursors
A typical synthesis follows, standard Schlenk line techniquesto phosphide containing semiconductors and have been
were used.known since 1962, when Zn(PPh2)2 was synthesised.35

Me2Cd (0.51 g, 3.58 mmol ) was reacted with HPPh2 (1.2 ml,Characterisation proved difficult due to the polymeric nature
6.98 mmol ) in dry hexane (10 ml ), forming a green solid.of the solid, and analysis extended no further than the confir-
Removal of the solvent and volatiles in vacuo, followed bymation of the stoichiometry. Later, Cowley et al. synthesised
washing with dry methanol left a white solid. Attempted[Zn2(But2P)2(OH)(m-OH)]2 by the serendipitous inclusion of
recrystallisation from a number of solvents failed. The reactionwater in an attempt to prepare a crystalline sample of
was also carried out in tri-n-octylphosphine, 4-ethylpyridine,Zn(PBut2)2 .36 Cowley also synthesised M(EBut2)3 ,37 where
and THF giving the same results.M=In, Ga, Al, E=P, As. The first cadmium diorganophos-

phide has also been synthesised, [MeCd(PBut2)]3 .38 This work
[MeCd(m-PPh

2
)]

3
(HPPh

2
)

2.
1H NMR (C6D6 , 25 °C,follows our communication in which we reported the synthesis

400 MHz), d 0.54 (s, CH3 , 9H), 5.19 (d, HPPh2 , 2H, 1JPH=of TOPO capped Cd3P2 .31
215.51 Hz), 7.0–7.6 (m, PPh, 50H); 31P NMR, d −39.93 (s,
H-PPh2), 17.78 (s, m-PPh2); 13C NMR (100 MHz), d 134.28Experimental (d, ortho-C), 128.78 (d, meta-C), 128.54 (s, para-C). IR bands
(n/cm−1) (w=weak, b=broad, s=strong) 2935 (aryl CKH )Dimethylcadmium (99.99%) was obtained from Epichem,
(s), 2332 (PKH) (w), 1911, 1726, 1261, 721.HP(Ph)2 (99%) was obtained from Strem, HP(But)2 (99%),

The NMR data suggest a structure similar to {[EtZn(m-tri-n-octylphosphine (90%), methanol (99.9+%), toluene
PPh2)]3(HPPh2)2·thf },41 previously reported by Wright et al.,(99.9+%), anhydrous hexane (99.9+%), anhydrous THF
with HPPh2 bound to the metal via the P atom. No ipso-(99.9+%), light petroleum (bp 40–60 °C) (99.9+%) and
carbon resonance was observed. NMR studies on metal saltspyridine (99.9+%) were all obtained from Aldrich and used
of diphenylphosphine show a major shift in the ipso-carbonas received. Tri-n-octylphosphine oxide (90%) was obtained
resonance of up to 30 ppm with small metals.42 In our struc-from Aldrich and purified as described in the literature.39 4-
ture, a large metal such as cadmium is expected to attenuateEthylpyridine (99%) was obtained from Aldrich, degassed and
such a shift. No methyl resonance was observed. As withstored under nitrogen over 4 Å molecular sieves.
previous diorganophosphides,41 elemental analysis is ham-
pered by the presence of co-ordinating solvent molecules,Synthesis of [MeCd(PBut

2
)]

3 giving irreproducible results. Mass spectrometry studies show
A typical synthesis follows, standard Schlenk line techniques a species with a mass of ca. 1300 mass units, confirming the
were used. trimeric structure.

Me2Cd (0.96 g, 67 mmol ) was reacted with 2.5 ml HPBut2(1.97 g, 134 mmol ) in dry hexane (10 ml ). Effervescence Synthesis of nanoparticles
occurred, and after 20 minutes of reaction, the flask was
wrapped in foil and placed in a freezer. After a matter of All manipulations were carried out in an inert atmosphere,

using standard Schlenk line techniques.hours, colourless crystals formed. This reaction was also
carried out in tri-n-octylphosphine, 4-ethylpyridine, and with Owing to the relative insolubility of the isolated precursor,

[MeCd(PBut2)]3 (1 g) was synthesised in situ with TOPno solvent producing a white powder. Once the crystals were
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(10 ml ), producing a pale green solution. The solution was
then injected into degassed TOPO (25 g) at the desired tem-
perature (100 °C or 250 °C). After 30 min of growth, the
heating was discontinued and the solution allowed to cool to
60 °C. Dry methanol (50 ml ) was then added and the mixture
stirred until room temperature was reached. Centrifugation of
the suspension yielded a dark solid which was then dispersed
in dry toluene. Further centrifugation yielded solid waste
products, which were discarded. The toluene solutions resulting
from the pyrolysis varied in colour, from bright yellow (100 °C )
to dark brown (250 °C).

For 4-ethylpyridine capped nanoparticles, 1 g of precursor
was synthesised in the solvent, and was then heated to reflux
temperature (167 °C ). After 2 h, heating was discontinued and
the reaction vessel allowed to cool to room temperature.

Fig. 1 UV–VIS spectra of different nanoparticle solutions: a) 7thAddition of light petroleum resulted in a flocculant, which fraction of 4-ethylpyridine capped particles synthesised at 167 °C; b)
could be re-dispersed in either pyridine or 4-ethylpyridine. TOPO capped particles synthesised at 100 °C; c) unfractionated
Further centrifugation yielded solid waste products which were 4-ethylpyridine capped particles synthesised at 167 °C.
discarded. The final solution was deep red in colour. Size
selective precipitation was carried out as previously described15

Optical properties of Cd
3
P

2
nanoparticlesgiving gradually smaller fractions which were characterised by

UV spectroscopy. The size quantization of Cd3P2 is pronounced.30,31 This effect
can be attributed to the large bulk exciton diameter which is
found to be 361 Å when taking the reduced exciton mass as

Instrumentation and physical measurements 0.454 (units of the free electron mass) and the relative permit-
tivity as 15.5.43 The diameter is large when compared to InP1H NMR, 31P NMR, 13C{1H} NMR spectra were obtained
(150 Å) and CdSe (80 Å) and the resulting properties are bestusing a JEOL ESX 270 NMR machine, using either CDCl3 illustrated by optical spectroscopy. UV spectra of the solutionsor C5D5N. IR spectra were recorded on samples as pressed
of Cd3P2 in toluene/4-ethylpyridine showed the typical bluediscs (1% in CsI ) on a Perkin Elmer 1720X machine.
shift in the bandgap associated with nanoparticulate semi-Photoluminescence spectra of toluene/4-ethylpyridine solu-
conductors. TOPO capped particles show a band edge aroundtions were recorded on a Spex fluorometer spectrophotometer
2.60 eV (475 nm), (Fig. 1) irrespective of the synthesis tem-at room temperature, and UV–VIS optical spectra were
perature. Samples synthesised at low temperatures (100 °C)recorded using a Philips PU 8710 spectrophotometer. High
showed distinct shoulders in the spectrum, whilst higher tem-resolution transmission electron microscopy (HRTEM;
perature samples (250 °C) show a similar spectrum without400 KV ) was carried out on at the University of Oxford using
the sharp features. 4-Ethylpyridine capped nanoparticlesa JEOL 4000EX on samples deposited on carbon coated
showed a smaller shift in the absorption spectrum with ancopper grids. Inductively coupled plasma atomic emission
excitonic peak at about 456 nm, and a band edge at 2.44 eVspectroscopy (ICP-AES) was carried out on an ARL machine.
(507 nm) as determined by the direct band gap method.44 SizeThe samples were acid digested (nitric and perchloric acids)
selective precipitation gave smaller particles and showed aand taken to dryness prior to leaching to give a final matrix
decrease in the intensity of the excitonic feature. The seventhof 1  HCl. Multi-element analysis by ICP-AES was obtained
fraction resembled that of TOPO capped particles, indicatingusing conventional nebulisation under standard instrumental
that the 4-ethylpyridine particles are larger in size. Thisconditions.
hypothesis is endorsed by the colour of the samples, indicating
that TOPO capped particles are smaller. The optical spectra
are similar to those reported for Cd3P2 prepared by colloidal
routes.33Results and discussion

Photo-luminescence of various solutions gave emissions of
Thermolysis of [MeCd(m-PPh

2
)]

3
(HPPh

2
)

2
and varying intensity which depended upon the conditions of

[MeCd(PBut
2
)]

3
synthesis. TOPO capped nanocrystals synthesised by injection
into hot solvent above 100 °C showed a weak emission betweenThermolysis of [MeCd(PBut2)]3 resulted in different products,
525 and 675 nm. Smaller nanoparticles are expected to havedepending upon the reaction conditions. In 4-ethylpyridine at
an increased emission due to the increase oscillator strength100 °C for 30 min a nanodispersed product was formed with
(Fig. 2). Samples prepared below 100 °C show strong lumi-a Cd5P ratio of 1.651 (ca. Cd3P2 as determined by ICP-AES).
nescence (Fig. 2). Samples synthesised by injection at lowHigh temperatures (above 100 °C ) resulted in a higher cad-
temperature (100 °C ), followed by slow growth displayedmium content with a ratio up to 751. Stoichiometries from
strong luminescence at higher wavelengths, with no loss ofTOPO capped nanoparticles are invalid as the capping group
peak intensity. Samples prepared in 4-ethylpyridine showitself contains phosphorus. The observed Cd5P ratio can be
similar luminescent properties. Emission spectra taken fromexplained if we assume that two different temperature depen-
the initial sample and selected smaller size fractions showdent mechanisms are operating: (1) a process involving b-
increase luminescence from particles with a smaller diameterhydrogen elimination may dominate at lower temperatures
(Fig. 3). All luminescence spectra have a substantial Stokes’(under 100 °C); (2) and reductive elimination at higher
shifts, previously attributed to the systematic metal vacanciestemperatures (over 100 °C).
being effective trapping sites.30This hypothesis is supported by a related study of the

thermolysis of [MeCd(m-PPh2)]3(HPPh2)2 , in which there are NMR, IR and HRTEM studies on Cd
3
P

2
nanoparticles

no b-hydrogens. Upon prolonged heating, the only reaction
product was bulk elemental cadmium. These observations Room temperature solution and solid state MAS 31P NMR
highlight the importance of the decomposition mechanism of experiments on TOPO capped nanocrystals showed only a

resonance at 50 ppm which can be attributed to the TOPOthe precursor in determining reaction products.
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Fig. 4 HRTEM image of a 4-ethylpyridine capped Cd3P2 quantum
dot, synthesised at 167 °C. Bar=3 nm.Fig. 2 Luminescence spectra of TOPO capped Q-Cd3P2, synthesised

at different temperatures.

be amorphous material. The 4-ethylpyridine capped particles
show a hexagonal structure (Fig. 4). Using the Brus equation49
to estimate the size of nanoparticles with a band gap of 2.44 eV
gave a prediction of 4.04 nm; this is found to be in good
agreement with experimental data (Fig. 5). A TOPO capped
nanocrystal synthesised at 100 °C (Fig. 6), approximately 5 nm
in size, shows a lattice spacing of 0.92 Å attributed to the 226
plane of Cd3P2 ( literature value 0.91 Å).50 The Brus equation
for such a sample predicts a diameter of 3.72 nm, however the
approximation for particles is known to fail at such dimen-

Fig. 3 Luminescence spectra of various 4-ethylpyridine capped
Q-Cd3P2: a) 7th fraction; b) 4th fraction; c) initial solution prior to
fractionation.

capping agent. No phosphorus resonance attributed to the
Fig. 5 HRTEM image of an array of 4-ethylpyridine capped Q-Cd3P2,Cd3P2 core could be observed.
synthesised at 167 °C. Bar=3 nm.31P MAS experiments on 4-ethylpyridine capped particles

display a multiplet of resonances at 37.8, 47.1 and 64.1 ppm.
Bulk Cd3P2 has resonances at −140, −162, −178 ppm.45 An
upfield shift of this type has been observed in GaP.46 Buhro’s
route to Cd3P2 reports a solid state NMR with one broad
peak at −220 ppm.32 The origin of resonances in nanocrystal
NMR is uncertain, and is the subject of current research. 1H
solution NMR showed the capping group for both TOPO and
4-ethylpyridine capped quantum dots.

IR spectroscopy on TOPO passivated samples shows a shift
in the n(PLO) peak normally found at 1147 cm−1 , to
1126 cm−1, indicating PLO complexing to surface cadmium.17
IR bands at 227, 255 and 303 cm−1 were found as predicted
for Cd3P2 .47 IR on 4-ethylpyridine capped particles show all
stretches and bends associated with 4-ethylpyridine, with no
shift in peaks associated with hindrance in ring stretching as
previously described.48 Peaks were also observed at 231, 246
and 314 cm−1 , again attributable to Cd3P2 except the 314 cm−1
feature which can be assigned to the ring nitrogen binding to
surface cadmium.

HRTEM images of 4-ethylpyridine capped nanoparticles
show crystalline nanoparticles approximately 4 nm in diameter.
Particles were found to be slightly prolate, with aspect ratios Fig. 6 HRTEM Image of a TOPO capped Cd3P2 nanoparticle,

synthesised at 100 °C. Bar=5 nm.around 1.3. Dark images were also observed and assumed to
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