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Preface

This volume of Structure and Bonding covers two inter-related areas of solid
state science. The initial chapters provide a starting point for scientists and
engineers wishing to understand the status of colloidal nanoparticles. Semi-
conductor nanocrystals are discussed as examples of crystalline nanoparticles
and silica nanoparticles, which are probably the most popular amorphous
nanoparticles, are used to illustrate some general principles associated with
such materials.

Nanomaterials are the backbone of nanotechnology. A diverse spectrum of
nanomaterials will surely be needed for the realization of nanotechnology as
part of a twenty-first century industrial revolution. This is due to the fact that
nanotechnology is different from previous industrial revolutions which did
not heavily rely on materials and mostly were based on revolutionary physical
concepts/phenomena. In a certain way, one may expect that chemistry should
play a major role in the nanotechnology field by creating new materials and
improving the performance of existing ones.

Colloidal inorganic nanoparticles are probably one of the most diverse and
promising classes of chemical nanomaterials. Because of their small sizes,
inorganic nanoparticles, which may be crystalline or amorphous, can be ma-
nipulated as molecular species in solution and offer great flexibility in terms
of synthesis, processing, and assembly. This feature alone renders nanoparti-
cles as powerful structural materials. In addition, the size-dependent physical
properties, mostly associated with colloidal nanocrystals, offer the field abroad
spectrum of unique functional materials.

In the past ten years or so, the synthesis of colloidal nanocrystals has been
one of the major research areas in the field. One chapter deals with this topic
and gives particular emphasis on high-temperature non-aqueous synthetic
approaches, which are in the current main stream in the field. Two chapters
illustrate some unique properties of semiconductor nanocrystals. There is also
a chapter which gives an overview of silica nanoparticles.

The factors which influence the structures of infinite solids have been dis-
cussed for some decades, but are not completely understood. The Chapter
by Santamaria-Pérez, Vegas and Liebau considers in very broad terms the
structures of ternary and quaternary silicates. In what is initially a surprising
approach they propose an adaptation of the Zintl-Klemm concept, which has



x Preface

been used very successfully to interpret the structures of alloys, to provide an
deeper understanding of the structures of silicates. Specifically they propose
that the three-dimensional skeletons formed by the silicon atoms may be inter-
preted as if the silicon atoms were behaving as Zintl polyanions, showing the
same connectivities. The oxygen atoms are then located close to both the hypo-
thetical two-electron bonds and the lone pairs and give rise to tetrahedral co-
ordination environments. The electronic origins of this generalization, which
is developed through many examples, is not fully established, but nonetheless
structural chemists may find the generalizations useful and the stimulus for
further theoretical work.

Arkansas and Oxford, July 2005 X. Peng, D. M. P. Mingos
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Abstract A retrospective overview of electrochemical studies of semiconductor nanocrys-
tals (NCs) is given. The electrochemical behavior of monodisperse NCs in a non-aqueous
supporting electrolyte can be derived from the electron quasiparticle energy and the
electron self-energy. Coulomb blockade can sometimes be observed in Si NCs if the
charged NCs are stable. Many NCs, such as Ge, CdS, CdSe, PbS and core-shell CdSe/ZnS
undergo some electrochemical and chemical reactions such as the so-called EC reac-
tion mechanism. Electrogenerated chemiluminescence (ECL) processes for elemental and
II/VI compound NCs in solution (and their films) are found to follow the general ECL
mechanisms of organic compounds. Most NCs emit ECL, which is red-shifted into the
photoluminescence (PL) region. ECL studies of NC solid-state films, especially the com-
bination of organic light-emitting diodes (LEDs) and NCs, have suggested the potential
for real workable devices. Treated CdSe NC thin films also exhibit stable and fast elec-
trochromic changes and ECL.

Keywords Electrochemistry - Electrogenerated chemiluminescence -
Electrochromic response - Semiconductor nanocrystals - Nanocrystal films

1
Introduction

Electrochemical methods of characterizing semiconductor nanocrystals
(NCs) can often complement the optical (spectroscopic, microscopic) methods
that are usually employed. While absorption and fluorescence spectroscopies
mainly probe the interior of the particle and provide information about the
electronic transitions (band gap) of the material, electrochemistry mainly
probes the particle surface (Fig. 1), as shown in the sections that follow. As
with smaller molecules, the electrochemical potentials found for reduction
and oxidation provide data on the molecular orbital (MO) energies (Fig. 2)
and these can correlate with the band gap of the NC. Moreover, the general
voltammetric behavior can show stepwise addition (or removal) of charge,
and they yield the diffusion coefficient, D, and information about the stabil-
ity of the particle upon electron transfer. In addition, as discussed below, one
can sometimes see the stepwise charging of the NCs dispersed in solvents as
a function of the applied potential.

This chapter deals with the electrochemical characterization of both so-
lutions and thin films of NCs and the electrogenerated chemiluminescence
(ECL) in such systems. There are other ways in which electrochemistry im-
pinges on semiconductor NCs. For example, there have been numerous re-
ports of electrochemical synthesis of semiconductor thin films [1] and studies
of the photoelectrochemistry (PEC) of NC films [2] (especially films of dye-
sensitized nanocrystalline TiO; and other semiconductors). These topics will
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Fig.1 Schematic representation of light absorption and emission and electrochemical
electron transfer processes at a semiconductor nanoparticle
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Fig.2 Schematic representation of electrochemical reduction and oxidation of a NC

not be discussed in this chapter. There have been a number of studies on
the electrochemistry of slurries and colloidal dispersions of semiconductors;
the next section is a brief overview of this work. The remainder of the chap-
ter deals with more recent studies, especially those that delineate the NC
characteristics.
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1.1
Early Studies of Dispersions of Semiconductor Nanocrystals

Semiconductor NCs, such as TiO, and CdS, were first of interest in connection
with photoelectrochemical processes, such as when driving redox reactions
at the NC surface by irradiation [3]. Electrochemical studies of semiconduc-
tor NCs aimed at studying energy levels in the NCs by noting when the NCs
would undergo an electron transfer reaction with an electrode directly or
with a species in solution that could then be detected at an electrode under
irradiation and in the dark [4, 5].

For example, in a study of TiO; NCs in 0.02 M HCI with a collection of pho-
togenerated electrons at an electrode, the action spectrum (collection current
vs. wavelength of irradiation) and the photocurrent-potential response could
be obtained [5,6]. These measurements allowed one to obtain information
about the NC band gap and the energy levels of electrons and holes in the par-
ticles under irradiation. In an alternative approach, reducible species, such as
Cu?*, Fe**, or methylviologen (MV?*) were added to the NC dispersions in
order to trap the photogenerated electrons more efficiently [7, 8]. By study-
ing the effect of pH, which shifted the flat band potential (electronic energy
level) of the TiO, NC with respect to the solution species (MV?2*), whose re-
dox potential was pH-independent, the flat band potential could be located at
-0.05V vs. NHE at pH = 0. Similar experiments were carried out with CdS
particles [9, 10] and FeS; [11].

Early experiments of this type with colloids of TiO; (~ 2.5 nm) and CdS
(~ 8nm) in the dark and under illumination at a rotating disk electrode
(RDE) demonstrated that these particles showed the expected electrochem-
ical behavior, such as mass transfer-controlled currents as a function of RDE
rotation rate and current-potential curves that followed potential-controlled
heterogeneous kinetics [12]. Such colloids (TiO;, SnO,) were also examined
at the dropping mercury electrode [13]. Drawn-out reduction waves were ob-
served that were attributed to the polydispersity of the samples.

These studies of particle suspensions and colloidal dispersions demon-
strated the utility of electrochemical measurements in studying semiconduc-
tor particles. However, they were carried out with polydisperse preparations,
so the unique molecular and NC nature of the systems could not be probed.
Moreover, all of these studies were carried out in aqueous solutions, which
limited the available potential window that could be explored, compared to
the aprotic solvents used in later studies.

1.2
Early Studies of Semiconductor NC Films

Films of discrete NCs, as opposed to bulk films prepared, for example, by
chemical vapor or electrochemical deposition, have also been studied. Films
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have the advantage of providing a larger electrochemical signal, since one is
dealing with a surface effect rather than being limited to low concentrations
of particles in solution. A typical study of CdS involved NCs prepared in AOT
inverse micelles and attached to a gold surface via a self-assembled monolayer
(SAM) of hexanedithiol [14]. The NCs were reasonably monodisperse and the
size was estimated from the absorbance spectra. The dark electrochemistry in
0.5 M Na,;SO4 showed irreversible reduction waves; only the curve for nomi-
nal 4 nm NCs showed well-defined waves (Fig. 3). A similar study was carried
out with a monolayer of PbS NCs [15].

There have also been electrochemical studies of thicker films of NCs, such
as WO3 and TiO; [2, 16]. For example, colloidal suspensions TiO, (particle
size ~ 8 nm) were spin coated on ITO substrates in layers ca. 0.4 pm thick,
and heated to 400 °C [2]. Repeated coatings and firings produced thicker
films, up to 4 pm thick. There is also a recent electrochemistry study on ca-
pacitive and reactive properties of porous nanocrystalline TiO; electrodes in
an aqueous electrolyte [17]. Fundamental characteristics such as charge ac-
cumulation, charge transport, and interfacial charge transfer were translated
into simple electric equivalents, which allow one to identify and classify the
major features of the voltammetric response according to the competition be-
tween the different processes during current-potential scan. Similarly, films
of WO3 (NC size 2 to 5nm) up to 10 um thick were prepared by drop coating
and heating [16]. Such films are of interest in electrochromic devices and in
solar cells, but do not show the same effects as monolayers of NCs and are not
considered further in this chapter.

[ SHA

current
o | jo lio

T
potential (v) vs. SCE

Fig.3 Dark current-potential curves of a CdS (thin film) on ITO; CdS (AOT-capped) NC
layers on hexane dithiol SAM with particle size b 4 nm, ¢ 3 nm, and d 2.3 nm. e Hexane
dithiol SAM [14]
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1.3
Electrochemical Reactions in NCs

Several different paths are followed when electrons are injected or removed
from a semiconductor NC:

NC charging. For elemental semiconductors, such as Si and Ge, as with
Au NGCs, addition or removal of electrons can simply lead to charging of the
NC (with compensating ions in the solution side of the double layer). Multi-
electron charging can continue until the field at the particle surface becomes
sufficiently high to drive an electrochemical reaction.

NC decomposition. The addition of charge can lead to reduction or oxida-
tion reactions of the NC substituents. For example, for CdS

CdS +2e — Cd + S* (electron injection)
CdS-2e— Cd** +5S (hole injection)

NC doping. Charge added to the NC can be compensated for by moving an
ion into the NC lattice. For example, the addition of an electron to WO; is
compensated for by moving H* from solution into the semiconductor. This is
sometimes called “n-doping”. Hole injection could be compensated for by an
anion, and this would constitute “p-doping”.

2
Theoretical and Experimental Background

The principles of electrochemistry and electrogenerated chemiluminescence
for monodisperse NCs in solutions and NC film will be outlined in this sec-
tion. The experimental procedures for both methods will be briefly described.
Literature was followed to prepare Si [18], Ge [19], CdS [20-22], CdSe [20, 23~
25], PbS [26,27], PbSe [28] as well as CdSe/ZnS core-shell [29] NCs. For
the detailed synthesis and size-selective separation methods used to prepare
semiconductor NCs, please refer to Peng’s chapter in this book and [30].

2.1
Electrochemistry of Monodispersed NCs

Monodispersed semiconductor NCs can be coated with dielectric organic
molecules such as trioctylphosphine oxide (TOPO), alkyl thiols and alcohols,
and dissolved in an organic electrolyte solution that has a wide potential
window. The applied potential is the potential difference between a working
electrode where an electrochemical reaction takes place and a reference elec-
trode that has a fixed potential. An electrochemical reaction at the working
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electrode is driven by the applied voltage [31, 32]:
Ox + e < Red, (1)

where Ox is the oxidized state and Red the reduced state.

When the working electrode in a NC solution is changed to a negative po-
tential, electrons can be added to the NCs through the dielectric organic layer
(an electrochemical reduction or injection of electrons) (Fig. 2). The charging
energy required to add the first electron to a single NC, 11, equals the elec-
tron quasiparticle energy, .1, which depends on the size-dependent shift in
the LUMO (energy level el in Fig. 4), €%, and the electron “self-energy” Y ,;,
which results from its image charge due to the dielectric constant discontinu-
ity of the surrounding dielectric media [33]:

M1 =Ee1 = 821 + Zel . (2)

€9, describes quantum confinement and ), represents dielectric confine-
ment [33]. Calculated values of ) _,, typically range from 0.2 to 0.5 eV for Si
NCs in the size range of interest here [33]. The charging energy required to
add the second electron to the LUMO of a negatively-charged NC u, has the
component for the extra electron-electron coulomb interaction Jej ¢;:

_ 0 _
H2=¢&, + Zel + Jel,e1 = €e1 t+ Jelpe1 - (3)

The addition of the third electron to the energy level e2, requires the charg-
ing energy:

_ 0 _
n3 =&y t+ ZeZ + 2]e1,ez - Kel,ez =&t 2]el,e2 - Kel,ez > (4)

where K, ¢ is the exchange energy between the parallel spin electrons in the
el and e2 energy levels.

The electron “addition energies” are defined as the differences between the
charging energies:

Ag\ﬂ.l,N = UN+1 — MUN . (5)

The addition energy for the second electron is

Aﬁ‘% =2 = i1 =Jelyel - (6)

Similar expressions can be developed for the addition energies of the holes

Aglll,N in the process of electrochemical oxidation of NCs. For instance, the
addition energy of the second hole in the HOMO (energy level h1) is

h
A(lz) = o1 = 2 =Jhipt - (7)

A classical estimation of J1 .1 ~ €% /2Cnc reveals that the sub-attofarad (aF)
capacitances for NCs give rise to A(le% > kgT; in other words the addition
energy is greater than the thermal fluctuation energy, even at room tempera-
ture, leading to discrete charging events in the potential scans [32, 34-36].
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| (a) Electron addition |

[(b) Quasi- particle gap |

| (c) Optical gap |

Fig.4 a Illustrates the process of loading three electrons into an otherwise neutral QD.
b Shows the process of removing a single electron from a QD and placing it into an iden-
tical dot at infinite distance. ¢ Describes the process of optically exciting an electron-hole
pair in a neutral QD [33]

Murray and co-workers [34] introduced the term quantized double layer
(QDL) charging for thiol-capped metal clusters to differentiate this collective
electrochemical response from coulomb blockade phenomena observed for
single-charge injection to isolated individual dots in scanning tunneling spec-
troscopy (STS) experiments (also called “addition spectra” [37]). Unlike the
electrical response measured by STS, the electrochemical current is limited by



Electrochemistry and Electrogenerated Chemiluminescence of Nanocrystals 9

quantum dot (QD) diffusion to the electrode surface. The electrochemical be-
havior is very sensitive to the NC size variation. This is due to the small size
of the NCs, where electron addition is quantized [38]. On the other hand, if
Cxc is independent of the number of electrons injected, consecutive charge
injection should occur in regular potential steps, AV = e/Cnc. For example,
organic capped Au NCs [34] show discrete peaks for charge injections. Fif-
teen evenly spaced (A V) peaks characteristic of charge injection to the metal
core were recently reported by Quinn et al., because of degenerate metal band
structure [39]. Nonetheless, the charging energy, u;, required for electron or
hole addition is the same for STS and differential pulse voltammetry (DPV)
measurements. For example, an electrochemical coulomb staircase was re-
cently observed based on two nanometer-sized electrodes connected in series
through a solution containing a redox couple [36]. Furthermore, electro-
chemistry of semiconductor NCs will reveal richer information than metallic
NCs because of their more complicated band structure. Indeed, Banin et al.
have identified atom-like electronic states in indium arsenide NC QDs using
cryogenic STS [40]. Finally, the electrochemical intermediates might not be
stable. Mechanisms like electrochemical reactions accompanied by chemical
reactions (EC mechanism) can be easily distinguished using the electrochem-
ical behavior of the NCs (see for example Sect. 3.2.1 in the case of CdS NCs).
Cyclic voltammetry (CV) is a technique frequently used to measure the cur-
rent during the process of linearly changing (at a given scan rate) the potential

Ef) —» | //;

E{-) —

1
I
I
1
1
I
I
1
|
|
1
1
1
1
1
1
L

4] Switching time, A
p—

(a)

5-100 msee —=| |- ’_EP_,_J_I_
to 100 m

10
= .5 0 4 580 —i| I

Time
(c)

Fig.5 a Cyclic potential sweep. b Resulting cyclic voltammogram. ¢ Potential profile of
DPV [32]
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between two limits, E; and Ef, on the working electrode (Fig. 5a,b) [31, 32].
CV provides a lot of information about electrochemical reaction mechanisms.
However, the technique has low sensitivity (minimum concentrations around
107% M) because of the large background current that arises from capacitive
charging of the electric double layer, faradaic reactions of impurities and elec-
trolyte, and oxidation or reduction of the electrode surface [41].

DPV can be used to suppress the background signal and enhance the
sensitivity. The potential-time waveform for DPV is shown in Fig. 5c. The
differential current is the current at the end of the pulse minus the current ob-
served just prior to the pulse as the applied potential advances from one pulse
to the next [31, 32].

2.2
Electrogenerated Chemiluminescence (ECL)

ECL takes place from an excited species that is formed in the course of an
electrochemical reaction. We begin with ECL in a solution. In ECL experi-
ments, electron transfer annihilation of electrogenerated anion and cation
radicals results in the production of excited states [32, 42]:

R-+R*t - R¥+R (8)
R* - R+ hv )

ECL has been extensively studied for organic molecules such as aromatic hy-
drocarbons and heterocycles, as well as for complexes like Ru(bpy)32* [32, 42,
43]. In this chapter, R~ and R*" refer to negatively- and positively-charged
NCs electrogenerated at the working electrode, which then react in solution
to give the excited state R*.

An alternative approach to generating ECL is through the use of a coreac-
tant. The purpose of the coreactant in ECL is to overcome either the limited
potential window of a solvent or poor radical anion or cation stability [32].
For example, the oxidation of oxalate (the coreactant) produces a strong re-
ducing agent, CO, ™", which can then react with the cation radical R*':

C04%7 — C04 + € (10)
C04~ — CO;™" + COy (11)
R* + CO;~ — R* + CO, (12)

Similarly, the reduction of peroxydisulfate (as a coreactant) releases a strong
oxidizing agent SO4~", which can interact with an anion radical R™":
82082_ +e— 52082_- (13)
$208%" — S04 + 504>~ (14)
R™ + 804~ — R* + 504*" (15)
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2.3
Electrochemistry Procedures: CV and DPV

A typical electrochemical cell consists of a Pt disk working electrode
(0.06 cm?), a Pt wire counter electrode, and an Ag wire quasi-reference elec-
trode. A quasi-reference electrode is used to prevent contamination of the
aprotic solvent with water and other species; its potential is usually measured
with respect to a true reference electrode at the end of the experiments. The
Pt working electrode is polished with 0.05 um alumina slurries (Buehler), and
then sonicated in water. The Pt electrode is frequently cycled in 0.1 M H,SO4
between - 0.5 and + 0.6 V at 10 V//s (for 400 cycles) to obtain a cleaner and
more reproducible Pt surface.

NC solutions typically contain about 5 to 50 mg of NCs with 0.1 M tetra-n-
butylammonium perchlorate (TBAP) or 0.1 M tetra-n-hexylammonium per-
chlorate (THAP) as a supporting electrolyte in pure N,N’-dimethylformamide
(DMF), acetonitrile or CH,Cl,. Solutions are usually prepared and loaded
into an airtight cell in a drybox filled with He (Vacuum Atmospheres Corpo-
ration, Los Angeles, CA, USA). CVs and DPVs are obtained with a suitable
electrochemical workstation, such as Autolab (Eco Chemie, Utrecht, the
Netherlands) or a CHI 610A (CH Instruments, Austin, TX, USA). Typical ex-
perimental parameters for DPVs are: 0.05 V pulse height, 60 ms pulse width,
200 ms period, 0.02 V/s scan rate.

24
ECL Experiments: Voltammetric ECL, Potential Step and ECL Spectrum

CVs and voltammetric ECL curves were obtained simultaneously using an
electrochemical workstation coupled to a photomultiplier tube [PMT, for ex-
ample a R4220p held at - 750 V with a high-voltage power supply series 225
(Bertan High Voltage Corp., Hicksville, NY, USA)]. The ECL signal, measured
from the PMT as a photocurrent, was transformed into a voltage signal by an
electrometer (such as Model 6517, Keithley, Cleveland, OH, USA). ECL spec-
tra are recorded with a charge coupled device (CCD) camera (such as CH260,
Photometrics, Tucson, AZ, USA) cooled below - 110 °C with liquid nitrogen
focused on the output of a grating spectrometer (such as Chemspec 1008,
American Holographics Inc., Littleton, MA, USA). Spectra are recorded with
the working electrode pulsed between fixed potentials; for example at 1 to
10 Hz frequency.

25
ECL Experiment of Si NC Film

In this experiment [44], indium-tin oxide (ITO)-covered glass (Delta Tech-
nologies, Stillwater, MN, USA) was thoroughly cleaned by sonication, first
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in acetone for 15min, then for 20 min in a 20-30% (v/v) solution of
ethanolamine in highly pure Millipore water at 60 °C, followed by several
rinsing/sonication steps with pure water at room temperature to remove
traces of ethanolamine, and dried under a stream of pure nitrogen. Si NCs
were redispersed in acetonitrile that was filtered through 0.2 um syringe
filters before use. NC films (around 100 nm) were spin-coated (Headway Re-
search, Garland, TX, USA) from the acetonitrile solution at 1000-2000 rpm,
onto clean ITO-covered glass or other substrate. After spin coating, the film
was dried under high vacuum at room temperature for 8 h. Ga:Sn (Alfa-
Aesar, Ward Hill, MA, USA) liquid contacts were printed using a syringe.
The current-light emission-voltage curves were taken using an AUTOLAB
electrochemical station coupled to a Newport (Irvine, CA, USA) optical
power meter. Measurements were performed at room temperature. More
detailed procedures are given in publications on thin-film solid-state electro-
luminescent (EL) devices based on tris(2,2’-bipyridine)ruthenium(II) com-
plexes [45, 46].

3
Electrochemistry and ECL of Semiconductor NCs

3.1
Elemental Semiconductor NCs

Elemental semiconductors, such as Si and Ge, have the advantage of being
relatively stable on reduction and oxidation (in the absence of water), com-
pared to compound semiconductors (such as CdS) discussed in Sect. 3.2.
These, then, allow measurement of quantum charging effects in the absence
of currents from decomposition reactions.

On the other hand, there has been interest in NCs of indirect band gap
semiconductors such as Si and Ge, especially due to the properties of ob-
taining useful levels of PL in the visible region of the spectrum and possible
applications in optoelectronics and microelectronics [47-51].

3.1.1
Electrochemistry and ECL of Si NCs

The electrochemical properties of freely diffusing Si NCs dispersed in DMF
measured at a Pt electrode are shown in Fig. 6 [52]. Discrete steps associated
with single electron charging and a large central gap between the onset of
oxidation and reduction, characteristic of the energy difference between the
highest occupied and lowest unoccupied MOs (the HOMO-LUMO gap) were
observed. The observed response was stable on repetitive potential cycling
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Fig.6 Cyclic voltammograms (right panels) and differential pulse voltammograms (left
panels) for several batches of Si nanoparticles in 0.1 M tetrahexylammonium perchlorate
(THAP) DMF solution. I, current; Ep, current peak potential, AEp, potential difference
between two succeeding peaks; Ircr, ECL photocurrent from the photomultiplier tube;
QRE, quasi-reference electrode. The NCs’ size and dispersion were a 2.77 £0.37, b 2.96 £
0.91, and ¢ 1.74+£0.67 nm. Cyclic voltammetric ECL voltage curves are plotted in b and
¢. The dotted curves in a represent the response of the blank supporting electrolyte so-
lution. The dotted curves in b and c are the responses for different initial DPV scan
potentials [52]
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over long time periods with no evidence of fouling or film formation on the
Pt electrode surface. Typical electrochemical responses for different solutions
of Si NCs are given in Fig. 6, with NC sizes of (a) 2.77 £0.37, (b) 2.96+0.91
and (c) 1.7440.67 nm. For example, in Fig. 6a there are as many as five well-
resolved DPV peaks between 0 and - 2.1 V. These almost regularly spaced
peaks appear reversible and highly reproducible.

Although the DPV peaks in Fig. 6 were not separated by exactly the same
AV, the average AV = 0.4 V corresponds to a capacitance of approximately
0.4 aF/cluster (Fig. 6a):

e
C = 16
MPc= (16)

This is comparable to the value reported for organic capped noble metal
clusters [53]. The AV compares favorably with values reported for organic
capped Au NCs, and recent calculations by Franceschetti and Zunger for Si
QDs with Al > on the order of 0.4 to 0.6eV [33]. As discussed in Sect. 2.1,
the 1rregularly spaced electrochemical behavior of NCs depends on both the
electron quasiparticle energy and the electron “self-energy”, while the elec-
trochemical behavior of metallic NCs is determined only by the electron
“self-energy”. With increasing NC charge, AV decreases measurably, per-
haps due to the band structure, multi-electron effects or NC size dispersity,
which can smear the observed responses in Fig. 6a,b [53]. The electrochem-
ical behavior seen in these figures was very sensitive to the NC size variation
(£0.37 nm in Fig. 3a and £0.91 nm in Fig. 6b).

The DPV responses in Fig. 6a—c are from NCs of different sizes. Common
features include the appearance of a large central gap ((u1 - -1 >1.3V);
the subscript “~ 1” refers to the hole chemical potential) and the general ab-
sence of DPV peaks in the positive potential region. This last feature was
not a limitation of the available electrochemical window, as seen in Fig. 6a
where the DPV response in the absence of Si NCs is given. Electron in-
jection occurred as discrete charging events; however, NC oxidation (hole
injection) was not generally quantized and the DPV response was character-
ized by a continuous increase in current with potential indicative of multiple
charge transfers. Nevertheless, the forward and reverse DPV scans are rela-
tively symmetric, indicating that both single and multiple charge transfers are
reversible. This contrasts with the electrochemical response of comparable
CdS and PbS NCs [26, 54], where electron and hole injection were irreversible
and multielectron transfer processes were proposed (the injected charge was
consumed by fast coupled chemical reactions due to cluster decomposition).
The large size-dependent central gap relates to the energetic difference be-
tween the highest occupied and lowest unoccupied MOs (the HOMO-LUMO
gap) [34], reflecting the quantized electronic structure of the semiconductor
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NC (from Eq. 2):
— 0 0
W1 = o1 = Eg — 1y +Zel +Zh1' (17)

The optical gap 8gaprt,, on the other hand, relates to 821, 821, and the electron-
hole coulomb interaction J,1 p1:

t
82519 = 821 - 8(;)11 _]el,hl . (18)
Therefore,
t
(PLI - M—l) - 8g§p = Zel + Zhl +Je1,h1 - (19)

The HOMO-LUMO gap increases with decreasing NC size from 2.96+
0.91 nm in Fig. 6b to 1.74+0.67 nm in Fig. 6¢c. However, as will be discussed
later, the electrochemical response can be dominated by the particle surface,
so this apparent electrochemical gap can be affected by the presence of non-
passivated surface states that can act as local traps for electrons and holes. As
much as 30 to 50% of the surface of the NC may be ligand-free and coated
with a mixture of H, Si—C = O and possibly a small amount of oxide [18].
Thus, the electrochemically-measured gaps are probably not representative of
the bulk of the particle (Fig. 1).

Density functional and quantum Monte Carlo calculations on the silicon
nanocluster, SizsHs4 with a diameter of 2 nm and its passivated derivatives
with E, Cl, OH, O and S groups revealed a density of states very similar to the
electrochemical behavior observed (Fig. 7) [55].

The NCs obtained are efficient emitters of visible light, with quantum
yields of between 5% and 20% and size-tunable colors that can range from
blue to red [18]. This is rather remarkable, given that the indirect band gap of
bulk Si makes it a poor candidate for a light-emitting material. Although the
precise origin of the light emission is still unknown [56], quantum confine-
ment in Si has led to efficient PL [57, 58], and radiative transitions have been
observed [59] in a variety of Si nanostructures, including thin wires [60],
dots [18] or porous silicon [59, 61].

In order for ECL to occur through electron transfer annihilation of elec-
trogenerated charged NCs (reactions 8 and 9), the intermediates must be
chemically stable and maintain their charged states long enough to trans-
fer charge upon colliding with oppositely-charged NCs in solution. Si NCs
seem to fulfill this requirement according to the observed electrochemical
behavior. Light emission by charge injection, ECL, into freely diffusing NCs
occurred under repetitive electrode potential cycling (see Fig. 6b,c) or puls-
ing (Fig. 8) between NC oxidation and reduction. This was the first report of
solution ECL from NCs [52]. The relative ECL intensity was greater in the po-
tential region where anionic NCs are electrogenerated (Fig. 6a and c). This
may indicate that the electrogenerated oxidized forms are more stable. Light
emission was not observed when the applied electrode potential was not suf-
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ened) of a Si3sHse cluster passivated with F, Cl, OH, O, and S groups. The single particle
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ficient to generate both the negatively- and positively-charged species. The
ECL spectrum (Fig. 9a) obtained from the annihilation (reaction 8) in MeCN,
where the applied electrode potential was pulsed between the oxidation and
reduction potentials (double potential step) in 100 ms steps [32,42], showed
a maximum at 640 nm. The coreactant systems (reactions 2 and 15) reveal
similar spectra (Fig. 9b,c).

The ECL spectra in the above three cases all show a maximum wavelength
of 640 nm, substantially red-shifted from that in the PL spectra (e.g., Fig. 9b).
The orange ECL emission was not sensitive to NC size or the capping agent
used. On the other hand, the Si NC is size-dependent [18]. A few important
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Fig.8 ECL transients for a annihilation of cation and anion radicals in 0.1 M THAP MeCN
solution, b an oxalate coreactant system with 2.5 mM tetrabutylammonium oxalate added
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tion with 6 mM tetrabutylammonium peroxydisulfate added. The nanoparticles are 2 to
4 nm in diameter. Dotted curves indicate applied potential steps; solid curves indicate ECL
transients. ¢, time [52]

observations and conclusions can be drawn from the ECL data. First of all,
the electrochemical “turn-on voltage” (the potential gap in Fig. 6b,c) for ra-
diative electron-hole annihilation between positively- and negatively-charged
NCs exceeds the optical transition energy. This observation is consistent with
the fact that electron and hole injection into separate NCs requires greater en-
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Fig.9 ECL spectra for a annihilation of cation and anion radicals generated by stepping
the potential between 2.7 and - 2.1V at 10 Hz with an integration time of 30 min in the
same solution as in Fig. 8a; b an oxalate coreactant system, stepping the potential be-
tween 0.1 and 3 V at 10 Hz, integration time 40 min in the same solution as in Fig. 8b; and
¢ a peroxydisulfate coreactant system, stepping the potential between - 0.5 and - 2.5V
at 10 Hz, integration time 10 min in the same solution as in Fig. 8c. The dotted curve in

c is the ECL spectrum for the blank solution [52]

ergy than optical excitation. Second, the turn-on voltage for ECL significantly
exceeds 1 — p;. Although the potential difference 111 — 14-; enables electron
and hole injection, and electron transfer between charged NCs in solution is
possible, the carrier energies are not large enough to produce bulk radiative
electron-hole recombination. This observation is consistent with previous
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observations for Si NCs. Excitation energies for efficient PL are found to
significantly exceed the absorption edge, with a PL intensity that depends
sensitively upon excitation energy, as shown in Fig. 10b. Furthermore, the PL
energy is considerably greater than the absorption edge, indicating that the
lowest-lying energy levels do not result in strongly radiative transitions.
Quantitatively, however, the energetic difference between the PL and ECL
of approximately 0.8 eV suggests that the emitting states are different. Pre-
viously, for Si NCs passivated with alkoxide-linked hydrocarbon chains [56],
the indirect band-gap was reported to shift from the bulk value of 1.1eV
to ~2.1eV for NCs of about 2 nm diameter and the direct transition ap-
peared to blueshift by 0.4 eV from its 3.4 éV bulk value over the same size
range. In that case, violet PL (~ 365 nm) was the most intense emission and
was attributed to direct electron-hole recombination, while other, less intense
PL peaks (~ 580 nm) were assigned to surface state and phonon-assisted re-
combination (Fig. 11) [56]. Undoubtedly, ECL depends more sensitively on
surface chemistry and the presence of surface states. PL mainly occurs via
excitation and emission within the NC core, although the electron and hole
wave functions can interact strongly with the NC surface. Despite a few no-
table exceptions [62, 63], charge injection to a Si NC is generally assumed to
occur via its surface states, given the large surface area and the possible pres-
ence of many dangling bonds. If we consider the Si NC/oxalate coreactant
system (reactions 10-12) as an example, the Si cores have band gaps greater
than the energy separation of the surface states, which are only slightly af-
fected by the NC size (Fig. 10a) [64]. As the electrode potential is made more
positive, holes are injected into the particle. Concurrently, oxalate is oxidized
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Fig. 10 a Schematic mechanisms for ECL and PL of Si clusters. b PL spectra at different ex-
citation energies recorded with the same solution as in Fig. 8a. The excitation wavelength
from top to bottom was between 360 and 520 nm at 20 nm intervals [52]
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of the extinction and PL spectra for a d = 4.0 nm Si NC sample [56]

and then undergoes a chemical reaction generating the powerful reducing
agent CO,~". This intermediate injects an electron across the NC surface
(reaction 10) and makes emission possible through surface electron-hole re-
combination. The other two ECL processes (reactions 8 and 15) are assumed
to occur via a similar mechanism. The observed ECL emission insensitivity
to core size and capping agent supports this proposed mechanism. Thus, the
difference in light emission through PL and ECL from the same Si NCs most
likely results from the greater significance of surface states for charge injec-
tion as opposed to photoinjection (Fig. 1). Note that similar long wavelength
emission is found with porous Si produced by anodic etching in the presence
of organic surface modifiers [65]. However, in that case, various Si surface
species containing H and O, may also be involved.

In addition, theoretical calculations on Si NCs [55] have demonstrated that
quantum confined states represent just one mechanism responsible for the
observed optical gap in Si NCs, and that the specific surface chemistry must
be taken into account in order to quantitatively explain their optical proper-
ties (Fig. 7).
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3.1.2
ECL of Ge NCs

Bulk Ge, with a band gap of 0.67 €V, is an interesting material for photonic
applications in the IR region. However, there is only one study on the electro-
chemical properties of Ge NCs [66].

Fig. 12 shows voltammetric ECL light emission from the Ge NCs in a DMF
solution containing 0.1 M TBAP. The Ge NCs used were synthesized by the
arrested-growth method in supercritical octanol. They were polydisperse in
nature, with an average size of 4.5 nm and capped with an organic layer of
C8 hydrocarbon chains bound through an alkoxide layer [19]. ECL was ob-
served through an annihilation mechanism when the electrode potential was
cycled between + 1.5V and - 2.3 V at a scan rate of 1.0 V/s. Several important
features were observed. First, electrogenerated reduced species are more sta-
ble than oxidized ones, as indicated by the relative ECL light intensity. Also,
a relatively sharp peak was observed in the potential region where oxidized
forms are electrogenerated, implying differences in the generation kinetics of
the charged species. On the other hand, the light emission upon reduction is
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Fig.12 Cyclic voltammogram and ECL curve of Ge NCs in DMF containing 0.1 M TBAP
(scan rate: 1.0 V/s) [66]
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lower and broader in intensity. Poor electrochemical behavior was observed
with the CV and DPV, which is similar to the case of CdSe NCs [67] described
below, because the NC concentration is limited by their solubility to the uM
range.

ECL transients for annihilation of oxidized and reduced forms were ob-
tained by switching the electrode potential between oxidation and reduction
of Ge NCs. As seen in Fig. 13, an initial step from 0.0 V to - 2.5V generated
weak and broad ECL light. Similar behavior, a so-called preannihilation pro-
cess, was observed and discussed in a publication [67]. The next step to 1.5V
generated substantially sharp and intense light emission through the anni-
hilation mechanism. ECL light intensity was higher when the potential was
stepped to the oxidation potential, suggesting again that reduced forms of Ge
NC are more stable. However, ECL light generated upon oxidation decayed
faster than the light generated upon reduction, as seen in Fig. 12, and this may
be related to the broad peak in Fig. 13.

Fig. 14 shows the ECL spectrum obtained from the Ge NCs dispersed in
a DMF solution containing 0.1 M TBAP using a double potential step between
+ 1.5V and - 2.5V at 10 Hz for 30 min. The ECL spectrum shows a maximum

2.5V 2.5V 2.5V

200 -

ECL intensity, nA
T

00 05 10 15 20 25 3.0 35

Time, s

Fig. 13 ECL transients of Ge NCs in DMF containing 0.1 M TBAP obtained by the potential
steps between + 1.5V and - 2.5V [66]
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Fig.14 ECL spectrum of Ge NCs in 0.1 M TBAP DMF electrolyte obtained by stepping
electrode potential between + 1.5V and - 2.5V at 10 Hz rate for 30 min. Inset: PL spec-
trum obtained from the Ge NCs dispersed in CHCI3. Excitation wavelength: 380 nm [66]

wavelength, which is ~ 200 nm red-shifted compared with the PL spectrum
in the inset. This substantial red shift was also observed in the previous ex-
periments with Si and CdSe NCs and is again attributed to surface states of
NCs [52, 67].

3.2
Compound Semiconductor NCs

3.2.1
Electrochemistry and ECL of CdS NCs

Monodisperse thioglycerol-capped CdS NCs can be prepared relatively easily
and are readily soluble in DMF. The NC sizes are 4.5, 4.3, 4.2, and 3.9 nm re-
spectively from I-IV. The CV response of the stable particles (Q-CdS) is shown
in Fig. 15 [54]. Clear oxidation and reduction peaks are apparent at - 2.15V
(A1) and 0.80 V (C1), respectively. The additional peaks only appear on scan
reversal after traversing either Al or Cl (Fig. 15b). Increasing the amount
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b Variation of the initial scan direction for IV illustrating that peaks A2, A3, and C3 are
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of Q-CdS added resulted in increases in all peak currents without significant
shifts in peak potentials. The linear dependence of peak current and potential
on the square root of scan rate, v, from 10 to 500 mVs~! shows that the CV re-
sponse is due to redox reactions of a solution species rather than an adsorbed
film (Fig. 16a) [54]. The peak position shifted with increasing v, suggesting
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kinetic effects. The current response for the other peaks was neither clearly
proportional to v nor v!/2. The response was stable on repetitive scanning and
for several days with no evidence of fouling on either electrode surface.

The peak-to-peak separation between Al and C1, 2.96 V, is comparable to
the 3.23 €V calculated from the electronic spectra (Fig. 17). Thus, these oxi-
dation and reduction peaks can be correlated directly to electron transfer at
HOMO and LUMO. The oxidation and reduction reactions are irreversible.
An approximate estimate based on the size and diffusion coefficient of the
particles suggests the passage of ca. 50 electrons/particle at the peak poten-
tials. In light of this electrochemical behavior, an (EC)" reaction mechanism
was proposed: a multielectron transfer process where the electrons are con-
sumed by fast coupled chemical reactions due to decomposition of the cluster.
Essentially, the electron is scavenged immediately after injection into the par-
ticle, and unlike the case for Si NCs, the Q-CdS can accept additional electrons
at the same potential, giving rise to higher peak currents. The appearance of
additional cathodic and anodic peaks in the middle of the potential window
(A2, A3, C2, and C3 in Fig. 15a) support this proposition. As illustrated in
Fig. 15b, CVs recorded where the initial potential and direction of the scan
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Fig. 17 Comparison of the absorption spectra for Q-CdS in DMF pre- a and post- b-e size

selection: a “as prepared” NCs and b-e size selected fractions (I-IV). As expected, the
absorption peak is blue-shifted as particle size decreases from a-e [54]
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were varied show that C1 reduction products are reoxidized at A2 and A3.
Similarly, C2 and C3 are due to the reduction of oxidation products of CdS
at Al. These can be tentatively be assigned to CdS/Cd° and CdS/S° couples.
The small shoulder apparent at ca. - 1.8 V was insignificant at v > 10 mV s7!
(Fig. 16a) and was, thus, neglected. This decomposition upon charge transfer
to the particle might be considered equivalent to the trapping of electrons (as
Cd° for example) and holes (as S for example) on the particle surface. Similar
results were observed for PbS [26]. Thus, unlike quantized Si NCs, Q-CdS is
reactive and undergoes decomposition upon charging, acting as a source or
sink of a large number of electrons at a single potential. To observe discreet
charging, semiconductor Q-particles need to be sufficiently stable to undergo
electron transfer without the associated following chemical reactions [52].

As the optical band gap is a function of particle size (Fig. 17), the elec-
trochemical band gap should also decrease with increasing particle size, as
seen from Table 1 [54]. On a qualitative level, the A1-C1 peak separations de-
creased with increasing particle size as predicted (Fig. 16b and Table 1). The
electrochemical band gap obtained for these fractions is less than the optical
band gap. The origin of this difference is probably the rapid following re-
actions, which cause the peaks to shift to less extreme potentials, as well as
the fact that the electrochemical experiments probe surface levels. From the
above studies, it was concluded that Q-CdS can act as multi-electron donors
or acceptors at a given potential due to trapping of holes and electrons within
the particle.

Similar ECL experiments described in Sect. 3.1.1 were carried out using the
above CdS NCs, but no perceptible ECL signal was observed in our group be-
cause the intermediate species were not stable. However, very recently Ren et al.
reported observing ECL from CdS spherical assemblies consisting of 5 nm CdS
uncapped NCs [68]. The ECL spectrum showed a peak wavelength of 700 nm.

Table 1 Correlation of optical and electrochemical bandgaps for fractions I-IV where AE
refers to the peak separation between Al and C1

Fraction AE (V)! AE (V)? Bandgap (éV)®  Size (nm)*
I =* 2.63 3.06 4.5
II 2.47 2.98 3.10 4.3
III 2.53 2.88 3.13 4.2
v 2.96 3.39 3.23 3.9

1 C1-Al peak separation at 10 mV s™!

2 C1-Al peak separation at 100 mV s

3 Estimated from UV-vis absorption peaks
4 Estimated from electronic spectra

* Peak not well defined
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3.2.2
Electrochemistry and ECL of CdSe NCs

Although there have been several reports on the electrochromic behavior of
CdSe NCs, no electrochemical data were reported for CdSe NCs, except for
a thin film study by Guyot-Sionnest [69]. In that report, quantitative electro-
chemical responses from the CdSe NC thin films, which were prepared using
cross-linking molecules such as 3-mercaptopropyltrimethoxysilane and 1,6-
hexanedithiol, was reported. The electrochromic kinetics and the stabilities
of the films treated with cross-linkers were substantially improved compared
with the film prepared simply by drying on an ITO or Pt electrode. On the
other hand, ECL from solutions of compound semiconductors such as CdS
and CdSe NCs have not been reported mainly due to their low solubility and
the instabilities of the oxidized and reduced forms [54].

Fig. 18 shows the well-known quantum size effect, in which the absorption
edges of CdSe are shifted to higher energies (2.3 eV) from the bulk band gap
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Fig.18 Room temperature absorption (solid line) and emission (dotted line) spectra of
CdSe NCs dispersed in CHCl3. Excitation wavelength: 370 nm [67]
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of 1.7 eV (730 nm) as the particle size decreases [67]. The UV spectrum with
the absorption maximum at 537 nm (gap, 2.3 éV) allows one to estimate the
size of CdSe NCs as about 32 A [20]. The PL spectrum shows a non-zero tail
towards longer wavelengths, suggesting the presence of surface traps which
play an important role in ECL [20, 70].

Unlike the thioglycerol-capped CdS NCs, light emission was observed
from the TOPO-capped CdSe NCs in CH,Cl, solution containing 0.1 M TBAP
through the annihilation mechanism when the electrode potential was cycled
between + 2.3V and - 2.3V at a scan rate of 1 V/s (Fig. 19) [67]. As shown in
the Figure, ECL light was generated in the potential region that corresponded
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Fig.19 Cyclic voltammograms and ECL curves of a CdSe NCs in 0.1 M TBAP CH,Cl,
electrolytes and b the blank supporting electrolyte (scan rate: 1 V/s) [67]
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to the band gap of CdSe NCs; the threshold voltage (~ 2.3 V) is almost the
same as the optical band gap estimated from the absorption maximum in
Fig. 18. Unlike the CdS NCs, electrochemical experiments such as CV and
DPV did not show any significant electrochemical features due to the low NP
concentration resulting from the limited solubility of the NCs in the solvents
employed [54], which made discerning faradaic current from CdSe reactions
from the background current difficult.

Some ECL light, generated through the so-called preannihilation mechan-
ism in Fig. 20 [42], was observed. Only oxidized species could be generated in
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Fig.20 ECL curves of CdSe NCs in 0.1 M TBAP CH,Cl; electrolytes with a different po-
tential window (“half scan”) between @ 0.0 V and + 2.3V, and b 0.0V and —2.3V (scan
rate: 1 V/s). Dotted curves are the ECL responses from the blank electrolyte [67]
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the “half scan” from 0.0 V to + 2.3 V, but ECL light was observed. Very similar
behavior was found for a scan from 0.0 V to - 2.3 V. The origin of this ECL is
unclear, but may depend on the presence of impurities or reaction products
that can act as coreactants.

Fig. 21a shows ECL transients for annihilation in a double potential step
experiment in which the potential was stepped from 0.0 V to - 2.3 V and be-
tween - 2.3V and + 2.3 V. As in the potential scan experiments, the light
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Fig.21 a ECL transients of CdSe (solid curve) applied potential steps between + 2.3V
and - 2.3V (dotted lines). b ECL spectrum obtained by stepping same potential as in
a at 10 Hz with an integration time of 30 min [67]
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intensity was higher in the potential region where reduced forms were elec-
trogenerated, whereas light intensity in the anodic region decreased substan-
tially with successive potential steps. Fig. 21b shows an ECL spectrum from
the TOPO-capped CdSe NCs dispersed in a CH,Cl, solution containing 0.1 M
TBAP, obtained using a double potential step between + 2.3V and -2.3V
at a 10 Hz rate integrated over 30 min. The observed maximum wavelength
at ~ 740 nm is red-shifted by almost 200 nm from that in Fig. 18. This sub-
stantial red shift between the PL and ECL emission was also observed in the
previous experiment with Si NCs [52]. Because of the high surface to volume
ratio of NCs, surface properties have significant effects on structural and opti-
cal properties such as emission efficiency and spectrum [70, 71]. For example,
adatoms and surface vacancies can provide localized surface states within the
band gap. In addition, ECL depends more sensitively on surface states than
PL, which mainly occurs through excitation and emission within the NCs
core [52]. NC cores have band gaps greater than the energy separation of sur-
face states. Considering all of these factors and the non-zero tail in the PL
spectrum shown in Fig. 18, the difference in light emission spectra between
ECL and PL most likely results from a major contribution of the surface states
in ECL emission. This result suggests the importance of surface passivation
studies on ECL.

DPV of 2.5 nm-diameter CdSe NCs was recently carried out [72]. NC re-
duction in the negative bias region, as shown in Fig. 22, was characterized by
a doublet and then a continuous increase in current with applied potential
becoming more negative, indicative of two discrete charge transfers followed
by multiple charge transfers. The DPV responses in this region reveal infor-
mation about the conduction levels and look very similar to the tunneling
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Fig.22 Differential pulse voltammograms of a dichloromethane solution containing 0.1 M
tetrabutylammonium perchlorate (TBAP) as supporting electrolyte (dotted line) and
2.50 nm CdSe NCs (40 mM) dispersed in the same solution (solid line) at a 0.07 cm? Pt
disk working electrode with a scan toward positive potential, a scan rate of 20 mV /s and
a pulse amplitude of 50 mV [72]
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current-voltage spectrum (TCVS) of a CdSe dot of a similar size observed at
4.2 K, obtained by Alperson et al. [73]. The doublet was assigned to the two
consecutive electron injections to the first conduction band, 1 S, (s character)
in the case of electrochemically-prepared dots [73]. The energy difference be-
tween the first two peaks (the Coulomb charging) was 0.37 eV in DPV, which
agrees well with the value in the TCVS (0.34 €V). Broader peaks were ob-
served in DPV than those observed in the TCVS. While the CdSe NCs were
monodisperse in size, the broadness of the peaks might be due to the surface
states, which increase the complexity of the electronic structure. Further-
more, a continuous increase in current instead of a Coulomb staircase for the
following electron injections to the second conduction band was observed in
DPV. On the other hand, two oxidation (hole injection) peaks were seen in
the positive bias side of the DPV in Fig. 22. These peaks were broader and the
Coulomb charging energy was larger (0.48 €V) than that of the negative side.
These results were expected due to the higher density of valence levels and
the close proximity between Coulomb charging, level spacing as well as the
multiplicity of the electronic structures.

The electrochemical gap was determined to be 2.34 €V from the separation
of the first oxidation and reduction peaks in the DPV (Fig. 22). This is in good
agreement with the optical band gap, 2.50 eV and 2.06 €V estimated from the
absorption onset and the broad PL peak of the NC, respectively [72]. The zero
current gap in TCVS, 2.88 to 3.13 €V, also provided a qualitative description of
the band gap [73]. The electrochemical gap is strongly affected by the pres-
ence of surface states that can act as local traps for electrons and holes. We
estimate that for NCs of this size, 30% to 50% of the CdSe is on the surface,
which may be capped with TOPO or possibly a small amount of oxide. All this
evidence suggests that the observed oxidation and reduction may largely re-
flect the properties of the NC surface. Electron and hole injections may first
occur on the 1Se and 1VB bands of surface CdSe respectively. However, the
DPV does not clarify where further charge injections occur. In addition, for-
ward and reverse (not shown) DPV scans are relatively less symmetric than
those of Si NCs, indicating that charge transfers are not very reversible.

The ECL of the same CdSe used for the above experiments was investigated
by recording voltammetric photocurrent with a photomultiplier tube (PMT).
ECL was observed under various stimulus conditions. Light emission was
produced from both negative and positive sides when the applied potential
was swept between - 2.30 and 2.30 V. An annihilation mechanism (electron
transfer between reduced and oxidized NCs) was assumed in this light emis-
sion process. More interestingly, a significant ECL signal was detected as the
potential was scanned from 0.00 to - 3.00 V [72]. The ECL-potential curve
showed two overlapping peaks, which may correspond to two emission pro-
cesses. The ECL turn-on potential was at — 1.30 V, which is slightly more
negative than the first reduction peak in DPV. Stable ECL could be obtained
by using pseudo-constant potentials, slowly scanning from - 1.60 to - 1.80 V
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or from - 2.00 to - 2.20 V. The second peak on the ECL-potential curve ap-
peared at — 2.12 V. Note that in these cases, only the reduced species existed
in the solution, and the annihilation leading to light emission could not hap-
pen. Therefore, there must be another oxidant that accepted an electron from
the valance band of anion NC radicals to form excited states. This coreactant
mechanism was interpreted by Bae et al. in the study of CdTe NCs in the same
supporting electrolyte, which will be described in the next section [74].
Typical ECL spectra are shown in Fig. 23. The integration time for the
spectra is 6 min. As the potential was scanned from 0 to - 2.20 V, the ECL
spectrum, consisting of two peaks at 1.90 and 2.55 eV, was very broad and
weak. However, strong ECL at 1.90 éV (red, 653 nm) was observed at poten-
tials that were slowly scanned between - 1.60 and - 1.80 V. Even stronger
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Fig.23 ECL spectra of 40 WM CdSe NCs in CH,Cl, containing 0.1 M TBAP at a 0.07 cm?
Pt working electrode, obtained by scanning applied potential between - 1.60 and - 1.80 V
a, -2.00 and - 2.20 V b, 0 and - 2.20 V ¢. All potentials are referred to Ag wire. Scan rates
for a, b and ¢ were at 10, 10 and 500 mV/s. An integration time of 6 min was used. Dotted
curves represent the responses of corresponding blank supporting electrolyte solutions
recorded at the same conditions. Vertical lines are cosmic rays on the CCD camera [72]
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ECL, consisting of two peaks at 1.90 and 2.55 eV (blue, 486 nm), was emit-
ted at more negative potentials (- 2.00 to — 2.20 V). It was assumed that ECL
at 1.90 and 2.55 €V correspond to the surface state and core structure emis-
sion respectively, because these energies are in good agreement with band
gaps from surface and core electronic structures as analyzed from the electro-
chemical and spectroscopic study. Emission at 2.55 eV implies that the current
rise at very negative potentials in DPV resulted from electron injection to the
core conduction band. Quantitatively, however, it is not clear why the NCs lu-
minesced at 1.90 eV simultaneously when stimulated with higher energy. It is
even more difficult to understand at this point why ECL was only observed at
a longer wavelength (1.70 éV) for 3.2 nm-diameter CdSe NCs prepared using
similar methods in a previous report, which was discussed above [67]. It can
be speculated that ECL from the core was not favorable in the absence of oxy-
gen molecules in an airtight electrochemical cell. Another aspect is that NCs
were obtained with different crystallinity from that of the NCs in the pre-
vious report [67], which lead to different crystal band structures. Bawendi
et al. [20] found that simulated X-ray powder diffraction spectra for 3.5 nm-
diameter spherical nanocrystallites such as zinc blende, wurtzite and wurtzite
with one stacking fault are very different. However, more detailed study is
needed to derive the relationship between nanocrystallinity and the ECL. The
results demonstrate the ability of the NCs to yield light emission tunable by
the applied potential.

ECL from CdSe NCs capped by octadecanamine (ODA) with diameters
of 2.31, 2.45 and 2.65nm (samples 1, 2 and 3) was investigated by Zhou
et al. [75]. ECL spectra of these different sized NCs at the optimized stimulus
conditions are shown in Fig. 24. It can be seen that ECL for sample 1 is rela-
tively strong and has a peak wavelength at 510 nm, which is identical to that in
PL spectrum [75]. ECL is weak for samples 2 and 3 and shows a peak position
at 663 nm, which is red shifted more than 100 nm from the peak wavelength
of PL spectra.

It was expected that the ECL peak wavelength of CdSe NCs with a direct
bandgap would be blueshifted with decreasing NC size. Though the antici-
pated size-dependent feature of ECL is not apparent in Fig. 24, two colors of
ECL were obtained from the prepared NCs. NCs of very small size can have
totally different optical properties in this special environment [73], sample 1,
with possibly richer surface states. These would produce an ECL spectrum
that includes both core and surface trap emission, which is in contrast to
the conventional situation. This phenomenon provided a good opportunity
to study the fate of injected electrons and holes in the NCs in the presence of
surface states. It is reasonable to attribute this result to the crystal structure
change occurring in the small-sized NCs. The structural change may trigger
electronic structure reorganization, which would allow the core level to accept
the injected electrons and holes. Also, it is possible that because of the space
effect of the ligand, small NCs have a greater chance of colliding with the co-
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Fig.24 ECL spectra of 2.5 pM CdSe solution in CH,Cl, with 0.1 M TBAP. Scanning poten-
tial windows are - 1.0 to - 2.8 V for samples 1 (2.31 nm) and 2 (2.45nm) and 2.5 to 3V
for sample 3 (2.65 nm). Scan rate is 0.5 V/s and integration time is 30 min. Vertical lines
are cosmic rays from the CCD spectrometers [75]

reactant directly, thus allowing the injection of a hole to produce the exited
state.

The aging method was explored in order to enhance the ECL intensity. The
above three electrolyte solutions were kept in the dark for two months and
their ECL were tested under the same conditions. The NCs showed much bet-
ter (sharper and clearer) ECL spectra, which are illustrated in Fig. 25. After
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Fig.25 ECL spectrum of aged CdSe solution in CH,Cl, with 0.1 M TBAP. Other experi-
mental conditions are the same as those in Fig. 24 [75]
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aging, samples 2 and 3 showed an ECL enhancement effect. This agrees well
with the fact that the PL yields of CdS/dendrimer nanocomposites contin-
uously increased with aging [76]. In fact, CdSe NCs were in self-focusing
growth during the aging process. The ECL enhancement is ascribed to an op-
timal surface structure reconstruction, which may lead to less quenching of
luminescence. Sample 1 produced not only a sharp and clear emission but was
also blueshifted by 100 nm, which suggests the possibility of NC reconstruc-
tion and size focusing. However, further work is required to establish exact
mechanisms for ECL intensity enhancement.

3.23
ECL of CdSe/ZnSe NCs

The PL efficiencies of NCs are sensitive to the nature of the particle surface;
surface states act as quenchers of the luminescence [52, 67]. Passivation of the
surface is the key to preparing highly luminescent semiconductor NCs for use
in light-emitting devices and tagging applications [78-80]. Such surface pas-
sivation has been achieved using organic capping agents as well as by forming
inorganic core/shell systems such as in CdSe/ZnSe [29, 70, 77, 78, 80, 81].
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Fig.26 PL and UV absorption (inset) spectra of CdSe (dotted line) and CdSe/ZnSe (solid
line) NCs dispersed in CHCl;3. Excitation wavelength: 370 nm [77]
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As discussed, the ECL emission is characteristic of surface energy levels,
while the PL is dominated by excitation and emission within the NC core [67].
Therefore, highly passivated NCs should result in an ECL spectrum that is
more like the PL spectrum.

The formation of a core/shell structure results in a dramatic enhance-
ment of PL. Fig. 26 shows PL and UV absorption spectra (inset) of CdSe/ZnSe
NCs dispersed in CHCl3. As shown, both the PL and UV spectra from the
core/shell NCs essentially maintain their overall shape, with a small redshift
compared to those of CdSe NCs, which is an indication of the formation of
core-shell structure [78,79,81]. Also, the PL peak intensity after passivation
with a shell of ZnSe NCs increased by more than ten times, compared to CdSe,
without significantly modifying the absorbance and PL features.

As discussed earlier, the ECL spectrum from Si and CdSe NCs showed
a significant redshift from the PL, which was attributed to surface ef-
fects [52,67]. Fig. 27 shows an ECL spectrum from the CdSe/ZnSe NCs dis-
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Fig.27 ECL spectrum of CdSe/ZnSe core-shell NCs in a CH,Cl, solution containing 0.1 M
TBAP. The spectrum was obtained by stepping the potential between + 2.3V and -2.3V
at 10 Hz, with an integration time of 30 min. The large sharp peaks represent random
cosmic ray events detected by the CCD camera [77]
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persed in a CH,Cl, solution containing 0.1 M TBAP. This ECL spectrum
shows one main peak at ~ 580 nm, which is almost identical to that in the
PL spectrum (Fig. 26). In other words, the redshift observed with CdSe has
been largely removed, indicating that the solution contains NCs whose sur-
faces have been largely passivated. There is another broad peak at ~ 740 nm,
which is redshifted by ~ 200 nm from the PL peak. This is the same degree
of redshift as found in the ECL spectra from CdSe and Si NCs [52, 67]. This
broad and ill-defined peak thus results from those NCs whose surface is not
passivated, suggesting that passivated CdSe NCs are present together with
some non-passivated NCs. This ability to probe the surface states of NCs is an
important advantage of ECL.

3.24
Electrochemistry and ECL of CdTe NCs

Figure 28 shows DPVs of two different batches of CdTe NCs [74]. In Fig. 28a,
in a 5:1 (v/v) benzene/acetonitrile mixture as a solvent, three anodic peaks
(Al and A2 at 0.45 and 0.73 V with a potential spacing of 0.28 V and an ad-
ditional peak at 0.9 V) were observed in the positive potential scan. Three
cathodic peaks (CI at - 1.68 V and two other peaks at - 1.0 and - 1.24 V) ap-
pear in the negative potential scan direction. The first anodic peak (Al) is
characteristic of a one-electron reaction and was sometimes difficult to dis-
tinguish from the background, as shown in Fig. 28b, even in the same batch
of particles in the same electrolyte solution. The third anodic peak around
0.9V and two cathodic peaks at potentials more positive than - 1.68 V were
not reproducible and are probably due to impurities in the NC preparation
or reduction of residual oxygen. The electrochemical band gap between the
first cathodic (C1) and anodic (A1) peaks from Fig. 28a is 2.13 V, which is
close to the value of 2 eV obtained spectroscopically. Similarly, in Fig. 28b,
the electrochemical band gap is ~ 2 eV if the positive onset point or the
shoulder near ~ 0.45V is taken as the first anodic current peak. Recently,
Gao and co-workers [82] reported voltammetric current peaks of thiogly-
colic acid-stabilized CdTe NCs around - 1 and + 1 V (vs. Ag/AgCl) in aqueous
solution. Similar voltammetric behavior was observed by Greene and co-
workers [83] from a solid film of dimethyldioctadecylammonium-stabilized
CdTe NC monolayer. They reported an electrochemical band gap that cor-
related with the optical value as well as anodic current peaks located at
potentials inside the valence band edge, which were explained by hole injec-
tion into the surface traps of the particles. The diffusion coefficient of the
NCs was estimated as being on the order of 107® cm? /s [74]. The electrochem-
ical behaviors of the synthetic precursors, like TOPO, Cd(ClO4);, TOP and Te,
were also investigated [74].

Figure 29 shows an ECL-potential curve and transients of CdTe NCs in
dichloromethane containing 0.1 M TBAPFs. As the potential is scanned from
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Fig.28 Differential pulse voltammograms of two different batches of CdTe NCs at
a 0.06 cm? Pt working electrode, scanning toward positive or negative potentials, at scan
rates of 10 mV/s and a pulse amplitude of 50 mV. The arrows indicate the starting poten-
tial and scan direction. a 9.6 uM CdTe NCs in 5: 1 (v/v) benzene/acetonitrile containing
0.1 M TBAP. The current value of peak Al is magnified three times and dotted lines are
background signal from supporting electrolyte solution. b 32 pM CdTe NCs in CH,Cl,
containing 0.1 M TBAPFs [74]

0 to - 2.46 V (vs. SCE) at a scan rate of 1 V/s, as shown in Fig. 29a, a signifi-
cant ECL signal is detected around - 1.85V, which is slightly to the negative
side of the first cathodic DPV peak potential (see Fig. 28), and shows a large
peak at a more negative potential. However, in a reverse potential scan, ECL
is not observed in the positive potential region. In Fig. 29b, the ECL tran-
sients were measured by applying 10 Hz potential steps between - 2.46 and
+ 1.44 V (solid line). A large ECL signal is detected at the first negative poten-
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tial step and a much smaller ECL signal at the subsequent positive potential.
The latter can be explained by electron transfer reactions between reduced
and oxidized NCs. This smaller ECL signal was sometimes undetected, even
in ECL transients. The former ECL observed at the first negative potential
region cannot be explained by the annihilation of redox species of NCs, be-
cause there are only reduced particles; there are no oxidized particles to act
as electron acceptors. Instead, the larger ECL signal is still observed by apply-
ing negative potential steps from - 0.46 to — 2.46 V in Fig. 29b (dotted line).
In a different solvent, a mixture of benzene and acetonitrile, the ECL signal
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Fig.29 a Cyclic voltammogram and the corresponding ECL potential curve (scan rate:
1V/s) and b ECL transients (lower curves) obtained by stepping potential (upper curves)
between - 2.46 and + 1.44V (solid line) or half potential between - 0.46 and - 2.46 V
(dotted line) of ~ 7 WM CdTe NCs in CH,Cl, containing 0.1 M TBAPFs at a 0.06 cm? Pt
working electrode [74]
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was 30 times smaller at the first negative potential, which can be attributed to
some impurities in the cell [74]. These results suggest that the large ECL at the
first negative potential in Fig. 29 might result from the dichloromethane sol-
vent acting as a coreactant. Ushida and co-workers [84] revealed that CH,Cl’
radicals produced under irradiation of CH,Cl, act as electron acceptors in
order to oxidize aromatic hydrocarbons. Based on this reference, CH,Cl" was
proposed as the oxidant in the system. The reduced CH;Cl,, CH,Cl,™, de-
composes into CH,Cl" and CI~, and the oxidant, CH,Cl', accepts an electron
from the reduced NC to form the emitting state.

CH,Cl, + e — CH,Cl,— — CH,CI (20)
(CdSe)nc™ + CH,Cl,~ — (CdSe)nc™* + CH,Cl™ (21)

The CdTe NCs exhibited a unique ECL spectrum (Fig. 30). The ECL peak at
638 nm, which was obtained by stepping potential between - 2.3 and + 2.3V
(vs. Ag wire) at 10 Hz in dichloromethane solvent is very close to the PL
maximum at 635 nm. The same ECL peak position was observed by stepping
between 0 and - 2.3 V (vs. Ag wire). Fig. 30 suggests that the synthesized CdTe
NCs have no deep surface traps causing luminescence at longer wavelength.
Even though the CdTe NCs were synthesized by the same procedure used in
CdSe NCs with TOPO capping agent, they show a more completely passivated
surface than CdSe NPs based on the ECL results. This conclusion is supported
by the fact that very small PL tails were observed at longer wavelengths than
the wavelength of band-edge PL [74].
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Fig.30 ECL spectrum (solid line) obtained by stepping potential between - 2.3 and + 2.3 V
(vs Ag wire) at 10 Hz, with an integration time of 20 min, of ~ 7 uM CdTe NCs in CH,Cl,
containing 0.1 M TBAP at a 0.1 cm? Pt working electrode. Dotted curve is PL spectrum to
compare with ECL spectrum [74]
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3.2.5
Electrochemical Behavior of PbS NCs

In a recent report on the electrochemical properties of PbS NCs [26], the pos-
sibility of QDL was raised to interpret the observed voltammetric response,
but, as for CdS NCs, the authors proposed that the peaks observed are instead
due to redox reactions coupled with PbS decomposition.

The particles synthesized under particular experimental conditions were
denoted as C6-PbS (2x), where 2x reflects a two-fold molar excess of 1-
hexanethiol (C6SH) over Pb. The cyclic voltammograms of the 1-hexanethiol-
capped PbS NCs dissolved in freshly distilled CH,Cl; containing 0.10 M TBAP
are shown in Fig. 31 [26]. The potential sweeps started at 0 and initially pro-
ceeded in the negative direction. Within the potential range of - 1.0to + 0.8 V,
only featureless voltammetric currents (a flat current-potential curve) were
seen, and these were interpreted as arising from the band gap of these PbS
NCs. This appears to be consistent with the aforementioned UV-VIS and TEM
results (1.5-1.8 eV). When the negative potential range was expanded fur-
ther to - 1.6 V, three pairs of rather well defined waves (labeled I, II, and
III) at - 1.3, - 1.0, and - 0.67 V, respectively, were observed (Fig. 31). These
three waves showed a modest peak splitting (ranging from 20 to 200 mV),
suggesting quasi-reversible electron-transfer processes; the peak potential
spacing was almost constant at about 300 mV. At first glance, this appears to
be consistent with so-called electrochemical quantized capacitance charging
to monolayer-protected nanoparticles such as Au NCs [34], where the par-
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Fig.31 Cyclic voltammograms of a Pt electrode (0.78 mm?) in C6-PbS (4x) nanopar-
ticles (ca. 0.4 mM) dissolved in freshly distilled CH,Cl, containing 0.10M tetra-n-
butylammonium perchlorate (TBAP) within various potential windows. The potential
sweeps were always started cathodically, and the potential sweep rate was 100 mV/s [26]
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ticle molecules behave as diffusive nanoelectrodes in solution and discrete
charging of the particle double-layer results in the appearance of electro-
chemical analogs of coulomb staircase charging. However, the authors [26, 34]
concluded from the capacitance calculation with Eq. 16 and from the electro-
chemistry of bulk PbS [85, 86] that it is more likely that these voltammetric
features are due to cathodic reduction reactions of the PbS NCs, as further
supported by the voltammetric responses at an even wider potential window
of - 1.6 to + 1.0 V. One can see that, in addition to the three pairs of voltam-
metric waves observed in the negative potential region, there are two rather
well-defined anodic waves observed at + 0.1 and + 0.7 V, respectively (labeled
IV and V). In particular, peak IV becomes rather prominent, compared to
that observed in the previous potential window (- 1.4 to + 0.8 V). Whereas
the detailed reaction mechanism remains largely unknown, the authors pro-
posed that the voltammetric waves (I, II, and III) are related to the reductive
decomposition of PbS and Pb-SC6 to Pb and the corresponding sulfur or thi-
olate [26]:

Anodic dissolution PbS — Pb** + S + 2e (22)

The sharp feature of peak IV (at 0.1 V) might reflect the anodic stripping of
surface-accumulated Pb. The peak height of IV became more pronounced at
a lower potential sweep rate, and the peak position shifted in the positive
direction at increasing sweep rate, indicating a kinetically sluggish process.
Peak V and the sharply rising anodic current at even more positive poten-
tials might be ascribed to the anodic dissolution of PbS (reaction 22). These
faradaic processes gave rise to a rather significant increase in the overall
voltammetric currents (Fig. 31).

33
NC Films

Semiconductor NCs are a form of “artificial atoms” that may find applications
in optoelectronic systems such as LEDs and photovoltaic cells, or as compo-
nents of future nanoelectronic devices. The behavior of thin films of NCs is of
interest to those researching such devices.

3.3.1
Si NCs and Porous Si

The integration of Si-based optical functions with Si electronic functions is
of interest. To our knowledge, there are no reports on EL devices based on
capped Si NCs. Using the method established for the fabrication of organic
LED on ITO [45, 46,87, 88], capped Si NCs were spin-coated onto an ITO
substrate (film thickness about 100 nm). A voltage was then applied to the
film between ITO (positive) and a Ga:Sn eutectic (negative) contact. The
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Fig.32 Current-voltage and luminescence-voltage plots of a thin layer of octanol-capped
Si nanoparticles. The voltage scan rate was 50 mV/s [44]

current-voltage and luminescence-voltage plots show a diode-like behavior
with a turn-on voltage of 3.0 V (Fig. 32) [44]. The emission mechanism is
probably similar to that for the ECL of Si NCs in solution, from the annihila-
tion of electrogenerated holes and electrons hopping from the anode and the
cathode and meeting in the film (reactions 8 and 9). A detailed model of anal-
ogous EL in solid-state LEDs based on amorphous film of Ru(bpy)s(ClO4)2
is presented elsewhere [88]. This preliminary result suggests that by optimiz-
ing film preparation conditions, improvements in the emission intensity and
efficiency might be possible. A better understanding of the mechanism of
operation and the emission decay is also needed.

Studies on LED devices containing porous Si [89] and Si nanowires [90]
have been reported and reviewed [91].

3.3.2
PbSe Film

Electrochemistry can be used to dope QDs, both #n- and p-type, and may
be useful in the fabrication of several novel optoelectronic devices. A spec-
troelectrochemical technique monitoring the visible and the IR absorption
was applied to a film of 7.2 nm-diameter PbSe NCs in order to determine
the number of charges injected into the NCs and to distinguish charges in-
jected into delocalized quantum confined states from those in localized trap
states [92]. PbSe NCs have a small band gap (since bulk PbSe has a gap of
0.278 €V at 298 K) and should be able to bring both hole and electronic states
into the range of stable electrochemical charge injection. Fig. 33 shows that
the first exciton (1Sh-1Se) at 5100 cm™' and the second exciton (1Ph-1Se) at
approximately 6600 cm™' are bleached and the intraband (1Se-1Pe) transition
at around 1500 cm™! turns on. At positive potentials, holes occupy the 1Sh
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state, causing a bleaching of the interband transitions involving that state and
inducing intraband absorptions to higher energy hole states in the valence
band. At + 0.55V, Fig. 33 shows the bleaching of the first exciton (1Sh-1Se)
and the second exciton (1Sh-1Pe) around 6500 cm™. These bleaching features
are accompanied by an induced absorption feature at around 1400 cm™, as-
signed to the 1Sh-1Ph intraband transition. Because of the similarity in the
effective masses of the electrons and the holes, the electrochromic effects of
hole and electron injection appear strikingly similar, with only small shifts in
the energies of the transitions.

Figure 34 plots the magnitude of the bleaching of the first exciton,
4400 cm™, versus the potential applied to a film of 8.8 nm diameter dots. Also
shown in Fig. 34 is the CV of the same sample, which shows no variation over
several cycles. At potentials more negative than - 0.725V 100% bleaching of
the first exciton is observed. This corresponds to the filling of the 1Se state in
all of the QDs in the film. For this sample, the bleach of the first exciton due to
hole injection plateaus at ~ 90%. The application of more positive potentials
causes irreversible changes to the film. The voltammetry shows a much more
reversible feature for the reduction than for the oxidation, consistent with the
lower stability of the injected hole. Similar behavior is observed for films of
7.2 nm-diameter PbSe NCs; however, for those dots, hole injection bleached
the first exciton by ~ 75%. For dots smaller than those two sizes mentioned
here, no significant hole injection was observed, although electron injection

1st exciton

1S -1P
h e

il 1S -1S
2000 a0 V- n e
1000 3000 5000 7000

IR Energy (cm'1)

-1.2

Fig.33 Difference spectra for a film of 7.2 nm diameter PbSe dots at - 0.40 and + 0.55V,
offset for clarity. The inset shows the induced absorption for a series of voltages between
-0.35 and - 0.70 V; the dotted line is the feature at - 0.40 V. Solvent absorption peaks in
the 1000-2000 cm™' range disrupt the induced absorption feature [92]
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Fig.34 The top panel shows the CV for a film of 8.8 nm-diameter PbSe QDs at a scan rate
of 17 mV/s. The bottom panel shows the normalized optical bleaching of the first (o) and
third (m) excitons, as a function of the applied potential [92]

was still possible. Injection of charge carriers into higher energy states was
only observed for electrons. The magnitude of the bleaching of the third exci-
ton (1Ph-1Pe) is plotted as a function of the applied potential in Fig. 34.

333
CdSe NC Thin Film and Single Monolayers of CdSe
in Molecular Organic Devices

Guyot-Sionnest et al. have recently reported that the color of colloidal CdSe
NGCs is highly controllable electrochemically, a direct consequence of quan-
tum confinement on the electronic states [62,63]. Electron injection into
CdSe NC thin films was reversibly controlled by applying an electrochem-
ical potential [94]. Complete bleaching of the visible interband transition and
strong mid-IR intraband absorption was observed upon electron injection
into CdSe NC films. The electrochromic response was fairly reproducible;
however, complete color change and recovery took hundreds of seconds [94].
Moreover, as shown in Fig. 35 [69], the recovery was fairly slow.

TOPO-capped CdSe NC thin films exhibit stable and quantitative electro-
chemical responses when treated with cross-linking molecules such as dithi-
ols or diamines (Fig. 36). For a 100 nm-thick film of 6.2 nm-diameter NCs,
the electrochromic changes were 1000-fold faster (on the 100 ms timescale),
and remained reproducible after 10000 cycles (Fig. 37) [69], 0.15 at the peak
exciton. The color switching is easily observed by eye.
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Relative Bleach Signal
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Fig.35 Time trace of the bleaching and recovery of 6.2 nm diameter CdSe NC films on
an ITO electrode. The optical signal is measured at 639.5 nm, and all bleaching signals
are normalized to - 1. The solid lines are for a negative potential step followed by a re-
turn of the potential to 0 V with respect to the Ag quasi-reference. The dotted lines are
for the same negative potential step followed by the electrode being disconnected. Fine
line, TOPO-capped CdSe; heavy line, pyridine-capped CdSe [69]
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Fig.36 Time trace of the bleaching a for different films of 6.2 nm diameter CdSe NCs
on an ITO electrode after the negative potential step, and recovery b after returning the
potential to 0 V with respect to the Ag quasi-reference. The optical signal is measured
at 639.5nm, and all bleaching signals are normalized to - 1. The solid line and data
points are for pyridine-capped NCs treated with 1,6-hexanedithiol. The dotted line is for
pyridine-capped NCs treated with 4,4’-biphenyldithiol. The dot-dashed line is for TOPO-
capped NCs treated with 4,4'-biphenyldithiol. In b, the dashed line shows the much slower
bleaching recovery for a film of pyridine-capped NCs treated with 1,6-hexanedithiol when
the electrode is disconnected [69]
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Fig.37 Optical density at 639.5 nm for a 6.2 nm diameter pyridine-capped NC film cross-
linked with 1,6-hexanedithiol on an ITO electrode while cycling the electrode between
- 0.8V and - 1.4V with respect to the Ag pseudo-reference. The solid line is the elec-
trochromic response of the thin film for the first few cycles. The dotted line is the response
after about 3 h and 10000 cycles [69]
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Fig.38 a Schematic diagram of the NC charging device. The insulating layer consists
of 15.5 bilayers of PAH/PAA with the PAH layer on top. The ITO serves as a transpar-
ent electrode for PL measurement through an optical microscope. The excitation source
consists of a continuous wave Ar ion laser (514 nm, 50 W cm™2) and the PL is detected
by a CCD camera. Typical working pixel area is 6 mm? with eight pixels per device.
b The charging time-traces for bare, 2.2 nm radius, CdSe NCs with 3 x 10° Vcm™ (top)
and 4 x 10° V.cm™! (bottom). ¢ The photostability of the device is evidenced by the recov-
ery of the PL intensity after the charge/discharge cycling of the voltage sequence. d Fast
charging and discharging times of a CdSe NC charging device operating under the critical
voltage [95]
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Bawendi et al. [95] fabricated a simple solid-state device (Fig. 38a) that
can reversibly charge multiple layers of CdSe NCs. The device consists of an
insulating polymer layer and a thin, spin-coated NC layer sandwiched be-
tween two electrodes. A layer-by-layer deposition technique was employed
to cast the polyelectrolytes poly(allylamine hydrochloride) and poly(acrylic
acid) sequentially onto an ITO electrode [95]. This simple technique resulted
in highly uniform thin films with precisely controlled thickness and chem-
ical composition over a large area. Reversible fluorescence quenching and
bleaching of the absorption of the NCs were directly observed upon apply-
ing a voltage (Fig. 38b-d). The drastic changes in the optical properties led
to the suggestion of possible use of NCs in optical modulators and in tunable
fluorescent or photochromic displays.
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Fig.39 Electroluminescence spectra and structures for two QD-LEDs, devices I and II.
Dashed lines, decomposition of spectra into Alq3 (tris-(8-hydroxyquinoline)aluminum)
and QD components. Inset, cartoon of a QD of the core-shell type. Solutions of QDs have
a PL efficiency of 22 +2%. Absorption and luminescence spectra of the QD solutions peak
at wavelengths of 545 and 561 nm, respectively, corresponding to a CdSe core diameter of
~ 38 A coated with 1.5 monolayers of ZnS. The QDs are mixed into a chloroform solution
of N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’ -diamine (TPD), which is
then spin-cast onto clean, ITO-coated glass substrates. The QD and TPD concentrations
are optimized such that spin-casting results in the formation of a single QD monolayer
on top of a 35-nm-thick TPD layer. a For device I, a 40 nm-thick film of Alq3 is then
thermally evaporated, followed by a 1 mm-diameter, 75 nm-thick Mg: Ag (10: 1 by mass)
cathode with a 50 nm Ag cap. b For device II, a layer of 3-(4-biphenyl)-4-phenyl-5-¢-
butylphenyl-1,2,4-triazole (TAZ) with a nominal thickness of 10 nm is evaporated before
a 30 nm Alq3 deposition. The spin-casting and device manipulation during growth is
performed in a dry nitrogen environment, with moisture and oxygen contents of less
than 5 p.p.m. All measurements are done in air. For optimized growth conditions, device
yields are high compared to those of thermally evaporated all-organic LEDs. f, emission
fraction [93]
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Bulovic and Bawendi et al. recently reported on the fabrication of high-
efficiency organic LEDs in which the light-emitting centers are a single mono-
layer of CdSe NCs, as shown in Fig. 39 [93]. Previously, poor conduction
through NC multilayers led to an injected charge imbalance, and conse-
quently the luminescence efficiency of these early devices never exceeded
0.10cd/A. A high density of pinhole defects in NC multilayers resulted in
low device yields and inconsistent device performance. These technological
shortcomings are avoided in structures that use only a single monolayer of
QDs as the emissive layer (Fig. 39). The spectral peak 562 nm is attributed
to emission from the CdSe NCs. Remarkably, the efficiency of the devices is
about 25 times higher than that achieved so far with quantum-dot LEDs.

3.34
CdSe/ZnS Core-Shell NC Film

Hikmet et al. studied the charge transport and EL properties of colloidally-
synthesized CdSe /ZnS core-shell NCQDs [27]. NCs were prepared via pyrolysis
of organometallic reagents in a hot coordinating solvent medium. Thin film
diodes were produced by depositing a layer of QDs on top of a layer of the
conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT): polystyre-
nesulfonate (PSS) and then depositing a metal electrode, as shown in Fig. 40.
Only a small rectification could be observed upon reversing the bias for all of
the metals used in this study. In Fig. 41, the current and the emitted light inten-
sity are plotted as a function of voltage. Light emission was activated at about
5V when PEDOT was at a positive bias and at 7 V when it was at a negative bias.
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Fig.40 a Structure of the device and b energy levels of various materials used [27]
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Fig.41 Current and light intensity as a function of voltage [27]

The efficiency of the light generation showed a strong dependence on
the work function and bias of the metal electrodes, and light generation in
these devices was proposed to occur by recombination of injected holes and
electrons. The difficulty encountered when injecting holes into the QDs was
attributed to the low-lying HOMO level of CdSe QDs, and this was considered
to be the cause of the low efficiencies observed. The voltage dependence of
the current in QD composites could be explained by a space charge-limited
current (SCLC) in the presence of defects. At low voltages, the QD layers
showed ohmic behavior. At intermediate voltages, the I-V behavior could be
described by SCLC with traps. At high voltages the traps became filled and
SCLC without traps could be used to describe the voltage dependence of the
current. The fact that SCLC could be used to describe the observed behav-
ior supported the suggestion that electrons were the majority carriers in the
diodes. The calculated low mobility for the QD layers indicated that a hop-
ping conduction mechanism was used. The trap density was estimated to be
roughly the same as the number density of QDs, indicating that each QD acts
as an electron trap.

Bawendi et al. [95] also investigated the charge injection quenching of the
photoluminescence of ZnS-CdSe core-shell NCs. Experimental results were
compared with those of pure CdSe devices. The core-shell NCs were said
to have an inefficient charging process and a dynamic competition between
charge injection through the ZnS layer and photo-assisted discharging of the
core via interface trap states [95].

3.35
Electrochemistry and ECL of CdSe, CdSe/CdS Core-Shell NC Film
and InP NC Solution

Nann and co-workers recently investigated ionization, electron affinity and
quantum confinement in CdSe NCs, using cyclic voltammetry of their film
dip-coated onto Au electrodes [96]. The electrochemical results are in total
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agreement with the theoretical expectations (quantum confinement) and the
spectroscopic data as shown in Table 2.

Very recently, Weller et al. reported the ECL observations from a cross-
linked CdSe NC film with 1,8-octanediamine at platinum or F-doped SnO,

Table 2 Estimated band gap energies for different CdSe NCs by three methods: absorption
onset Eg, photoluminescence maximum Ej, and electrochemical determination AE [96]

3.23 nm 3.48 nm 3.73 nm 3.80 nm
Eg (eV) 2.10 2.05 2.01 2.00
E(g (eV) 2.17 2.13 2.08 2.05
AE (V) 2.10 2.03 1.99 1.94
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Fig.42 a Absorbance of 5.1 nm CdSe nanocrystals dispersed in chloroform (from left
to right; left peak) and PL spectra measured on the same nanocrystals dispersed in
chloroform (second peak from the left) and cross-linked by 1,8-octanediamine into
a close-packed film (third peak from the left). The ECL spectrum of the cross-linked
film is shown by dashed line. b True color photographs of an electrode with a film of
4.3 nm CdSe nanocrystals (left), and ECL observed on CdSe nanocrystals with diameters
of 4.3 nm (middle photo) and 5.1 nm (right photo). ¢ ECL spectra of the cross-linked films
of 2.8, 4.2, and 5.1 nm CdSe nanocrystals
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substrates in contact with a peroxodisulfate solution as the co-reactant [97].
Green, yellow and red ECL was emitted from 2.8, 4.2 and 5.1 nm CdSe NCs
respectively (Fig. 42). The films of cross-linked CdSe/CdS core-shell NCs ex-
hibited ECL that was about two orders of magnitude weaker than that of CdSe
NCs, possibly due to their poor conductivity. It was found that the addition
of hydrogen peroxide induces ECL of CdSe/CdS core-shell nanocrystals [97].
ECL can be also generated from a colloidal solution of 4.2 nm InP NCs in
butanol upon the addition of hydrogen peroxide [97].

4
Perspective and Conclusions

Electrochemical measurements of NCs have already demonstrated that they
can provide useful information about redox potentials, energy levels, band
gaps, and particle stability on doping. However, most of the work described
here must still be considered preliminary, and more detailed and definitive
results are needed. A problem with measurements of NC solutions is the low
solubility of the particles (at the uM level) and the low diffusion coefficients
of the particles (~ 1077 cm?/s), resulting in current levels during CV that
are difficult to measure above the background signal. A way to improve the
solubility is needed, for example by finding alternative capping ligands and
solvents. More work also needs to be carried out with solvents that have larger
potential windows and in which compound semiconductor particles are more
stable. Higher stability is important, for example, in obtaining higher inten-
sity ECL and when utilizing NCs as ECL labels.

Thin films allow a better electrochemical signal and are more closely
related to potential devices. Size-controlled and, therefore, band gap-
engineered semiconductor NCs may find use in a wide range of electrical and
optical applications. Light emission through EL or ECL in the visible region
may find possible applications in displays, optoelectronics and microelec-
tronics.
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Abstract This chapter reviews intraband spectroscopy as it has been applied to semicon-
ductor nanocrystals synthesized by colloid methods.

1
Introduction

Semiconductor nanocrystal colloids present many interesting possibilities as
optical materials. For direct band-gap materials, the strong interband opti-
cal transitions, those between the quantum confined states from below the
valence band maximum to above the conduction band minimum, are well
studied. Reduction of the nanoparticle sizes below about the bulk exciton ra-
dius results in a continuously tunable blue shift of the absorption edge from
the bulk band gap. Compared to dye molecules, appropriately synthesized
semiconductor nanocrystals afford wider tunability along with narrower and
more stable fluorescence. This advantage is considered useful for various ap-
plications described in other chapters of this book, and it is especially striking
in the near-IR where organic dyes have very poor emission efficiency.

It is less commonly appreciated that the same nanocrystals, made of mate-
rials with near-IR or visible band gap, can also exhibit intense mid-IR tran-
sitions due to excitation within the quantum states of the conduction band
or valence band. These are “intraband” transitions. These electronic transi-
tions are size tunable, limited in the far-IR by the phonons of the materials
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and reach the near-IR at small sizes. The mid-IR presents interesting pos-
sibilities for atmospheric communication (3-5 microns and 8-10 microns),
thermal imaging, and analytical instrumentation. Semiconductor quantum
dots are therefore attractive materials for potential applications such as filters,
detectors, lasers, and nonlinear optical elements.

Intraband (also called intersubband) transitions in semiconductor nanos-
tructures were first experimentally investigated with quantum wells [1]. De-
velopments in band-gap engineering with epitaxially grown semiconductor
quantum wells have led to the mid-IR “quantum cascade laser” based on
intraband transitions in quantum wells [2]. Although, in comparison, the de-
velopment and understanding of intraband transitions in quantum dots is
primitive, the colloid nanocrystals may one day become a significant com-
ponent of IR technology. At this stage, we know that the strong intraband
transitions of semiconductor nanocrystal colloids provide for “chemicals”
with IR properties that are unlikely to ever be matched by organic molecu-
lar systems. Electron injection can turn on or off the IR absorption of the
small semiconductor nanocrystal, leading to a large electro-optic response
with possibilities for sensors, displays, and IR electrochromic coatings. Re-
cent successes at charging nanocrystals and making conducting films make it
more likely that the intraband IR transitions of colloidal quantum dots may
one day find use in electro-optic systems.

Although progress has been made in characterizing intraband transitions
in colloidal quantum dots, there are interesting issues to be resolved. For
example, understanding and controlling carrier dynamics will be essential
to the operation of nanocrystal lasers. Unlike for quantum wells, there is
not a good understanding of the role that phonons play in the relaxation
mechanisms for strongly confined nanocrystals, mainly because the energy
separation between the electronic states can be much larger than the phonon
energy. Furthermore, while specific surface modifications have been identi-
fied to reduce nonradiative interband recombination processes and to provide
efficient fluorescent nanoparticles, for example via the core/shell heterostruc-
ture approach, intraband nonradiative relaxation in colloid quantum dots
is very fast and possibly strongly related to surface effects. In this con-
text, basic studies of intraband time and frequency-resolved spectroscopy
can provide much needed information on carrier dynamics and coupling
mechanisms.

2
Background

In a quantum dot, the three-dimensional confinement of electrons and holes
leads to discrete states. Neglecting phonons and relaxation processes, these
states should be delta functions, their energies determined by the proper-
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Fig.1 1S-1P transition energy as a function of the inverse radius squared for CdSe. The
solid line is the expectation from the k.p model. The dashed line includes Coulomb inter-
action with a delocalized hole. The filled symbols are for photoexcited nanocrystals, filled
triangles are measured with a laser (resolution 10 ps), and filled lozenges are measured
with a step-scan FTIR (resolution ~ 40 ns). The open circles are for n-type and TOPO-
capped nanocrystals, while the open inverted triangles are for n-type nanocrystals with
the indicated surface modifications

ties of the bulk semiconductor and the surface. For spherical quantum dots,
the effective mass approximation (k.p) to the band structure was first suc-
cessfully developed by Efros and coworkers to quantitatively reproduce size-
dependent interband transition energies with few adjustable parameters for
CdSe nanocrystals in a glass matrix [3]. This has also been applied in greater
detail to colloidal CdSe [4] and InAs [5]. The effective mass method has also
been used to predict the finer structure at the band edge and the effect of
spin degeneracy on luminescence [6, 7]. Given the uncertainties due to shape,
boundary conditions, image charge potential, surface charges, dipoles, etc.,
the predictions might be rather crude, especially for states of the more mas-
sive holes, but the effective mass approach has been a very useful guide. The
more rigorous atomistic calculations, based on ab initio or pseudopotential
methods, have provided similar information for the electron states. There are
reported discrepancies [8] that experiments have not yet been able to address.
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Ultimately, one would expect atomistic calculations to be definitely necessary
when surface states are identified.

The confined states are simplest for a nondegenerate band. This is the
case for the II-VI and III-V materials, where the conduction band is derived
from s-atomic orbitals. For a spherical box, the effective mass approximation
solutions are Bessel functions that satisfy the boundary conditions and are
denoted 1S, 1P, 2§, 1D, with the usual convention for the angular momen-
tum and the same angular dependence as for atomic orbitals. For a realistic
finite potential, the wavefunctions leak out of the nanocrystals to some extent
but otherwise retain the nodal structure of the perfectly confined wavefunc-
tion. The angular momentum optical selection rules for intraband transitions
are the same as for atomic spectra since the Bloch functions are derived from
identical atomic wavefunctions; therefore, the allowed intraband transitions
are AL = +1. This is in contrast to interband transitions for which AL = 0, £2
in the II-VI and III-V materials because of the P-character of the valence
atomic states.

The solid line in Fig. 1 shows the calculated energy separation between the
first and second conduction band states 1S to 1P as a function of diameter
for CdSe quantum dots. This is calculated in the k.p approximation with the
CdSe parameters. It assumes a spherical particle and an external potential
of 8.9 éV as used by Norris and Bawendi [4] to fit the interband absorption
spectra of similar particles. We note that such a large potential is not consid-
ered meaningful and is only taken as the result of fitting the interband optical
spectra.

The intraband transition energy can be affected by Coulomb interaction
with surface charges or delocalized hole states. For example, with a delocal-
ized hole in a 1S3/, state as initially created by band-edge photoexcitation, the
electron-hole Coulomb attraction would stabilize the 1S electron wavefunc-
tion more than the 1P, and therefore it would increase the 1S-1P transition
energy by about 0.05 to 0.1€V in the size range studied, as shown by the
dotted line. Surface charges are expected to have a lesser effect due to the
screening by the semiconductor lattice.

It is an essential property of the intraband transitions that they are strong.
The 1S-1P intraband transition should have an oscillator strength of the same
order as that of the interband excitonic transition [9]. In the parabolic ap-
proximation, truly valid only at very large sizes, the oscillator strength of the
1S-1P transition is ~ 1/m* [10]. This is close to 10 for CdSe with m* ~ 0.12,
and it could be ~ 100 for other materials. In practice, as the quantum dot
size decreases, the 1S and 1P states are in a higher region of the conduction
band with a larger effective mass, and the 1S-1P oscillator strength becomes
smaller. At large sizes, excitonic effects should also lead to smaller cross
sections. The dielectric screening further reduces the cross sections as the
colloids are often surrounded in low dielectric materials. Nevertheless, the
absorption cross section should still be very large by molecular standards.
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For a spherical box and in the parabolic approximation, the 15-1P tran-
sition carries most of the oscillator strength of the electron in the 1S state.
For an infinite spherical potential, 96% of the oscillator strength is in the
1S-1P transition with little left for transitions to higher P states. There-
fore, the absorption spectrum of a nanocrystal with one electron in the
1S state exhibits a characteristic intense and unique IR absorption within
the band gap. In effect, adding an electron to a nanocrystal is a simple
way of replacing a visible band-gap material by an IR material. Compared
to organic dyes or charge transfer complexes, the electron-phonon coup-
ling is typically much smaller in inorganic semiconductors; therefore, the
electronic transition should exhibit weaker phonon progression and remain
relatively narrow. It is this combination of an intense electronic transition
over a relatively narrow spectral range in the mid-IR that is very unique
to the colloid quantum dots and unlikely ever to be matched by organic
materials.

3
Experimental Observations
of the Intraband Absorption in Colloid Quantum Dots

Intraband spectra of nanocrystals in solid matrix [11, 12] and colloid quan-
tum dots [10] were first recorded by IR probe spectroscopy after inter-
band photoexcitation. With current preparations of CdSe nanocrystals [13],
an initially photoexcited electron-hole pair does not recombine for several
nanoseconds, and it is therefore easy to detect the IR absorption a short while
after excitation. Figure 2 shows the absorption spectra measured on samples
of monodispersed and approximately spherical CdSe nanocrystals of three
sizes about 20 ps after the interband photoexcitation. The tunability of the
IR absorption is further apparent in Fig. 3. There the intraband spectra had
been obtained with a step-scan FTIR spectrometer with a 20 ns time reso-
lution and a 10 ns laser 532 m excitation pulse. In both sets of data, the noise
in the spectra is due principally to the low repetition rate of the data ac-
quisition, but the overall absorption change is very large and, as expected,
comparable to the initial absorption strength of the band-edge exciton in the
visible.

The cross sections have been measured and found to be in fair agreement
with the expectations from the effective mass approximation, including the
correction from the dielectric screening [10]. The large cross sections are an
important observation that helps ascertain the nature of the states involved in
IR absorption. Indeed, transient absorption of a photoexcited sample could
arise from other transitions, in particular those involving trap states. The
much weaker oscillator strengths expected from such transitions along with
a possibly different size tuning makes it possible to rule them out.
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Fig.3 Intraband spectra of various sizes of CdSe nanocrystals taken with a step-scan
FTIR, averaged over 20-200 ns after excitation with a 10 ns 532 nm pulse

The decay of the intraband absorption provides a useful window on the
electron recombination dynamics. In interband time resolved measurements,
e.g., transient absorption or fluorescence decays, the kinetics does not simply
differentiate electron-hole recombination vs. trapping. In addition, Stark ef-
fects from trapped charges can lead to long-lived spectral shifts that would be
easy to wrongly assign. In contrast, the clear signature of the intraband spec-
trum provides an unambiguous identification of the presence of the electron
in the 1S state, irrespective of the presence or location of holes or trapped
charges. This feature can be used to explore the very different electron re-
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Fig.4 Transient intraband absorbance at 2.9 um for ~ 1.9 nm radius CdSe nanocrystals
excited at 532 nm and with the indicated surface modifications

combination dynamics that arises with different surface capping molecules.
Figure 4 shows time decays of the intraband absorption, on the nanosec-
ond time scale for CdSe nanocrystals capped with thiophenol, TOP/TOPO,
or pyridine. Both thiophenol and pyridine are strong quenchers of lumines-
cence. Yet, it is apparent from these data that thiophenol slows down electron
recombination, while pyridine leads to fast loss of the electron in at least
80% of the nanocrystals in those data. The loss of the electron signal could
be due to fast recombination or electron trapping, but it is clearly not due
to hole trapping. Thus the intraband decay dynamics shows that thiophenol
quenches fluorescence by being an efficient hole trap while pyridine acts as
an efficient recombination center/e” trap. Such simple studies of the decay
kinetics of intraband absorption coupled with fluorescence quenching and
exciton bleach studies should be extended, and they would provide a wealth
of information on the effects of capping molecules on the photophysics of
nanocrystals.

Transient intraband studies of photoexcited CdSe nanocrytals uncovered
another unexpected result. For CdSe nanocrystals the slowest fluorescence
decay time is ~ 1 ps at cryogenic temperatures, presumably limited by intrin-
sic triplet recombination times [7]. It is often assumed that both carriers get
trapped and recombine on a time scale at least faster than the longest meas-
ured fluorescence times of the nanocrystals. Intraband spectroscopy showed
that this need not be the case. Figure 5 shows that the decay of the photoex-
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cited electron from the 1S state at the moderately cold temperature of 80 K
follows a wide range of kinetics, but that a significant fraction is as slow as
1 ms [14]. An electron of 1 ms duration has also been observed in films of
pyridine-capped CdSe nanocrystals [15]. That an electron could survive in
the extended quantum state 2 eV above its initial state without recombining
with the hole or falling into a trap state for such a long time is striking. It
makes sense only if there are no surface states nearby in energy and if the hole
is tightly trapped at the surface (probable case for thiophenol) or ejected from
the nanocrystals (a possiblity for pyridine-capped nanocrystals). It is a far
stretch from the subpicosecond trapping times that were widely considered
in the early 1990s, and it reflects some of the great improvement in materials
quality. The observation of such a long-lived electron spurred the investiga-
tion of direct chemical and electrochemical reduction approaches, which will
be discussed below.

When more than one electron-hole pair is created in the nanocrystal, the
decay of the intraband absorption exhibits a faster component [32]. An ex-
ample is shown in Fig. 6 where the decays of the electron in the 1S state, as
measured by the strength of the intraband transition, exhibits a faster com-
ponent as the pump intensity and, therefore, the initial population increase.
This is due to nonradiative recombination induced by carrier-carrier inter-
action. This Auger process occurs readily in the nanocrystals because of the
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Fig.5 Time evolution of the optically induced IR absorption of 2.9 nm radius CdSe
nanocrystals capped with thiocresol measured at 80 K. The sample is prepared as a KBr
pellet. The curve is a least-squares fit to three exponentials, which gives the longest com-
ponent with a time constant of 1.5 ms. The inset shows the transient FTIR spectra at 10 ps
(solid line) and 720 us (dotted line) delays. Each spectrum is fitted to a Gaussian
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Fig.6 Influence of the pump intensity (0.14, 0.21, 0.603, 0.81, 1.15 mJ/cm?, from lowest
to highest curve) on the time decay of the intraband absorption for CdSe nanocrystals
of ~ 2.25 nm radius, capped with thiocresol. The sample, in choloroform, has an optical
density of 0.15 at the interband exciton. The inset shows the extracted Auger coefficient
for four sizes (solid dots), and an R* size dependence (dotted line)

small volume available for the carriers and the resulting strong interaction.
In the Auger relaxation process, the carrier density decays via three-body ef-
fects as ‘(11’: =- yn>. In bulk semiconductors the value of y is known for only
a few materials and spans a moderate range. For example, at high carrier
density, it is ~ 1031 cm®/s in Si [16], and ~ 1072° cm®/s in PbSe [17]. For the

quantum dots, Klimov et al. showed experimentally that the n to n - 1 exci-

2
ton lifetime, T}, scales as T,! =-y ( ) for any given size [18]. Using

4n/rf’aR3
this form, Klimov et al. also discovered a strong size dependence of the ef-
fective Auger coefficient as y ~ R>. Some size dependence should be expected
since Auger interaction arises from the Coulomb interaction between the con-
fined carriers and depends directly on the density of states available [19].
Intraband decay data as in Fig. 6 have been measured for several sizes. The re-
sulting values of the time constant and extracted y are plotted in Fig. 6. The
Auger decay rates are two to three times slower than reported by Klimov et al.
The discrepancy may be due to the different states accessed by the holes de-
pending on sample preparation. However, in agreement with Klimov et al.,
the size dependence of y is strong, or in other words the size dependence of
the Auger rate is much weaker than expected from the equation above. Re-
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cent calculations of the Auger rates in nanoparticles might shed light on this
effect [20].

Over the past few years, the intraband absorption has been recorded for
many sizes and surface preparation of CdSe. Overall, the peak position of the
IR absorption has shown little sensitivity to the surface chemistry. Figure 1
shows the peak position for several samples. The intraband resonance also
does not shift significantly whether the electrons are placed in 1S by photoex-
citation or by electron transfer. This indicates that in the case of photoexcited
nanocrystals, the hole-electron Coulomb interaction is small, or that on the
fastest time scale of the measurements (> 6 ps) the hole has been localized. It
would be of interest to perform spectroscopic IR transient measurements of
the intraband spectrum to monitor spectral shape changes on the subpicosec-
ond time scale. Overall, as shown in Fig. 1, the measured size dependence is
in satisfactory agreement with the k.p prediction, deviating more strongly at
small sizes and showing clearly that the parabolic approximation (constant
effective mass) is not accurate enough.

Intraband spectroscopy can in principle be extended to hole states. An ex-
ample of a definite spectral identification of a hole intraband absorption is
the case of PbSe [21]. In this case, both holes and electrons have similar light
effective masses and both hole and electron intraband spectra are observed
in the mid-IR. For CdSe and most II-VI and III-V materials, the holes are
more massive and therefore the hole states have smaller separation pushing
the spectral range in the far-IR. In one instance, time transients on the order
of 1 ps in the mid-IR-induced absorption of CdSe have been attributed to hole
intraband transitions with a dynamic determined by the hole cooling [22].
While this interpretation is plausible, the very broad absorption reported
stretched over 0.6 €V, and this prevents a conclusive assignment. It is alterna-
tively possible that the fast hole trapping or cooling dynamics is reflected in
a dynamic spread and shift of the electron intraband absorption. Transient
THz measurements of photoexcited CdSe have been reported recently [23].
These experiments open up an interesting window into lower-frequency exci-
tation. At present, CdSe data have not shown distinct spectral resonance that
could be assigned to hole intraband transitions but rather showed evidence
for a Drude-like continuum of free-carrier excitations.

The 1S-1P intraband linewidth observed in all systems studied so far are
rather broad, and hole-burning studies have shown that the linewidths are
mostly inhomogeneously broadened [39]. In the simplest assumption that the
P-state is threefold degenerate, the full width half maximum (FWHM) en-
ergy, AE, should be such that AE/E = (2\/2 In(2))2 or/R &~ 4.7 ogr/R. In this
expression, an inverse quadratic dispersion of the S-P energy is assumed.
With the weaker energy dispersion as in Fig. 1, the inhomogeneous linewidths
should be related to the size distribution as AE/E ~ 3 og/R for ~ 3 nm diam-
eter nanocrystals up to ~ 4 og/R for ~ 7 nm nanocrystals. For CdSe samples
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Fig.7 FTIR spectra of the n-type CdSe nanocrystals of indicated diameters

synthesized by organometallic methods, the size dispersion ogr/R is typically
5 to 10% and linewidths of 15 to 30% would be expected. Yet the experi-
mental FWHM of the 1S-1P transition in CdSe are between 30 and 50% of
the center frequency, the spread increasing at small sizes. This is significantly
larger than expected. In addition, as shown in Fig. 7, the spectra of the smaller
nanocrystals show a multiple-peak structure. These multiple peaks and exces-
sive widths likely reflect splitting of the P-states, although no detailed investi-
gations have yet been made into this issue. Zinc-blende CdS nanocrystals of
moderate polydispersivity appear to exhibit a narrower linewidth than highly
monodispersed wurtzite CdSe, while wurtzite ZnO nanocrystals show an even
broader width [17], suggesting that the axial symmetry of the wurtzite lattice
might lead to larger splitting, but this might also be the result of shape asym-
metries. In order to narrow the linewidth, possible directions to investigate
are the shape of the nanocrystals and the crystal symmetry.

4
Charge Injection in Nanocrystals

The addition of electrons in the conduction quantum states of a quantum
dot is the equivalent of a reduced quantum dot. Similarly, the removal of an
electron from the valence band states, or hole injection, corresponds to an
oxidized quantum dot. The theoretical discussion of reduced and oxidized



70 P. Guyot-Sionnest

quantum dots was first presented by Brus [24] and later used extensively
in the context of photoelectrochemistry. Redox nanocrystal species were,
however, never observed directly, presumably because injected charges were
rapidly trapped to the surface where electrochemistry would then occur, of-
ten with nanocrystal degradation as the main result. Yet it is clear that in the
small quantum dots, a single excess electron can have a large influence. First
there is the 1S-1P intraband transition as discussed above. In addition, the
interband excitonic transitions to the 1S state are reduced in intensity as 1S
gets filled. Fluorescence from the S exciton is also expected to be quenched
when nonradiative Auger recombination competes with radiative relaxation.
Furthermore, an unpaired electron should lead to a spin resonance signal.
Stable electron injection was first achieved by chemical reduction using
strongly reducing biphenyl radicals or simply sodium metal in colloids of
CdSe, CdS, and ZnO nanocrystals [25]. It was then achieved by direct elec-
trochemical reduction from an electrode in contact with the colloid solu-
tions [26] and finally with multilayer films deposited on an electrode [27].
Stable oxidation has also been observed with the smaller band gap PbSe
material but not yet with other systems [21]. To prove successful reduction
or oxidation, interband spectroscopy by itself is subject to misinterpretation
if one considers that some of the spectral changes could be due to Stark
shifting from surface charges. The appearance of the strong intraband tran-
sition at the expected energies is the more compelling evidence for charges
in the quantum states. However, using both interband and intraband spec-
troscopy, it is possible to quantitatively determine the occupation of quantum
states. The interband spectra are better characterized and, it turns out, more
sensitive to the states being occupied. Furthermore, a bleach of an exciton
transition will be complete if the final state is filled; therefore, the quantita-
tive measure of the bleach with respect to the initial exciton strength provides
a trustable measure of electron occupation. This is shown in Fig. 8, which
depicts a film of CdSe nanocrystals on a platinum electrode, where the first
exciton is completely bleached, indicating that the 1S state is filled with two
electrons in each nanocrystal. At the same time, the intraband absorption ac-
quired a strong intensity. With progress in nanocrystal film preparation it has
been possible to rapidly inject and retrieve electrons from CdSe nanocrystals.
This leads to fast visible and IR electrochromic responses [28]. Time scales
as short as 10 ms have been observed, probably limited by the diffusion of
the countercharges in the film rather than by the electron injection. Electron
injection in higher states has also been possible. Both for CdSe and PbSe,
spectroscopy showed the electron injection in the P states. The correspond-
ing intraband transition from P to D then appears. It is typically slightly blue
shifted but significantly broadened from the 1S-1P resonance.

Systematic spectroscopic studies of interband and intraband spectra quan-
tum dot films along with controlled electron injection have led to the obser-
vation of significant electrical conductivity [29], presumably because of trap
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a platinum electrode and immersed in electrolyte. The potential is referenced to an Ag
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filling. Therefore, one outcome of the intraband studies has been the intro-
duction of a new class of conducting materials: the monodispersed semicon-
ductor nanocrystals join the conducting polymers and fullerene families as
electronic materials where transport is greatly modified by charge injections.

5
Intraband Absorption Probing of Carrier Dynamics

An important issue in quantum dots is to identify the mechanism of linewidth
broadening and energy relaxation. Indeed, electronic transitions are not
purely delta functions. There is a finite coupling between the quantum con-
fined electronic states and other modes of excitations such as acoustic or
optical phonons and surface states. This coupling affects the linewidth of
electronic transitions and the nonradiative relaxation processes. For band-
edge laser action in quantum dots, it is beneficial to have a fast intraband
relaxation down to the lasing states. For intraband lasers, the situation is
the reverse, and one would hope to slow down the intraband relaxation be-
tween the lasing states to a scale comparable with the slow radiative relaxation
rates. The unscreened estimate of the radiative lifetime for the intraband tran-
sition is T™! = 1671’2 (”)3, where the dipole moment between S and P is
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(e~ 0.3 eR and R is the nanocrystal radius. With CdSe, taking v/c = 2000 cm™!
and R = 3 nm, the radiative lifetime is about 1 ps, which is indeed quite long.

In a moderate to strong confinement regime, the energy of the lowest in-
traband transition, from 0.2 to 0.5 €V, is typically many longitudinal optical
phonon quanta (~ 30 meV), while the coupling to the LO phonon is rather
weak as determined by a Huang-Rhys factor of much less than 1. In this
condition, nonradiative relaxation at zero temperature must take place via
nuclear tunneling between the lowest phonon of the excited state and the res-
onant nth phonon of the ground state. Because of the small coupling and
the large value of n (6 to 15), the Franck-Condon overlap is small and the
nonradiative relaxtion rates should be slow. This concept of a slow phonon-
assisted nonradiative relaxation is called the phonon bottleneck and was
initially introduced to explain the poor luminescence efficiencies of the ear-
lier surface-grown quantum dots [30]. Nowadays, both colloids and surface-
grown quantum dots have very high interband fluorescence efficiencies even
when excited well above the band edge, and it is clear that the “phonon bot-
tleneck” mechanism is irrelevant in that regard.

For colloid quantum dots, the P to S exciton relaxation has in fact been
observed to be faster than 1 ps for CdSe [31] and weakly temperature in-
dependent from 10K to 300K [32]. A fast and temperature-independent
relaxation rate suggests an electronic mechanism. In II-VI and III-V, the hole
density of state is large due to both the heavier mass and the three valence
bands. It had been proposed that intraband electron relaxation would take
place via electron-hole Coulomb interaction [33,34]. In this scheme the P
electron would donate its energy to the hole while relaxing to the S state,
and the hole would, with a rate similar to bulk energy relaxation rates of
~ 0.5 éV/ps, thermalize to the top of the valence band. This process is called
the electron-hole Auger relaxation mechanism, and calculations indicated pi-
ocosecond time scales [34], consistent with the observation. Furthermore,
size dependence of the intraband relaxation rates showed faster relaxation at
small sizes, and it also showed higher intraband energies [31], also consistent
with the electron-hole Auger process, and in opposition to the “energy gap
law” typically seen in nonradiative energy relaxation in molecules.

The electron-hole Auger mechanism could be directly tested under condi-
tions in which the hole is absent from the quantum dots. One group applied
this procedure to the surface-grown quantum dots and reported observation
of the phonon bottleneck [35, 36]. The same group also reported on intraband
simulated emission [37]. Confirmation by other groups is not available.

For the colloid quantum dots, no phonon bottleneck has been observed so
far. Experiments have involved direct IR intraband pumping of the electron
from S to P and subsequent probing of the P to S relaxation with intraband or
interband spectroscopy. In the experiments, the electron-hole pair is initially
photoexcited with an above band-gap photon. The pair is then separated by
surface hole traps that allow one to vary the degree of coupling of the elec-
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tron and hole, according to schematic 6 B. After a sufficient time delay for the
hole to find its lower state, e.g., a surface trap, and the electron to reach the S
state, an IR pump excites the electron in the P state. The subsequent 1P to 1S
recovery is measured by intraband or interband absorption.

The first attempts on CdSe-TOPO nanocrystals showed a dominant fast
(~ 1ps) and a weak long (~ 300 ps) component of the recovery rate [32].
The fast component slowed down slightly to ~ 2 ps when the surface was
capped by hole traps such as thiophenol or thiocresol and was much reduced
in intensity for pyridine-capped nanocrystals. The interpretation of the data
was that the pyridine provided a hole trap that stabilized the hole on the
conjugated ring, strongly reducing the coupling to the electron, at least for
the nanocrystals that escaped nonradiative recombination. The slight reduc-
tion in the intraband recovery rate for the thiol-capped nanocrystal was also
consistent with the thiol group localizing the hole on the surface via the sul-
fur lone pairs. The ubiquitous slow component is plausible evidence for the
phonon bottleneck, but alternative interpretations of the bleach recovery data
are possible, for example the slow component could be due to trapping or dir-
ect recombination from the 1P state rather than a long lifetime due to the
phonon bottleneck. Another experiment, by Klimov et al., followed a similar
strategy except that the last pulse was an interband probe of the S and P ex-
citons and the temporal resolution was ~ 0.3 ps. The samples compared were
(CdSe)ZnS nanocrystals, expected to have no hole traps, and CdSe-pyridine,
expected to have strong hole traps. The bleach time constants were respec-
tively 0.3 ps and 3 ps, which seem to confirm the role that the hole plays in
the intraband relaxation [38]. However, unlike in the previous experiment, no
slow component was observed. One possible explanation for the discrepancy
is the smaller size of the nanocrystals in the second study, enhancing the role
of the surface in the relaxation process. In contradiction with the electron—
hole Auger relaxation mechanism, experiments looking at n-type ZnO [39]
and CdSe nanocrystals reduced via biphenyl radicals so far have failed to
induce longer P to S lifetimes. The slowest recovery of P to S yet has been
observed in InP nanocrystals of similar confinement, with about 8 ps time
constant at 10 K [39]. Nozik and coworkers reported a detailed study of the in-
traband relaxation in InP [40]. It showed many similarities with CdSe. Upon
pumping the P state, a biexponential relaxation was observed with a short
subpicosecond time constant and a longer 3-4 ps time constant. As the InP
nanocrystals size was reduced, the relaxation rate increased as for the CdSe
nanocrystals, and n-type InP nanocrystals also failed to exhibit a significantly
slowed intraband relaxation. Considering the sparse hole density of states
of IV-VI such as PbS and PbSe compared to either the II-VI (e.g., CdSe)
or III-V (e.g. InP), one would expect slower intraband relaxation via the
electron-hole Auger mechanism in these materials. However, experiments on
PbSe also failed to detect a phonon bottleneck with estimated P to S lifetimes
shorter than 5 ps [41].
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Overall, the fast intraband relaxation is neither understood nor under con-
trol. To date, the electron-hole Auger process is widely accepted, albeit with
a low level of experimental evidence for the colloid quantum dots. In this con-
text, it is puzzling that experiments on reduced nanocrystals have failed to
exhibit significant slowing down of the intraband relaxation. Further work is
definitely needed to identify the relaxation mechanisms and ultimately con-
trol the rates. Only with such control will semiconductor colloid quantum
dots realize their potential for efficient mid-IR fluorophores.

One of the conceptually attractive features of the quantum dots is the ex-
pectation of narrow spectral features. Narrow linewidths and long coherence
times will be attractive in quantum logic operations using quantum dots. On
the other hand, at least for maximizing gain in laser applications, it is best if
the overall linewidth is dominated by homogeneous broadening. Given that
the methods to make quantum dots all lead to finite size dispersion, efforts
to distinguish homogeneous and inhomogeneous linewidths in samples have
been pursued for more than a decade.

The first interband spectral hole burning or photon echo measurements
of colloid quantum dots, performed at rather high powers and low repetition
rates, yielded broad linewidths, typically > 10 meV at low temperature [42].
These results have now been superseded by more recent low-intensity cw
hole-burning [43, 44] and accumulated photon echo [45], which have uncov-
ered sub-meV homogeneous linewidths for the lowest interband absorption
in various quantum dot materials. For CdSe nanocrystals, the smallest inter-
band linewidth reported is 6 ueV at 2 K with rather large nanocrystals (9 nm
diameter) [44]. In parallel, single CdSe nanocrystal photoluminescence has
yielded a linewidth of ~ 100 eV for the emitting state [46], and it should
in principle be much smaller, ultimately limited by the very long radiative
lifetime of ~ s at low temperature. For intraband optical applications, the
linewidth of the 1S-1P state is of interest, but the broadening of the 1P state
in the conduction band cannot be determined by interband spectroscopy be-
cause of the congestion of the hole states and the role that their own dynamics
plays in the linewidth broadening. However, intraband hole burning or pho-
ton echo are two natural approaches. Figure 9 shows hole-burning spectra of
CdSe, InP, and ZnO nanocrystal colloids at 10 K. These spectra show also the
LO-phonon replica. The strength of the replica is in good agreement with the
bulk electron-LO phonon coupling, with values of the Huang-Rhys factor of
0.2 for the CdSe spectrum shown in Fig. 9. The narrowest linewidth at low
temperature has been observed for InP, around 0.2 meV, and in all cases the
linewidths are ultimately limited by the short P state lifetime. An interesting
observation is that, for CdSe nanocrystals, the homogeneous width remains
narrower than ~ 10 meV at 200 K for the transition at ~ 300 meV [44]. Com-
pared to the overall inhomogeneous linewidth of ~ 100 meV, this indicates
that much progress is still possible in the spectral definition of the intraband
absorption.
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Fig.9 Spectral hole burning of the 1S,-1P, transitions for photoexcited CdSe and InP
nanocrystals and for n-type ZnO nanocrystal, at 10 K, showing the narrow homogeneous
linewidths (< 2 meV) and weak electron-optical phonon coupling

6
Conclusions

Semiconductor colloid quantum dots have great promise as chromophores in
the visible and near-IR spectral ranges with large-scale applications as pig-
ments for lighting or solar energy collection. This chapter focuses on the
lesser known mid-IR properties that arise due to intraband transitions. While
organic molecules can be made with great control and complexity and are
the benchmark to which the colloid quantum dots are compared, the strong
electron-electron interactions and large electron-vibration coupling of the
conjugated carbon backbone preclude the possibility of strong organic chro-
mophores in the mid-IR. Compared to organic materials, and excluding the
fullerene family, the inorganic semiconductor quantum dots have weaker
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electron-vibration coupling and weaker electron-electron interaction. As re-
viewed in this chapter, the intraband transitions give the semiconductor
quantum dots unmatched possibilities as mid-IR chromophores. The tran-
sitions are spectrally well defined, strong, size-tunable, and controllable by
electron injection. The chemically synthesized quantum dots have therefore
a unique appeal as mid-IR “dyes” with interesting potential as nonlinear op-
tical elements as well. As novel nanocrystal structures are synthesized to
improve the control over the intraband state energy definition and its relax-
ation pathways, applications are likely to be found. Ultimately, the intraband
response of the colloid quantum dot may find widespread application in mid-
IR technologies, including IR imaging and atmospheric communications,
while they already provide interesting basic opportunities to pursue quantum
engineering via chemistry.
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Abstract Synthesis of high quality semiconductor nanocrystals is discussed in this chap-
ter. Although the focus is on the recent progress in synthesis of colloidal semiconductor
nanocrystals in non-aqueous solution, there is some review of the historical develop-
ment of the aqueous and other approaches. Mechanisms for controlling the shape, size,
and optical properties of colloidal semiconductor nanocrystals are described in detail, al-
though for the most part this topic can only be treated on a qualitative level. Finally, one
area of study, the formation of nanocrystals, is discussed in terms of its practical and
fundamental significance.

Keywords Colloidal semiconductor nanocrystals - Controlled synthesis -
Optical properties - Green chemistry - Alternative approaches
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1
Introduction

The most attractive feature of colloidal nanocrystals is their dimension-
dependent properties [1-7]. Controlled growth of monodisperse nanocrys-
tals is critical for studying and exploiting those unique properties. In many
ways, synthesis of colloidal nanocrystals can be considered a special class of
crystallization that yields a massive number of crystals in solution with iden-
tical dimensions [8-10]. Unfortunately, crystallization in general is not well
understood, although it has amazed human beings for more than 1000 years
and many outstanding scientists have paid a significant amount of attention
to the subject.

Steigerwald and Brus discuss the fundamental reasons that many properties
of semiconductor nanocrystals are strongly dimension-dependent in another
chapter of this book. Briefly, when at least one of the physical dimensions
of nanocrystals is smaller than the diameter of the bulk exciton of the given
material, the exciton becomes quantum-confined along that dimension [1, 2].
The confinement energy, as a significant part of the total energy of the elec-
trons and holes, increases as the dimension decreases. Since most chemical
properties are largely determined by energy levels, these properties become
size-dependent. Over the past 20 years, the optical properties of semiconductor
nanocrystals have attracted most attention (see related chapters in this book),
and this chapter will thus use optical properties as examples in discussion.

A dot-shaped semiconductor nanocrystal (quantum dot) is three-dimen-
sionally confined if the size of the nanocrystal is smaller than the diameter
of the bulk exciton. Dots are the most common shape for nanocrystals and
have been widely studied in the past, which is why, in most of the litera-
ture, dimension-dependent properties are called size-dependent properties,
and also why synthesis of quantum dots is the most advanced. A considerable
portion of this chapter will deal with the formation of dot-shaped nanocrystals.

In comparison to quantum dots, anisotropic shapes of semiconductor
nanocrystals with at least one dimension in the quantum confinement size
regime are relatively new. The first colloidal quantum rod system to demon-
strate the expected optical properties of a one-dimensional system was re-
ported in 2000 [11]. There are quite a few reports on the formation of
nanorods prior to that report, but those preparations often yield networks
of tubes or rods [12-20] which are difficult to separate. And, in the case of
optically active II-VI and III-V semiconductors, the resulting rod diameters
are too large to exhibit quantum confinement effects [14, 16-18]. This chap-
ter will cover some of the recent advances in synthesis of quantum rods and
other elongated quantum structures [11,21-26].

The surface atom ratio of nanocrystals, defined as the total number of sur-
face atoms versus the total number of atoms for a given particle, is typically
high [10]. For instance, a 2 nm CdSe nanocrystal has roughly 50% of its atoms
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on the surface. Surface effects on the optical properties of semiconductor
nanocrystals have been noted for a long time [27], and some results on this
issue will be covered here, although studies on control of surface structures
of nanocrystals are extremely rare [28, 29].

Many different methods have been explored for controlled synthesis of
colloidal nanocrystals. Organometallic approaches in coordinating solvents,
invented in the early 1990s by Steigerwald et al. [8] and developed to a prac-
tical level by Murray et al. [30], are regarded as having been the first major
breakthrough that yielded CdSe nanocrystals of contemporary quality. Very
recently, alternative approaches using air-stable precursors, such as inorganic
salts, organic salts, oxides, and metals have been found to be possible [23, 31],
and even more recently, non-coordinating solvents were also introduced [32].
Though the alternative approaches, also called “greener” approaches, are
gradually becoming the most widely adopted methods in the field, the
roots of those alternative approaches are the traditional organometallic
approaches. Owing to their strong influences, this chapter will focus on
organometallic approaches and the related alternative approaches, although
some other methods will also be mentioned.

The mechanism of the growth of monodisperse nanocrystals plays a criti-
cal role in the development of synthetic chemistry. Owing to a lack of know-
ledge of crystallization in general [33-35], studies on formation of nanocrys-
tals are essential for good progress in the synthesis of colloidal nanocrystals.
In fact, the first introduction of these alternative approaches [23,31] was
a direct result of the study of the growth mechanism of CdSe nanocrystals
using traditional organometallic approaches [22].

There is a very rich collection of literature on the synthesis of colloidal
semiconductor nanocrystals. Some recent review articles have dealt with this
topic [9, 10, 36]. This chapter will not try to provide a detailed literature sum-
mary. Instead, it will focus on some key issues in several selected topics. We
will start with an overview of synthesis methods of high quality semiconduc-
tor nanocrystals (Sect. 2). Section 3 will deal with the fundamental principles
and mechanism studies for the growth of semiconductor nanocrystals, and
a brief summary will follow (Sect. 4).

2
Methods

2.1
Early Stages

The scope of this book encompasses progress within the past 10 years. How-
ever, it will be helpful to review the early-stage work on the synthesis of
colloidal semiconductor nanocrystals.
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In the early 1980s, several pioneering groups began to work on semicon-
ductor nanocrystals [1, 4, 27, 37, 38]. It was generally agreed that nanocrystals
are mesostable species and must be stabilized by either organic ligands or
polymeric stabilizers. These ligands and stabilizers are also called capping
groups. For clarity, they will all be denoted ligands in this chapter.

Early methods of synthesis were mostly based on traditional colloidal
chemistry, such as arrested precipitation [27, 39,40], reverse micelle [38,41,
42], etc. Generally speaking, one approach is to grow nanocrystals inside
a designated nanocavity or template, denoted the nanocavity route, and
a second is to control the size of nanocrystals by kinetically hindering the
nucleation and growth of crystals by varying reaction conditions, such as pre-
cursor concentrations, temperature, ligand concentrations etc., here denoted
the bulk solution route. The first route yields nanocrystals within a ligand
nanocavity and the resulting nanocrystals are thus coated with a monolayer
of ligands or embedded inside a large molecule, such as a dendrimer [43, 44].
The nanocrystals resulting from the second route are often coated by the lig-
ands provided in the solutions. From a crystallization point of view, these two
routes are significantly different.

In the nanocavity route, nucleation takes place in each preformed cavity,
and the nucleus/nuclei formed inside each nanocavity should grow to a single
particle. As a result, polycrystalline particles may be common in this route. In
addition, the final size of the crystal should roughly be determined by the size
of the nanocavity. In contrast, the nucleation in the second approach occurs
in a bulk solution and all nuclei will chemically communicate with each other.
The size of the resulting nanocrystals is largely determined by the thermody-
namics and kinetics of the entire system, which will be discussed in detail in
Sect. 3.

If the size and shape of the nanocavities could be controlled to a monodis-
perse level, the size and shape of the resulting nanocrystals might also be con-
trolled to the same level. Unfortunately, size and shape control of nanocavities
in solution is also a challenging issue. Certain sized and shaped ligand cavi-
ties, such as reverse micelles, microemulsions etc., can only be formed under
quite strict conditions. Those conditions might not be ideal for the growth
of single crystalline nanocrystals in the cavities. For instance, high tem-
peratures in a reverse micelle solution may completely destroy the desired
nanostructures formed by ligands. If crystallinity and the surface structures
of the nanoparticles formed inside the cavities are not critically important,
the nanocavity route may be a good choice. Unfortunately, this is not the case
for semiconductor nanocrystals, which is probably why the optical properties
of semiconductor nanocrystals synthesized in nanocavities have generally
been of low quality.

The bulk solution route at its early stage was mostly limited to low tem-
peratures and aqueous solutions [27, 40]. The quality of the nanocrystals was
generally even worse than those produced by the nanocavity route. However,
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this route is characterized by crystallization processes alone. Its simplicity,
in comparison to the nanocavity route, makes it relatively easy to optimize
such a system. The success of the organometallic approaches in the early
1990s [8,30] has led to most research efforts being directed towards this
route.

2.2
Organometallic Approaches in Coordinating Solvents

Organometallic approaches in coordinating solvents [8,30] should be gener-
ally classified as being in the bulk solution route: nanocrystals are formed
by nucleation and grown in a bulk solution. The term organometallic
refers to the fact that the precursors for the formation of nanocrystals
are organometallic compounds, such as Cd(CH3);, Zn(CH3)z, S(TMS),,
P(TMS)3, etc. Many of these organometallic compounds are widely used for
the grown of extremely high quality quantum wells through metal organic
chemical vapor deposition (MOCVD) methods. This is likely the original mo-
tivation for the introduction of organometallic precursors for the synthesis of
colloidal nanocrystals. With organometallic precursors in mind, the pioneers
would recognize that non-aqueous and air-free environments must be con-
sidered because the precursors are extremely reactive. Coordinating solvents
were probably considered to be desirable for balancing the reactivity of the
organometallic precursors. In addition to organometallic precursors and co-
ordinating solvents, high reaction temperatures—typically between 150 and
400 °C—should be considered another important feature for those so-called
organometallic approaches. At present, it is generally held that high quality
semiconductor nanocrystals should be formed under high temperatures, be-
cause high temperatures should promote the formation of highly crystalline
particles.

The most successful system for organometallic approaches is CdSe
nanocrystals [8,11, 30, 45], although other compound semiconductor nano-
crystals [30,45-54] have been tested. The typical reaction conditions are as
follows.

1. Coordinating solvents: trioctylphosphine (TOP) and trioctylphosphine
oxide (TOPO). Typically, TOPO is a technical grade reagent (Tech TOPO).

2. Precursors: Cd(CHz3), and Se-TOP made by dissolving Se powder in TOP.

3. Reaction temperatures and environment: 180-360 °C, Ar flow.

TOP can also be replaced by tributylphosphine (TBP). The conditions listed

above were originally introduced by Murray et al. [30], and were not varied

much until the introduction of the alternative approaches.

A typical synthesis using a scheme published by Peng et al. [45] can be
briefly described as follows: 4 g TOPO was heated to 360 °C with Ar flowing,
and 2.4 ml cold stock solution (Se : Cd(CH3); : tri-butylphosphine =2:5: 100
by mass, made in a glovebox) was quickly (< 0.1 s) injected into the rapidly
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stirred, hot TOPO solution. The temperature was lowered to 300 °C by the
injection. At various time intervals, aliquots of the reaction mixture were re-
moved and dissolved in toluene for monitoring of the reaction by UV-vis.
Upon the desired size being reached, the reaction mixture was allowed to cool
to room temperature and methanol was added to precipitate the nanocrystals
from other components. After centrifugation, decanting, and drying under
Ar, CdSe nanocrystals coated with TOPO were obtained in powder form,
which were soluble in non-polar solvents.

The early version of the synthesis [30] required a size-selective precipita-
tion procedure to obtain CdSe nanocrystals with close to monodisperse size
distribution. After some mechanism studies on the growth of the nanocrys-
tals [45] (see Sect. 3), size-sorting became unnecessary. The procedure pro-
vided in the above paragraph was the modified version, which yields as-
prepared CdSe nanocrystals with an acceptable size distribution. As shown
in Fig. 1, the optical spectra of as-prepared CdSe nanocrystals formed by
organometallic approaches are very sharp, indicating a nearly monodisperse
size distribution. The narrow size distribution of those nanocrystal samples
can readily be confirmed by transmission electron microscopy (TEM). Typ-
ically, the sizes of the samples shown in Fig. 1 were with 5-10% standard
deviation determined by TEM studies.

In contrast to the nanocrystals reported in earlier works, the CdSe
nanocrystals grown by organometallic approaches are highly crystalline [11,
30]. This is typically demonstrated by both high resolution TEM (HRTEM)
and X-ray diffraction (XRD) (Fig. 3). The highly crystalline nature of these
CdSe nanocrystals is currently regarded as a result of the high reaction
temperatures.

The impressive success of organometallic approaches to the synthesis of
high quality CdSe nanocrystals inspired others to explore possibilities for
synthesizing other types of semiconductor nanocrystals using various ver-
sions of organometallic approaches [30, 45-54]. Unfortunately, the quality of
semiconductor nanocrystals with other compositions has not yet reached the
same level as that of the CdSe nanocrystal system. This is particularly true for
III-V semiconductor nanocrystals [45-50, 53]. The absorption spectra of the
InAs nanocrystals shown in Fig. 4 represent the best ones for as-prepared III-
V semiconductor nanocrystals [45], and are significantly broader than those
of CdSe nanocrystals shown in Fig. 1.

One of the most important developments after the introduction of
organometallic approaches in the early 1990s was the shape control of CdSe
nanocrystals [11]. By manipulating the reaction conditions, CdSe rods and
other elongated shapes with their short dimensions smaller than the bulk
exciton size were synthesized [11,21,22] (see Fig.5 as an example). The
growth mechanisms of those unique quantum structures will be discussed in
Sect. 3. From a methodology standpoint, the most important difference be-
tween the growth of CdSe quantum dots and quantum rods is the monomer
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Fig.1 UV-Vis spectra of as-prepared CdSe nanocrystals synthesized through organometal-
lic approaches in technical grade trioctylphosphine oxide (Tech TOPO). The average size
for each sample is provided in the plot

Fig.2 Transmission electron microscopy (TEM) image of CdSe nanocrystals synthesized
through organometallic approaches (Reprinted with permission from Nature 2000, 404:59
© 2000 Nature publishing group)

concentrations. It was demonstrated that relatively high monomer concentra-
tions are required for the growth of rods [11,21,22]. Evidently, the control
of the dimensions along the short axis of the CdSe nanocrystals grown by
organometallic approaches was good although the aspect ratio was not well
controlled. Since the optical properties of the quantum rods are mostly de-
termined by the dimension of the short axis, the optical quality of the CdSe
nanocrystals was considered to be reasonably good. Although several types
of interesting properties of those quantum rods have been observed [11, 55—
62], the studies on those true 1D structures have not yet reached the desired
level.
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Fig.3 CdSe nanocrystals grown by organometallic approaches are highly crystalline. Top
High resolution TEM images of two CdSe nanocrystals with different crystal orientations,
bottom powder X-ray diffraction (XRD) pattern of a CdSe nanocrystal sample (Reprinted
with permission from Nature 2000, 404:59 © 2000 Nature publishing group)
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Fig.4 Temporal evolution of the UV-Vis spectra of InAs nanocrystals synthesized through
organometallic approaches. Aliquots were taken at different reaction times, and the reac-
tion time for each spectrum is labeled. (Note: The spectra are not nearly as sharp as the
ones for CdSe nanocrystals shown in Fig. 1) (Reprinted with permission from ] Am Chem

Soc 1998, 120(21):5343-5344, supporting information section. © 1998 American Chemical
Society)
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Fig.5 CdSe quantum rods synthesized via organometallic approaches

Another striking feature of the organometallic approaches is the ex-
treme toxicity of the organometallic compounds, such as Cd(CH3),, which
means that substantial equipment is required for their handling. For instance,
a glovebox is necessary. In fact, some have groups tried to carry out the entire
chemical synthesis inside a large glovebox. Owing to this limitation, access
to the only kind of high quality yet expensive semiconductor nanocrystals,
CdSe ones, has been limited to a dozen groups in the world. This has moti-
vated scientists in the field to explore other ways to synthesize high quality
nanocrystals. Among those, the so-called alternative routes or greener ap-
proaches are the most widely adopted. The second important class is that of
the single precursor approaches.

23
Alternative Routes of the Organometallic Approaches

23.1
Alternative Routes in Coordinating Solvents

The introduction of the alternative routes [23] was based on a mechanism
study [22]. Cd(CH3); is known to be a very reactive chemical. What would
happen if it was injected into a hot coordinating solvent mixture? Why did
Tech TOPO work better than pure TOPO? These two questions initiated some
exploratory work to study the fate of Cd(CH3), without the presence of any Se
precursors.

The experimental results [22] revealed that if pure TOPO was used,
Cd(CH3), immediately decomposed to metallic precipitate. However, a clear
solution was obtained if some phosphonic acid—presumably the key impu-
rity in Tech TOPO—was added into the pure TOPO solution. The resulting
cadmium-containing compound was isolated. Analysis showed that it was
a cadmium-phosphonic acid complex (roughly two phosphonic acid per cad-
mium ion). No sign of TOPO was found using NMR (Fig. 6).
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Fig.6 Identity of the ligands for the cadmium compound formed by the reaction between
Cd(CH3); and TOPO/HPA hexylphosphonic acid (HPA) (Printed with permission from
the Journal of the American Chemical Society 2001, 123:1389. © 2001 American Chemical
Society)

Since the growth of high quality CdSe nanocrystals occurred on a much
longer time scale than the decomposition of Cd(CH3), [30, 45], the cadmium
precursor for the growth of the nanocrystals must be the complex. This sud-
denly opened a new direction for alternative approaches to the synthesis of
high quality CdSe nanocrystals.

Today, most high quality CdSe nanocrystals are produced by the alterna-
tive approaches, even though the first was only reported in 2001 [23, 31]. Typ-
ical cadmium precursors include inorganic salts, organic salts, metal oxide,
and other air-stable cadmium compounds [23,31]. The ligands used in the
alternative routes are also very versatile. In addition to the traditional Tech
TOPO used in the organometallic approaches, fatty acids, phosphonic acids,
phosphine oxides, and amines are all possible choices [31]. Some represen-
tative UV-vis and photoluminescence (PL) spectra of CdSe nanocrystals syn-
thesized using those precursors and ligands are shown in Fig. 7. Evidently, the
optical spectra shown in Fig. 7 are at least comparable to the typical spectra
of the CdSe nanocrystals synthesized through the traditional organometallic
approaches (Fig. 1). Consistent with their optical properties, the size distri-
bution of the CdSe dots revealed by TEM is also narrow (Fig. 8) [31]. The
crystallinity of the nanocrystals is high (see the XRD pattern in Fig. 8) [31].

The diversity of the alternative precursors and ligands benefits the devel-
opment of synthesis of high quality CdSe nanocrystals in many ways. The
readily accessible size range of the CdSe nanocrystals shown in Figs. 7 and 8 is
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Fig.7 Left Optical spectra of as-prepared CdSe nanocrystals synthesized using different
cadmium precursor and organic ligands, right possible cadmium precursors, organic lig-
ands, and the chemicals needed to be avoided in the synthesis (Printed with permission
from Nano Letters 2001, 1:333. © 2001 American Chemical Society)
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Fig.8 TEM images and a representative XRD pattern of different sized CdSe nanocrystals
synthesized using alternative routes (Printed with permission from Nano Letters 2001,
1:333. © 2001 American Chemical Society)

significantly larger than that accessible through the traditional organometal-
lic approaches. The shape of the CdSe nanocrystals can also be more tightly
controlled [24]. As shown in Fig. 9, the aspect ratio of the quantum rods syn-
thesized through alternative approaches is close to monodisperse. In addition
to the rods, some other shapes with reasonable dimension control can also be
synthesized (see some examples in Fig. 9). In principle, a more stable precur-
sor should make a synthesis more controllable. This is likely why alternative
approaches have yielded better-controlled dots and elongated nanocrystals.
The most attractive properties of semiconductor nanocrystals at present
are probably their size-dependent emission properties, both PL and electro-
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Fig.9 Collections of different types of elongated CdSe nanocrystals synthesized through
alternative approaches (Printed with permission from the Journal of the American Chem-
ical Society 2002, 124:3343. © 2002 American Chemical Society)

luminescence (EL). For example, using one simple synthetic scheme, it is
possible to synthesize differently sized CdSe nanocrystals which emit from
blue to red with very pure color. These nanocrystal-based emitters can be
used for many purposes, such as light-emitting diodes [63, 64], lasers [65, 66],
and biomedical tags [67-69] etc. For this reason, control of PL properties of
semiconductor nanocrystals has been a major goal for developing synthetic
chemistry for colloidal semiconductor nanocrystals, towards which not much
progress was made before the introduction of the alternative approaches.

The best PL quantum yields (QYs) reported for the as-prepared nano-
crystals at room temperature were around 20% in the wavelength range
520-600 nm and about a few percent or lower in the wavelength window
above 600 nm and below 520 nm [31, 63, 70]. Both the stability and the repro-
ducibility of the PL QYs were unpredictable [31]. With some inorganic and or-
ganic surface passivation after the synthesis, the PL QY of CdSe nanocrystals
has been boosted to as high as over 50% in the 520-600 nm window, [70-73]
but the efficiency for the orange-red color window is still low. This is partic-
ularly true for red (around 650 nm), where the PL QY of the nanocrystals in
solution was nearly zero, like the as-prepared CdSe nanocrystals [63, 70].

The introduction of alternative routes has shed some new light on control-
ling the emission properties of CdSe nanocrystals. By judiciously choosing
a reaction system and a highly biased initial cadmium to selenium precursor
ratio (Fig. 10), the PL QY of as-prepared CdSe nanocrystals was boosted to
as high as nearly unity, even for the red-emitting particles [28], work which
was reproduced by several research groups [74-76]. The full width at the half
maximum (FWHM) of the ensemble PL spectra was narrowed down to 23 nm
(around 80-100 meV). The mechanism of this phenomenon will be a focus in
Sect. 3.
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the Journal of the American Chemical Society 2002, 124:2049. © 2002 American Chemical
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Fig. 11 Temporal evolution of UV-Vis spectra of the reactions for the growth of either
CdTe or CdS nanocrystals using alternative approaches (Printed by the Journal of the
American Chemical Society 2001, 123:183. © 2001 American Chemical Society)

The alternative approaches in coordinating solvents also improved syn-
thetic chemistry for other types of semiconductor nanocrystals although the
overall quality of those nanocrystals was not yet as high as that for the
standard CdSe system, nanocrystals. Figure 11 illustrates some results for
CdTe and CdS nanocrystals [23]. Several research groups demonstrated that
high quality PbSe and PbS nanocrystals could be synthesized using simi-
lar approaches [77,78]. Evidently, III-V semiconductor nanocrystals did not
benefit much by this advancement.

23.2
Alternative Approaches in Non-coordinating Solvents

Although alternative approaches in coordinating solvents have yielded CdSe
nanocrystals of high quality, attempts to extend those approaches to other
types of semiconductor nanocrystals proved difficult in most cases. Evidently,
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not many compounds can act as the coordinating solvent [31], which makes
it extremely challenging to identify a suitable reaction system for growing
high quality nanocrystals. Non-coordinating solvents were then introduced
and the results have been very encouraging.

The first system using non-coordinating solvents was CdS nanocrys-
tals [32]. At that time, in 2001, synthesis of CdS nanocrystals had been studied
at least as widely as that for the standard CdSe nanocrystal system. How-
ever, the quality of the CdS nanocrystals was significantly worse than that of
the CdSe nanocrystal system. In fact, the absorption spectra shown in Fig. 11
were probably the best ones for CdS nanocrystals (grown in coordinating sol-
vents) reported in the literature [23].

The non-coordinating solvent used most [32,79,80] is 1-octadecene
(ODE); it is a liquid at room temperature and boils at about 320 °C. Oleic acid,
a natural surfactant, or other fatty acids were chosen as the ligands for stabi-
lizing the resulting nanocrystals and the cationic precursors. For the synthesis
of CdS, the precursors were CdO and elemental sulfur, two natural minerals.
Significantly, the ODE solution of elemental sulfur can be used as the sul-
fur precursor solution for the formation of CdS nanocrystals. The synthetic
procedure was similar to a standard organometallic approach although the
reaction did not need to be performed under Ar.

Despite the striking simplicity of the scheme described in the above para-
graph, it actually yielded CdS nanocrystals of extremely high quality. As
shown in Fig. 12, CdS nanocrystals in the entire quantum confinement size
regime were grown by this simple method. Figure 12 also includes a TEM
image of a representative CdS sample. It is clear that the absorption spectra
shown in Fig. 12 are significantly better than those shown in Fig. 11.
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Fig. 12 UV-Vis spectra of CdS nanocrystals with different sizes (left) and a TEM image of
a representative sample (right) (Printed with permission from Angewandte Chemie 2002,
41:2368. © 2002 WILEY-VCH Verlag GmbH, Weinheim, Germany)
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Fig.13 Temporal evolution of UV-Vis spectra of as-synthesized InAs nanocrystals ob-
served in a reaction using a non-coordinating solvent approach (Printed with permission
from Nano Letters 2002, 2:1027. Copyright 2002 American Chemical Society)

The key difference between coordinating solvents and non-coordinating
solvents is that the reactivity of the monomers can be tuned by varying the
ligand concentrations in the non-coordinating solvents (detailed mechanisms
will be discussed in Sect. 3) [32]. This tunable reactivity of the monomers
provides a key to balancing nucleation and growth, and thus makes it possible
to controllably synthesize high quality nanocrystals.

The III-V semiconductor nanocrystals have attracted significant atten-
tion in recent years. However, growth of high quality III-V semiconduc-
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Fig. 14 Temporal evolution of UV-Vis spectra of as-prepared InP nanocrystals grown in
non-coordinating solvents using either stearic acid (SA) or palmitic acid (PA) as the lig-
ands. Except the chain length of the ligands, all other reaction conditions for these two
reactions were identical (Printed with permission from Nano Lett 2002, 2:1027. © 2002

American Chemical Society)
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tor nanocrystals is still a challenge. With the non-coordinating solvent ap-
proaches, noticeable improvement has been achieved [79]. As shown in
Fig. 13, the absorption spectra of the InAs nanocrystals are much better than
those obtained by organometallic approaches (Fig. 4).

InP nanocrystals are probably the most studied system for the synthesis
of IIT-V semiconductor nanocrystals [47-49, 53, 54, 81] probably because the
bulk bandgap of InP is reasonably close to that of CdSe. Unfortunately, coor-
dinating solvent approaches have always yielded as-prepared InP nanocrys-
tals without any noticeable absorption peak. The synthesis using the non-
coordinating solvent approach revealed that InP nanocrystals are probably
the most sensitive system so far in terms of synthetic chemistry [79]. By
slightly varying the chain length of the fatty acids—the ligands—the qual-
ity of the resulting InP nanocrystals is dramatically different (Fig. 14). As
mentioned above, CdS nanocrystals can be synthesized in air using the
non-coordinating solvent approaches. In contrast, a thorough degas process
and strict air-free procedures must be enforced during the synthesis of InP
nanocrystals.

24
Single Precursor Approaches

Single precursor approaches for synthesizing semiconductor nanocrystals
can be traced back to the early 1990s [39, 82]. Wang et al. employed small-
sized CdS clusters for the growth of CdS nanocrystals. They observed the
growth and isolated some larger CdS nanoclusters, with up to 36 cadmium
atoms per nanocluster [82]. Formation of nanocrystals (with size larger than
2 nm) using clusters and nanoclusters containing both anionic and cationic
components as precursors was realized very recently by the Strouse group
(Fig. 15) [83].

There are a large number of reports which employ relatively simple sin-
gle precursors. A review on this topic by O’Brien was published in 2001 [36]
and the materials covered by that review will not be discussed in this chap-
ter. There has been some interesting recent progress in this direction. For
instance, GaP (Fig. 16) [25] and PbSe (Fig. 17) [26] nanocrystals with different
shapes have been successfully synthesized.

In comparison to the alternative approaches discussed in Sect. 2.3, sin-
gle precursor approaches may have advantages for the synthesis of doped
nanocrystals [84-86]. It should be possible to synthesize a desired precursor
containing both anionic and cationic components with the dopant element,
which would aid the formation of evenly doped semiconductor nanocrystals.
The disadvantages of single precursor approaches are the additional prep-
aration steps, availability, and limitation of compositions. For example, it is
difficult to carry out the studies shown in Fig. 10 by using a single precursor
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Fig.15 UV-Vis spectra and a TEM image of CdSe nanocrystals synthesized using a cluster
precursor. The TEM image was taken with a size sorted sample (Printed with permission
from the ] Chem Mater 2002, 14:1576. © 2002 American Chemical Society)

Fig.16 TEM images of different shaped GaP nanocrystals synthesized using a single
precursor (Printed with permission from the ] Am Chem Soc 2002, 124:13656. © 2002
American Chemical Society)
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Fig.177 TEM images of PbS nanocrystals synthesized using a single precursor (Printed
with permission from the ] Am Chem Soc 2002, 124:11244. © 2002 American Chemical
Society)

since the ratio of the anionic component to the cationic component in a single
precursor is fixed.

25
Synthesis Under Pressure

Elemental semiconductors, such as silicon and germanium, are considered
as the most difficult systems to synthesize. One possible reason is that those
elemental nanocrystals may require very high temperatures to grow if the
particles are to be highly crystalline. If this assumption was true, common so-
lution approaches would not work. An attempt to grow Si nanocrystals under
high temperatures, above 1000 °C, in the gas phase was reported in the mid-
1990s [87]. However, the yield was extremely low and no shape control was
reported. At present, supercritical fluid approaches are probably the methods
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Fig. 18 TEM images of Si nanocrystals. a Low-resolution TEM image of an aggregate
of 15 A diameter Si nanocrystals extended out from the edge of a carbon film. En-
ergy dispersive X-ray spectroscopy (EDS) of the aggregate (Fig. 6) confirmed that the
nanocrystals were Si. b High-resolution TEM image of several 15 A diameter Si nanocrys-
tals. ¢ and d High-resolution images of 35 and 25 A diameter sterically stabilized Si
nanocrystals. The lattice planes are visible in the 25 A diameter nanocrystals (Printed
with permission from the ] Am Chem Soc 2001, 123:3743. © 2001 American Chemical

Society)

Fig.19 TEM images of Si nanowires synthesized at 500 °C in hexane at pressures of
200 bar (Printed with permission from Science 2000, 287:1471. © 2000 American Asso-
ciation for the Advancement of Science)
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which have generated silicon nanocrystals with the best quality [88, 89], and
those are still not comparable to the compound semiconductor nanocrystals.

Figures 18 and 19 illustrate some TEM images of the Si nanocrystals grown
by the supercritical fluid approaches [88, 89]. Some size and shape control has
evidently been achieved by this method. Since the conditions were extreme,
manipulation of the reactions would be difficult in comparison to the com-
mon solution approaches discussed above. Typically, shape control in super-
critical fluids was achieved by using low melting point metal nanocrystals as
the reactors through a mechanism called solution-liquid-solid growth [18].

Hydrothermal and solvothermal conditions have been broadly tested by
several groups [14,90,91]. Interestingly, nanorods and nanowires are com-
mon products for these approaches. However, the smallest dimension of these
semiconductor nanocrystals is typically larger than 10 nm, and the distribu-
tion control is usually poor. More work on the growth mechanisms might be
needed before high quality semiconductor nanocrystals could be synthesized
through these approaches.

2.6
Green Chemistry Principles and Synthesis of Semiconductor Nanocrystals

Green chemistry and greener approaches are now common terms in the field
of semiconductor nanocrystals. Green chemistry [92] or environmentally be-
nign chemistry is a general term for a group of concepts used in the synthesis
and manipulation of chemicals, which have been applied to organic synthesis
almost exclusively. The main goal of green chemistry is to develop environ-
mentally benign chemical methodologies that minimize the damage to the
environment as a result of human activities. It should be emphasized that
green does not refer to the products. Instead, it refers to the procedure, the
starting materials, the side products, and the energy costs. The following con-
cepts are related to the current development of the synthetic chemistry for
high quality colloidal nanocrystals.

1. Alternative routes. Chemistry has been a major branch of science and in-
dustry for hundreds of years. Countless procedures have been developed
for the production and processing of a large variety of chemicals. Unfortu-
nately, many of them generate a great deal of pollution, which has caused
much public concern. For the sake of the environment, these proced-
ures should be re-evaluated and redeveloped to eliminate any unnecessary
toxic raw materials, side products, and operations harmful to workers.
Furthermore, alternative routes should also include less expensive and
simpler approaches. In general, alternative routes can be developed in
a step-by-step manner to becoming eventually environmentally benign.

2. Diversity. Obviously, if a procedure can be applied for the production/
processing of many different types of products with small variations of the
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conditions and equipment, the procedure would be very valuable. Impor-
tantly, all the products should be as pure as desired, with no involvement
of complicated and tedious separation procedures, such as chromatogra-
phy.

3. Atom economy [93]. It is important to consider the consumption of raw
materials energy expenditure and the generation of waste when a new
chemical procedure is designed, whether it is an original one or an al-
ternative approach. The ideal case is 100% conversion of all the starting
materials into useable products. Normally, the generation of water or some
types of harmless salts, such as NaCl, is acceptable. If the starting mate-
rials, including solvents, can be recycled with ease, the procedure is also
compatible to atom economy.

4. User friendly chemistry. In certain fields, most scientists and engineers
are not synthesis experts and would like to adopt some user friendly syn-
thesis protocols. The field of colloidal semiconductor nanocrystals as an
interdisciplinary and rapidly developing subject is more or less in this
line. Most research groups are interested in the properties and applica-
tions of these novel materials and possess strong expertise in the fields of
fundamental and device physics, physical chemistry, biological sciences,
etc. They would like to be the users of some easily adoptable synthesis
schemes, instead of the developers of their own synthesis methods.

Green chemistry principles should be taken into account in the devel-
opment of synthetic chemistry for colloidal nanocrystals, if semiconductor
nanocrystals would be widely used in industry in the near future. In fact,
many recent advances discussed in this section can be considered as in-
spired by green chemistry. Since most semiconductors, such as CdSe and
GaAs, are quite toxic themselves, the current efforts can only refer to the
procedures, the initial materials, the by-products, the energy, and material
efficiencies. In terms of the end products, one solution is Si nanocrystals.
However, if Si nanocrystals would replace the role of the compound semi-
conductor nanocrystals, they must be of comparable quality and synthesized
through green approaches. In addition to the results described above, some
recent progress on Si and Ge nanocrystals should be noted [94, 95].

3
Mechanisms and Related Fundamental Principles

This section will concentrate on the formation of nanocrystals in bulk so-
lution without any preformed ligand cavities, templates, or inorganic seeds.
Within this constraint, synthesis of high quality semiconductor nanocrystals
is in many ways the growth of crystals in an extremely controlled man-
ner [24].
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3.1
Dimension and Shape Dependent Chemical Potentials of Nanocrystals

The Gibbs-Thompson equation (Eq. 1) is the basis of the classic crystalliza-
tion theory. As noted previously, this important equation has some intrinsic
deficiencies. However, there is no other fundamental equation available to
replace it yet. Although it may not be accurate enough for a quantitative
description of a crystallization process in a nanometer regime, it serves as
a good starting point.

S: = Sp exp(20 Vi /TRT) (1)

where r is the radius of the crystal, o the specific surface energy, Vi, the mo-
lar volume of the material, Sy, the solubility of the bulk crystal with an infinite
size, and S; the solubility of a crystal with a radius r

The Gibbs-Thompson equation tells us that the solubility of a given sized
crystal is strongly dependent on its size. The solubility of a crystal at the
nanometer size scale is a relative term, since it is impossible to reach an ul-
timate chemical equilibrium between the nanocrystal and the monomers at
the concentration S, determined by Eq. 1. This is because nanocrystals are
thermodynamically only a mesostable species. Therefore, it should be more
thermodynamically relevant to consider S, determined by Eq. 1 as a measure
of the chemical potential of nanocrystals. Consequently, the chemical mean-
ing of the Gibbs-Thompson equation is: the chemical potential of a collection
of nanocrystals with a given radius r is the same as that of the monomers at
the concentration S;.

A simple mathematical treatment can change Eq. 1 to Eq. 2:

RTInS; =RTInSy, + 20 Vi /TRT (2)

If 1y and puy, respectively represent the chemical potentials of the crystals with
a radius r and with an infinite size, Eq. 2 can be converted into Eq. 3:

Mr = by + 20 Viy /TRT (3)

Here, we assume that crystals with different sizes share the same standard
state.

For spherical crystals, the number of surface atoms and the total atoms
should be proportional to the surface area and the volume respectively. If we
define the surface atom ratio as &, then,

8 = (kiamr?) ) (kydmr® /3) = k31 /r (4)

where ki, k;, and k3 are all proportional constants.
Combining Eq. 3 and Eq. 4 and setting the chemical potential of infinite
sized crystals as the relative standard, the relative chemical potential of a crys-
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tal of finite size should then be proportional to the surface atom ratio, é.
My X8 (5)

Equation 5 indicates that the relative chemical potential of crystals is sim-
ply proportional to their surface atom ratio [24]. This is understandable from
a structural point of view. The difference between bulk crystals with an in-
finite size and crystals with a finite size is the surface atoms, which possess
some dangling bonds. The average dangling bonds per atom over the en-
tire crystal will thus determine the relative chemical potential of the crystal.
As a result, the relative chemical potential of the crystal with a finite size
should be proportional to the surface atom ratio, if we assume each surface
atom of the crystal possesses the same number of dangling bonds. Please
note that this assumption is actually one of the basic assumptions of the
Gibbs-Thompson equation. Furthermore, the structural argument suggests
that Eq. 5 should be also applicable to crystals of different shapes. It should
be pointed out that we are in the process of deducing a more general form of
the Gibbs-Thompson equation from this structural argument, one which can
reflect the shape factor in the equation.

Equations 1 and 5 are intrinsically the same equation although the for-
mer has some implications for the thermodynamic properties of nanocrystals
with different shapes. For instance, one of the problems with Eq. 1 is that
when the size of the crystals approaches zero, the solubility of the crystals
quickly exceeds one (molar fraction). Similarly, the chemical potential in
Eq. 5 approaches infinity when the size of the crystals approaches zero. These
limitations would probably prevent the current standing on the growth mech-
anisms of nanocrystals from being exactly precise.

60 ana
9 eidiete
< ditrate
8 diasaza
£ InP Dots
K]
<
§ 20
£
5
(2]

h ’ 10 ‘ 20

Size/Diameter (nm)

Fig.20 Size dependent chemical potential () of InP nanocrystals. The trend shown in
this plot is true for any nanocrystal systems as long as the Gibbs-Thompson equation is
valid (Printed with permission from the ] Am Chem Soc 2002, 124:3343. © 2002 American
Chemical Society)
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Fig.21 Aspect ratio dependent chemical potential (1) of CdSe nanocrystals. The volume of
all nanocrystals are set as the same of a dot-shape nanocrystal of 8 nm in size (Printed with
permission from the ] Am Chem Soc 2002, 124:3343. © 2002 American Chemical Society)

If nanocrystals possess a spherical dot shape, Egs. 4 and 5 will predict
a size-dependent chemical potential of nanocrystals as plotted in Fig. 20. For
rod-shaped nanocrystals of a given volume, the chemical potential of the
nanocrystals increases as the aspect ratio increases (Fig. 21).

3.2
Chemical Potential of Monomers in the Reaction Solutions

Fundamental thermodynamics [96] tells us that the chemical potential (1tm)
of monomers in solution can be expressed as follows:

fm = 1155 + RT 10 Y Cim ©)

where p;) is the standard chemical potential of the monomers, yp, is the ac-
tivity coefficient of the monomers, and Cp, is the monomer concentration.

When the chemical potential of the monomers in the solution is equal to
the chemical potential of a nanocrystal, the nanocrystal and the monomers
are in a metastable equilibrium. If the chemical potential of a nanocrystal is
higher (lower) than the chemical potential of the monomers in the solution,
the nanocrystal should dissolve (grow). These basic rules are going to be used
later for judging a reaction system.

33
Control on the Size and Size Distribution
of Dot-Shaped Semiconductor Nanocrystals

3341
In Coordinating Solvents

The temporal evolutions of the size and size distribution of semiconductor
nanocrystals grown through organometallic approaches and the related al-
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ternative approaches typically follow a similar trend. Figure 22 shows the
results for the growth of CdSe nanocrystals as an example [45]. Nucleation
takes place immediately after injection and continues until the temperature
and monomer concentration drop below a critical threshold. The kinetics of
nucleation are difficult to study by taking aliquots, whereas the subsequent
growth stage is more readily examined.

For the specific reaction shown in Fig. 22, the size distribution starts out
with a standard deviation of 20%. Over the next 190 min, there are two
distinct kinetic regimes. During the first 22 min, the average size increases
relatively rapidly (from 2.1 to 3.3 nm diameter), and the size distribution is
focused from 20% to 7.7%. Subsequently, the nanocrystals grow more slowly
(from 3.3 to 3.9 nm), and the nanocrystal size distribution broadens to 10.6%.
A second injection of molecular precursors increases the growth rate, and
refocuses the size distribution to 8.7%. Particle yield data revealed that the
number of particles remains constant during focusing and refocusing, but
decreases during defocusing. The monomer concentration, determined by
particle yield, exhibits a dramatic drop during focusing and refocusing, and
remains approximately constant during the defocusing.

The kinetics revealed by Fig. 22 are quite common [45]. The experimen-
tal results can be quantitatively explained by a diffusion-controlled growth
model as shown in Fig. 23 [22, 45].

The left panel of Fig. 23 illustrates how focusing of size distribution occurs.
Shortly after an injection, either the initial injection or a secondary injection,
the monomer concentration is higher than the solubility of all nanocrystals
in the solution. As a result, all nanocrystals grow. For diffusion-controlled
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Fig.22 Temporal evolution of the size and size distribution of dot-shaped CdSe nanocrys-
tals of a typical synthesis. Similar trends have been observed for nanocrystals with
different compositions in different reaction solutions (Printed with permission from the
J Am Chem Soc 1998, 120:5343. © 1998 American Chemical Society)
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Fig.23 Explanation of focusing and defocusing of size distribution observed in Fig. 22.
See related text for details (i.e. Dr. Peng)

growth, the size of nanocrystals is considered negligible in comparison to
the diameter of the diffusion sphere. This means that the size of the dif-
fusion sphere is independent of the size of the nanocrystals. The amount
of material diffused into the diffusion sphere and subsequently deposited
on the corresponding nanocrystal should depend on the surface area of the
diffusion sphere, which indicates that the volume of every nanocrystal in-
creases at the same rate. Simple mathematical consideration will lead to
the conclusion that the size of a nanocrystal increases proportionally to the
square of the sizes—a very strong focusing trend. It should be noted that
this model is quantitatively consistent with the experimental data shown in
Fig. 22 [22, 45].

The defocusing of size distribution is interpreted in the right panel of
Fig. 23. After the reaction has proceeded for a certain amount of time, the
monomer concentration decreases due to the growth of all nanocrystals in
the focusing stage. When the monomer concentration decreases to a specific
level, the defocusing of size distribution occurs. This specific level, as shown
in Fig. 23 (right panel), is lower than the solubility of the small nanocrystals
in the solution but higher than the solubility of the largeer ones. Conse-
quently, small ones will shrink and large ones will grow even larger. A defo-
cused size distribution will thus be observed.

Although the model shown in Fig. 23 explains the experimental results
quite well, I would like to emphasize once more that the above explana-
tions are generally based on some classic crystallization concepts, such as the
Gibbs-Thompson equation (Eq. 1) and Ostwald ripening (defocusing of size
distribution) [33]. At present, it is not clear how reliable some of those con-
cepts are in a nanometer regime. For instance, the Gibbs-Thompson equation
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or Eq. 5 has never been experimentally confirmed in its most significant size
regime, the nanometer size regime. In fact, attempts to confirm these two fun-
damental equations carried out by my research group have thus far given us
anegative answer. More accurate and in situ measurements are being pursued
in my research group. Hopefully, those experiments will provide some insight
into this fundamentally important issue in the near future.

3.3.2
In Non-coordinating Solvents

The main advantage of the synthesis carried out in non-coordinating sol-
vents is the tunable reactivity of the monomers. Such tunability is achieved by
varying the activity coefficient in Eq. 6.

According to existing understanding (Fig. 23), the size distribution control
of colloidal nanocrystals during growth is achieved by a balance between nu-
cleation and growth. A successful synthetic scheme should start with a short,
fast nucleation period, and be followed by a growth stage without either pro-
longed nucleation or ripening, which is referred to as the focusing of size
distribution stage [45]. If too many nuclei were formed in the initial nucle-
ation period, the remaining monomers would not be enough to promote the
focusing of size distribution for sufficient time, which would result in an un-
desired Ostwald ripening or defocusing of size distribution. If not enough
nuclei formed, the growth reaction would be too fast to be controlled to reach
the desired size and size distribution. To achieve this essential balance be-
tween nucleation and growth, a nearly continuous tunable reactivity of the
monomers is desirable.

A very efficient way to tune the reactivity of the monomers is by varying
the ligand concentration in the reaction solution. As shown in Fig. 24, the
growth reaction for CdS nanocrystals varied dramatically by varying the con-
centrations of the ligands, oleic acid in this case [32]. An even more dramatic
difference was observed for the growth of InP nanocrystals using myristic
acid (MA) as the ligands (Fig. 25) [79].

The role of ligand concentration in tuning the reactivity of the monomers
is verified by measuring the remaining monomer concentrations at different
reaction times [32]. For the reaction shown in Fig. 25, the cadmium monomer
concentration in the solution dropped very quickly within the first 20 s, and
the rate of this depletion increased as the oleic acid concentration decreased
(Fig. 26). From the spectra shown in Fig. 25, the average size of the nanocrys-
tals at about 20 s after the injection decreased systematically as the initial
oleic acid concentration decreased. Similar results were obtained for the for-
mation of other types of semiconductor nanocrystals. Combining these facts,
it is safe to conclude that the number of nanocrystals (nuclei) formed in the
initial nucleation stage increased significantly as the initial oleic acid concen-
tration decreased. This indicates that the reactivity of the monomers in the
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Fig.24 Temporal evolution of UV-Vis spectra of CdS nanocrystals of four different reac-
tions. The only difference between these four reactions was that the ligand concentration
in the reaction was different from each other. OA Oleic acid (Printed with permission
from Angew Chem, Int Ed 2002, 41:2368. © 2002 WILEY-VCH Verlag GmbH, Weinheim,
Germany)
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Fig.25 Temporal evolution of UV-Vis spectra of InP nanocrystals of three different reac-
tions. The only difference between these three reactions was that the ligand concentration
in the reaction was different from each other. MA Myristic acid (Printed with permission
from Nano Lett 2002, 2:1027. © 2002 American Chemical Society)

solution increases significantly with decreasing ligand concentration in the
solution.

In contrast, the depletion rate of the monomers did not vary much
with differing initial oleic acid concentrations after the initiation stage of the
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Fig.26 Temporal evolution of the cadmium monomer concentration in the growth of CdS
nanocrystals using different concentrations of oleic acid in a non-coordinating solvent.
Except the concentration of the ligand, other reaction conditions were identical (Printed
with permission from Angew Chem, Int Ed 2002, 41:2368. © 2002 WILEY-VCH Verlag
GmbH, Weinheim, Germany)

reactions, although the remaining monomer concentration was higher for re-
actions with a higher oleic acid concentration. Likely, this is caused by two
conflictig factors. In comparison with a reaction with a lower ligand concen-
tration, the reactivity of the monomers of a given reaction was lower but the
remaining concentration of the monomers was higher.

The above experimental results can be explained using Eq. 6. The cadmium
monomers in the solution at elevated temperatures may not simply be cad-
mium oleate salt and the ligands should be quite labile at high temperatures.
When the ligand concentration increases, the number of nearby ligands for
each cadmium ion should strongly depend on the concentration of the ligands
in the bulk solution. As a result, the activity coefficient of the monomers, ym,
decreases as the ligand concentration increases. From Eq. 6, one can conclude
that the chemical potential of the monomers should decrease when the ligand
concentration increases. This is why the number of nuclei was smaller when
a higher ligand concentration was used (Fig. 26).

34
Control of Emitting Properties

Although the crystallinity and size of CdSe nanocrystals have been control-
lable since the introduction of organometallic approaches, the emission prop-
erties including both PL and EL of semiconductor nanocrystals have been far
from satisfactory. Two recent reports revealed some interesting insights into
this critical issue [28,29]. A common point in these two reports is that the
PL QY of semiconductor nanocrystals is determined by the surface structures
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of the nanocrystals, provided that no interior defects exist in the high quality
nanocrystals.

Weller’s group [29] reported that, by size selective precipitation, nanocrys-
tals could be separated into many different fractions which had distinguish-
able PL QYs. As shown in Fig. 27, there was always a critical size which had the
highest PL QY. The PL QY decreased gradually when the size of the nanocrys-
tals departed from this critical size. This phenomenon is considered a result
of the unique chemical environment of the reaction solutions. At any given
moment, the monomer concentration and other factors are fixed to a unique
value. This means that only those nanocrystals with a given size in the distri-
bution can be at equilibrium with the monomers in the solution, and these are
the critical size nanocrystals. The equilibrium conditions should promote an
optimal surface reconstruction for the nanocrystals. Therefore, the PL QY of
the critical size nanocrystals should be higher than those of the others. Fur-
thermore, the larger the size difference is from the critical size, the lower the
PL QY should be.
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Fig.27 Solid lines PL spectra of crude solutions of CdSe, CdTe, and InAs nanocrystals
measured at different stages of article growth, points PL quantum efficiency vs. position
of the PL maximum of size-selected fractions isolated from each crude solution (Printed
with permission from the ] Am Chem Soc 2002, 124:5782. © 2002 American Chemical
Society)
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The other report [28] is of an attempt to control PL properties of semi-
conductor nanocrystals in growth. The emission properties of semiconduc-
tor nanocrystals can be characterized by four fundamental parameters, the
brightness, the emission color, the color purity, and the stability of the emis-
sion. The challenges are to control the PL brightness, and the stability of
the emission of the as-prepared semiconductor nanocrystals, especially the
former. For highly crystalline nanocrystals, an optimal surface structure—
probably a reconstructed one—should be the solution for PL brightness. The
other two parameters are basically determined by the size and size distribu-
tion of the nanocrystals due to quantum confinement effects.

A defined surface structure for molecular beam epitaxy (MBE)-grown sur-
faces of compound semiconductors is often obtained by using a highly biased
ratio between the cationic and ionic precursors [97]. Using a biased ratio be-
tween cadmium and selenium precursors, the PL QY of CdSe nanocrystals
indeed increased dramatically as shown in Fig. 10.

The temporal evolution of the PL QY of a given reaction often possesses
a maximum point (Fig. 28), or bright point [28]. The bright point of PL and
the focusing point of size distribution of this reaction did not overlap with
each as shown in Fig. 28.

The appearance of the PL bright point and the precursor-ratio dependence
of the PL QY are currently explained based on the equilibrium between the
monomers and nanocrystals in the reaction solution [28]. If one precursor
was initially in a large excess, the concentration of that monomer in the solu-
tion should be considered a constant after the growth reaction has proceeded
for a short period of time. This would provide a desirable condition for the
construction of the most favorable surface structure for the nanocrystals in
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Fig.28 Temporal evolution of the optical spectra (left panel), PL QY (right top) and
FWHM (bottom) of CdSe nanocrystals grown with a biased ratio of the cadmium and
selenium initial concentrations in the solution (Printed with permission from the ] Am
Chem Soc 2002, 124:2049. © 2002 American Chemical Society)
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the solution. Consequently, the PL QY might reach a higher level. This is prob-
ably why the PL QY at the bright point increased as the initial Cd : Se ratio of
the precursors departed from 1: 1.

When the system is in the focusing stage, the chemical potential of
monomers should be higher than that of the nanocrystals in the solution,
and the deposition of monomers onto the surface of nanocrystals from the
solution would be thermodynamically driven. After the system has almost
completed the focusing stage, the chemical potentials of the monomers and
the nanocrystals should be very similar, provided that the size distribution
of the nanocrystals is very tight. An equal chemical potential between the
monomers in the solution and the monomers on the surface of nanocrystals
should promote an optimal surface structure, and thus a high PL QY. After
the bright point, the chemical potential of the monomers would keep drop-
ping and the dissolution of monomers from the surface of nanocrystals into
solution would be thermodynamically favorable, and PL QY should gradually
decrease from the value at the bright point.

The nature and surface coverage of the ligands are also important fac-
tors for determining the PL QYs of nanocrystals [28, 51,70, 98], in addition
to an optimal surface structure. At present, there is no significant knowledge
of the ligand effect. However, it is difficult to explain the experimental data
discussed in this section solely based on ligand effects.

3.5
Shape Control of Nanocrystals

Shape-controlled growth of crystals has been a tough question for the clas-
sical theories of crystallization [33]. The most preferred classic model for
shape control is the Wulff facets argument, or Gibbs-Curie-Wulff theorem,
which suggests that the shape of a crystal is determined by the relative specific
surface energy of each face or facet of the crystal [33]. However, our recent re-
sults have unambiguously revealed that this pure thermodynamic argument
is unlikely to be useful. For example, this argument cannot explain the fre-
quently observed shape evolution that occurs far from the thermodynamic
equilibrium and must be overcome by high monomer concentrations [22].
This means that a new framework is needed for the development of shape-
controlled synthesis of colloidal nanocrystals.

The solution-liquid-solid approach [18] has a clear mechanism behind it.
However, the mechanisms for the growth of those shape-controlled nanocrys-
tals without inorganic seeds and preformed ligand cavities are still not set-
tled. The role of the ligands is one key contradictory issue.

If a nanocrystal grows to a significantly elongated shape that is different
from the regular dot-shape, a lack of inversion symmetry is needed [11, 21, 22,
24]. For semiconductor crystals, such a broken symmetry may exist at a cer-
tain crystal orientation. The most common crystal structures for II-VI and
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III-V semiconductors are zinc blende and wurtzite. For wurtzite structure,
the unique axis is the (001), and for zinc blende it is the (111) axis. A dipole
moment exists along the unique axis in both cases [99]. However, the selective
bonding of the ligands on the surface of nanocrystals may further enhance
the chemical difference along different axes as shown in Fig. 29 [11, 21, 22, 24].
All groups have agreed on this point. The question is whether this is sufficient,
or this is the main role which ligands are playing. Our opinion is that the lig-
and effects on the monomers in the solution are very important, and cannot
be ignored in many cases [22, 24].

As shown in Fig. 21, the chemical potential of elongated nanocrystals is sig-
nificantly higher than those of dot-shaped ones. As a minimum requirement,
the growth of elongated nanocrystals will only occur when the chemical po-
tential of the monomers in the solution is sufficiently high. This is equivalent
to saying that the activity of the monomers—a product of monomer concen-
tration and activity coefficient (Eq. 6)—in the solution must be sufficiently
high. Ligand effects on the activity coefficient of the monomers have been
discussed above.

Experimentally, with the same concentration of a given type of ligand,
elongated shapes could only be formed and exist when the monomer con-
centration was high enough (see detail below). The history of the precursors
of a reaction, aged or fresh, may also change the shape of the nanocrystals
dramatically. These facts clearly revealed the importance of the monomer ac-
tivities [22, 24].

A balanced nucleation and growth argument is useful for understanding
the formation of shape controlled nanocrystals. Most synthetic reactions for
the growth of elongated semiconductor nanocrystals in solution have been
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Fig.29 The selective bonding of the ligands and unique axis of a CdSe nanocrystal in
wurtzite structure (Printed with permission from the ] Am Chem Soc 2001, 123:1389. ©
2001 American Chemical Society)
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initiated by introducing a certain amount of monomers into the reaction sys-
tems. As a result, the remaining monomer concentration after the nucleation
process is dependent on the number of nuclei formed. In general, a relatively
small number of nuclei are desirable for the growth of elongated nanocrystals
because the change in the monomer concentration in the solution caused by
the nucleation process and the following growth process should be relatively
small. Based on this principle, a relatively low activity coefficient should pro-
mote the formation of nanocrystals with elongated shapes. Experimentally,
elongated shapes were difficult to form in a weak coordinating solvent such
as TOPO. The situation was different when strong ligands, such as phospho-
nic acids, were added into the weak coordinating solvent [11]. If the chain
length of the phosphonic acid was relatively long, the aspect ratio of the
elongated nanocrystals was typically longer and with a better control in its
distribution [24]. These results were all consistent with the ligand effects on
the monomers, which helped in the formation of limited numbers of nuclei.
It was observed that the nuclei for the formation of elongated nanocrys-
tals are probably magic-sized nanoclusters as shown in Fig. 30 [24]. Magic-
sized nanoclusters are those nanoclusters with a closed shell structure, which
are significantly more stable than the nanoclusters either slightly smaller
or slightly bigger than the given magic-sized nanocluster. The spectroscopic
signature of magic-sized nanoclusters is a persistent and sharp peak in the
absorption spectrum (see Fig. 30). Theoretical considerations [100] suggest
that magic-sized nanoclusters should have a zinc blende configuration. Ex-
perimentally, all magic-sized nanoclusters reported so far are in zinc blende
bonding geometry and have a tetrahedron shape [82, 101-103]. Each surface
of the tetrahedron is the (111) face of the zinc blende structure, which is
identical to the (001) face of the corresponding wurtzite crystal. When the
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Fig.30 Spectroscopy evidences for the formation of magic sized nuclei. The possible
structure of the magic sized nuclei is shown on the right (Printed with permission from
the ] Am Chem Soc 2002, 124:3343. © 2002 American Chemical Society)
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Fig.31 One end growth of the CdSe rods (Printed with permission from the ] Am Chem
Soc 2002, 124:3343. © 2002 American Chemical Society)

monomer activity in the solution is sufficiently high, each surface of the tetra-
hedron seed will develop an arm, which ends up a tetrapod. If the activity
of the monomers in the solution was at an intermediate level, only one arm
could be fully developed: a rod. In this mechanism, the rod should grow just
on one end, instead of two ends. Experimental evidence supported this hy-
pothesis (Fig. 31) [24].

The importance of the activity of the monomers in determining the shape
of nanocrystals was also revealed by the shape evolution of the nanocrys-
tals [22]. As shown in Fig. 32 (right panel), by simply increasing the monomer
concentration in the solution, dot-shaped CdSe nanocrystals were converted
to rods. The growth of the rods only occurred when the monomer concen-
tration was relatively high. When the monomer concentration was lower than
a critical point, the length of the rods decreased and their width increased
(Fig. 32, right panel).

It should be pointed out that the temporal evolution of the average vol-
ume of the nanocrystals followed a totally different pattern in comparison to
that of the aspect ratio (Fig. 32, right panel) [22]. The typical temporal shape
evolution of CdSe quantum rods occurs (Fig. 32, right panel) in three distin-
guishable stages. When the Cd monomer concentration in the solution was
high (shortly after the initial injection of the precursors), all the nanocrys-
tals grew almost exclusively along their long axis and both aspect ratio and
volume of crystals increased rapidly. This stage is referred to as exclusive
1-dimensional growth, or the 1D-growth stage. The second stage occurred
when the Cd monomer concentration dropped to between 0.5 and 1.4%. In
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Fig.32 Shape evolution of CdSe nanocrystals (Printed with permission from the J] Am
Chem Soc 2001, 123:1389. © 2001 American Chemical Society)

this stage, crystals grew simultaneously in three dimensions. The aspect ratio
remained constant, but the crystal volume increased. This stage is called 3-
dimensional growth, or the 3D-growth stage. In the final stage of the example
illustrated in Fig. 32 (right panel), when the Cd concentration was constant
at 0.5%, the aspect ratio dropped noticeably but the volume remained con-
stant. Nanocrystal volumes and number remained constant, and there was no
noticeable net growth or net dissolution of nanocrystals. This seems to in-
dicate that the monomers likely moved on the surface of a crystal from one
dimension (c-axis) to the other two dimensions in an intra-particle manner.
Henceforth, this state is referred as 1-dimension to 2-dimension intra-particle
ripening, or 1D-to-2D ripening. In the 1D-to-2D ripening process, the quan-
tum rods can eventually evolve to the dot shape, if given enough time. It
should be mentioned that, for normal Ostwald ripening (inter-particle ripen-
ing) [33], the Cd monomer concentration was determined to be only about
0.1-0.2% in this system.

A diffusion-controlled model (Fig. 33) was proposed [22] to explain the
shape evolution shown in Fig. 32. This model considers the free energy dif-
ference between different facets of a nanocrystal, which indicates that the
growth along the unique axis is kinetically promoted and thermodynamically
suppressed. When the system is strongly overdriven by a high monomer con-
centration, the growth only occurs along the unique axis, which is the 1D
growth. If the monomer concentration is at an intermediate level, kinetic and
thermodynamic factors are playing together, which ends up in a 3D growth.
At a low monomer concentration level, the system is no longer kinetically
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controlled, since an elongated shape is not thermodynamically favorable, and
the monomers start to move away from the ends of the rod and grow onto the
sides, this is the 1D-to-2D ripening.

The mechanisms discussed above assume that the growth of rods is by con-
suming monomers in the reaction solution. There are two other experimen-
tally identified growth mechanisms, oriented attachment [104] and folding
mechanism [105]. Nanorods in the folding mechanism are formed through
the folding of a lamellar precursor and eliminating the extra ligands in the
precursors. Unfortunately, control on the dimensions and dimension distri-
butions of those nanorods is quite poor at present. Hopefully, a better under-
standing of this mechanism would eventually convert this method to a prac-
tical level. The oriented attachment refers to the growth of rods/wires by the
attachment of nanocrystals preformed in the solution to each other [104].
For forming rods/wires, the attachments must occur along a given axis of
the nanocrystals [106-108]. Figure 34 illustrates two types of semiconduc-
tor nanocrystals, ZnO and CdTe ones, formed by this mechanism [106, 107].
As shown in Fig. 34 (left panel), the rods formed in the early stages were
more or less an array of connected “beads” that presumably were the original
dots [106].

At present, it is not clear why such oriented attachment will occur. One hy-
pothesis is that it is caused by the dipole moment of the original dot-shaped
nanocrystals [106,107], which is consistent with the attachment direction
observed so far. However, such a hypothesis would exclude any possible non-
magnetic metal nanorods/wires formed by oriented attachment.
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Fig.34 Left panel Oriented attachment of ZnO dots to form rods. a TEM image of the con-
centrated solution after reflux for 2 h. b-d High-resolution TEM images of dimers formed
by oriented attachment. e Oligomer structure of several nanoparticles fused after oriented
attachment. (Printed with permission from Angewandte Chemie 2002, 41:1188. Copyright
2002 WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany) Right panel CdTe
nanowires formed by oriented attachment of the corresponding dots (Printed with per-
mission from Science 2002, 297:237. © 2002 American Association for the Advancement
of Science)

4
Summary

Synthesis of semiconductor nanocrystals has advanced significantly in the
past 10 years. Along with the development of synthesis methods, understand-
ing of the mechanisms for the formation of nanocrystals in a controllable
manner has been improved. The results observed so far are evidence that
mechanism studies can be fruitful and instructive for the development of syn-
thetic chemistry of colloidal nanocrystals.
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However, knowledge of crystal growth in the nanometer regime is mostly
qualitative and the synthetic chemistry of colloidal nanocrystals is still largely
at an empirical level. Efforts toward a quantitative framework should be
strongly encouraged. Such a framework will not only benefit the develop-
ment of synthetic chemistry for colloidal nanocrystals, but also help the
understanding of crystallization in general. Among all colloidal nanocrystal
systems, semiconductor nanocrystals are unique for studying crystallization
because their size-dependent optical properties are convenient probes for the
processes occurring in the nanometer regime.
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Abstract The structures of ternary and quaternary silicates are revisited on the basis of
the Zintl-Klemm concept and the Pearson’s generalised octet rule. The three-dimensional
skeletons formed by the Si atoms can be interpreted as if the Si atoms were behaving as



122 D. Santamaria-Pérez et al.

Zintl polyanions, adopting the structure of either main-group elements or Zintl polyan-
ions showing the same connectivity. The O atoms are then located close to both, the
hypothetical two-electron bonds and the lone pairs, giving rise to a tetrahedral coordina-
tion. In some silicates, the Si atoms clearly show an amphoteric character so that some Si
atoms act as donors (bases) adopting an octahedral coordination, whereas others behave
as acceptors (acid), adopting a tetrahedral coordination. Although the octahedral coor-
dination seems to be favoured by the application of pressure, the results reported here
indicate that the coordination sphere of silicon is not a function of the assumed ionic ra-
dius of the Si** cations but it depends on the nature of the other cations accompanying
them in the structure.

Keywords Silicates - Structures - Zintl-Klemm concept - Cation arrays - Zintl phases

Abbreviations

CN Coordination Number

ELF electron localisation function
HP high pressure

HT high temperature

NNM non-nuclear maxima

P pressure
PSE Periodic Table of Elements
T temperature

VSEPR valence shell electron pair repulsion

1
Introduction

The chemistry of silica and silicates has been widely studied. Silicates are
the most interesting and the most complicated class of minerals. Approxi-
mately 30% of all minerals are silicates and some geoscientists estimate that
90% of the Earth’s crust is made up of silicates. They also play an important
role in daily life. Thus, silicates are present in raw materials and several in-
dustrial products such as glass, concrete and many ceramic materials. Their
widespread application is due to the large variability of their properties and
this, in turn, is due to the very large number of different silicate phases and
the diversity of their structures.

Concerning the structural chemistry of silicates, the Inorganic Crystal
Structure Database (ICSD), release 2004, contains 3192 entries of ternary and
quaternary silicates. Silicates have often been described on the basis of the
ionic model, i.e. a dense packing of 0% anions in which Si** cations seem to
fit into interstitial tetrahedral voids [1]. However, several experimental stud-
ies of the electron density distribution clearly indicate that the Si— O bond
has a considerable covalent character [2]. Thus, a model which considers sil-
icates as formed by either isolated or condensated [SiO4] tetrahedra seems
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to be more appropriate. Following this descriptive model, silicates have been
classified into monosilicates, oligosilicates, ring silicates, chain silicates, layer
silicates and tectosilicates according to the type of polyanion present in the
structure. A richly illustrated survey of the structures of crystalline silicates is
the book “Structural Chemistry of Silicates” which contains an extensive study
of the bonding and structures of these compounds [3]. In it, the structures
are classified and described following a criterion of increasing complexity of
the silicate polyanions but it should be pointed out that the reasons why these
polyanions adopt a given structure are far from being explained. This is the
reason why the so-called “rich variety” of condensated silicate polyanions has
been considered, in many instances, as “capricious”.

An early attempt to correlate, in tetrahedral structures, the connection be-
tween the tetrahedra and composition was carried out by Parthé & Engel [4].
Later, Parthé & Chabot [5] applied the Zintl-Klemm concept [6,7] to de-
duce the connectivity in structures with anionic tetrahedron complexes of the
general formula CmC;n/An. From valence-electron criteria they deduced ex-
pressions which allow for the prediction of tetrahedral sharing numbers as
well as the formation of C - C" and A - A bonds. Although they were able to
predict connectivity between CA4 and C'A4 tetrahedra, the 3D frameworks
remained unexplained and they were not related to other simple or elemental
structures.

In a more recent paper [8], the Zintl-Klemm concept [6,7] and Pearson’s
generalised octet rule [9] were successfully applied to 94 ternary aluminates,
a family of compounds which, like silicates, also form condensated polyan-
ions of tetrahedrally coordinated Al atoms. These two old concepts will help
us to understand both the coordination spheres of the Si atoms and the three-
dimensional arrays of their structures. Because some readers will not be
familiar with these concepts, they will be briefly described in Sect. 3.

When this concept was applied to describe the Al-frameworks in alumi-
nates, it was seen that, in aluminates of highly electropositive metals such as
alkali, alkaline-earth and rare earth metals, the Al atoms form 3D skeletons
which can be interpreted as if the Al atoms would behave as Zintl polyan-
ions with hypothetical Al— Al bonds. These Al skeletons adopt the structure
of either main group elements or Zintl polyanions showing the same connec-
tivity. The O atoms are then docked close to both, the hypothetical Al - Al
two-electron bonds and the lone electron pairs, giving rise to tetrahedral
coordination of Al. On the contrary, when less electropositive (more elec-
tronegative) species coexist with aluminium in the oxide, the Al atoms do not
behave as a Zintl polyanion anymore and adopt an octahedral coordination.
Moreover, in some instances, the Al atoms exhibit their amphoteric charac-
ter by which some of them act as electron donors towards other (acidic) Al
atoms which behave as Zintl polyanions. In these cases, both types of coor-
dination polyhedra, octahedra (donors) and tetrahedra (acceptors) coexist in
the structure.



124 D. Santamaria-Pérez et al.

In the present work, our aim is to extend this study to some ternary and
quaternary silicates. The Si subarray will be analysed in the light of both,
the Zintl-Klemm concept [6,7] and Pearson’s generalised octet rule [9]. It is
well known that aluminates and silicates present many structural similarities.
So, the principles applied to aluminates will be extended here to the struc-
tures observed in silicates, in order to provide an alternative view which puts
all these apparently capricious structures on a common basis. Although we
have carried out a systematic study of the structures of ternary and quater-
nary silicates, our aim is not to present a comprehensive study but rather to
analyse some selected examples in the light of the Zintl-Klemm concept to
demonstrate its applicability. To assist the reader in applying these principles
to any other silicate structure, a more extended survey of silicates is given in
Tables 3-7.

2
The Crystal Chemical Formula Notation for Silicates

Throughout this article, when silicates are described, the term “coordina-
tion” will be used to denote how X! anions (usually oxygen atoms) surround
a given cation, and the term “connectivity” will be used to express, in par-
ticular, the contacts between tetrahedrally coordinated cations (T! atoms)
which are connected by a bridging oxygen forming Si— O — Si bonds. When
the imaginary Si atom skeleton of a silicate structure is described, the term
Si—Si will be used to denote the link between two Si atoms that in the ac-
tual silicate represents a Si— O — Si bond. It will be seen below that for many
silicates the Si atom skeleton is topologically very similar to the structures of
corresponding, existing or hypothetical, Zintl phases in which the Si — Si link
of the skeleton is replaced by a real Si— Si bond.

Silicates will be described following an increasing order of structural com-
plexity. We will begin with monosilicates, passing to oligosilicates, ring sili-
cates, chain silicates, layer silicates to end with tectosilicates, most of which
are quaternary compounds where silicon, together with other T atoms, like
B, Be, Al etc. and oxygen atoms are forming the tetrahedral frameworks. All
cations which, together with oxygen or other anions, are forming these tetra-
hedral frameworks will be denoted by the symbol T and consequently, the
skeleton formed by the connected T atoms will be denoted as the T atom
framework or T atom skeleton. Because the Zintl-Klemm concept establishes

! Following a recent recommendation to write chemical formulas containing structural informa-
tion [10], in this paper distinction is made between the usual element symbols such as Si, Al, O, Cl,
etc. (given as normal face Latin letters) and structure-site symbols (given as boldface Latin letters)
such as T for tetrahedrally coordinated cations, A for cations without regard to their coordination
number, X and Y for monoatomic anions, Z for polyatomic anions, and M for molecules such as
H,0, CO,, etc.
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the relationship between the connectivity of the atoms and their chemical
properties, a knowledge of the crystal structure of the compound under con-
sideration is required. Crystal chemical formulas are very efficient short-hand
descriptions of both, chemical composition and structure of a substance. The
crystal chemical formulas used in this paper are those recommended by the
Commission on Crystallographic Nomenclature of the International Union of
Crystallography [11].

Rather than giving the complete structural formula of a general inorganic
compound, the formula notation shall be explained here for two typical sili-
cates:

e Tremolite is an amphibole of chemical composition Ca;Mgs[SisO1;]2
(OH); [12]. Its main structural features can be given as CagglMgg6 {uB, 2,
2L ¥ (siPsil ¥ oy, 1,(0H),.

e The structure of turkestanite, K<; (Na, C.a%zTh[Sig O], [13] can be written
as KU (Na, Ca)lPITh®! {uB, 4, 2r} (S} 04].

These two specific formulas can be generalised into the following crystal

; 1 [CN] 4 /[CN] D [Ls] e Ths] /
chemical formula of silicates A, A" ..{B, P, MQ_}[T,"T,™ ... Xy, X/,]
YyZz(Mm)-

In this formula the silicate anion is written within square brackets and its
constitution within the preceding curly brackets. Cations not belonging to
the silicate anion precede, and non-silicate anions follow the information on
the silicate anion. If necessary, coordination numbers can be written, within
square brackets, as trailing superscripts to the element symbols. Usually only
four-coordinated cations (T cations) are considered as part of a silicate an-
ion. Therefore, it is unnecessary to add the coordination numbers as a trailing
superscript to the T cations.

The information on the constitution of the silicate anion contains (i) the
branchedness B which may be unbranched (uB), open-branched (oB), loop-
branched (IB), open- as well as loop-branched (oIB) or hybrid (hB); (ii) the
periodicity, i.e. the number of tetrahedra in the identity period of the funda-
mental chain (P°) or fundamental ring (PR) from which the silicate anion can
be generated by successive linkage; (iii) the multiplicity M of the silicate an-
ion; and (iv) its dimensionality D which is the number of dimensions in which
the silicate anion has infinite extension. Oligoanions and rings, both having
D =0, can be distinguished as t and r (for terminated and ring-shaped anions,
respectively).

The tetrahedrally coordinated T cations forming, together with the X an-
ions, the silicate anions, can be characterised by two parameters, the linked-
ness (I) and the connectedness (s). The linkedness (I) expresses the number
of X atoms (usually oxygen and only in rare cases, nitrogen) shared with
each adjacent T cation. Thus, I =0 for isolated tetrahedra, I =1 for corner-
sharing tetrahedra and I = 2 for edge-sharing tetrahedra. The connectedness
(s) accounts for the number of adjacent T cations with which a given T cation
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shares common X atoms. Thus, for a corner-connected network, s is the num-
ber of corners shared by a given [SiO4] tetrahedron. It is the value of s which
is most relevant in connection with the Zintl-Klemm concept. The maximum
possible value of s is 4 for a Si or ¥-Si atom, 3 for a P or ¥-P atom, 2 for S or
Y-S and 1 for ¥-Cl. For more detailed information on the parameters used
for the formula notation see [3].

For silicate anions of finite extension (D = 0), the total number of T and X
atoms (D_ tand ) x respectively), to be given between the square brackets of
the crystal chemical formula, are equal to the numbers of these atoms in the
anion. For silicate chains (D =1), ) t is the number of T atoms in one iden-
tity period of the chain. For silicate anions with D > 1, the numbers of atoms
are usually chosen in such a way that ) ¢ is the smallest multiple of the T
atoms in the period of its fundamental chain for which ) x is an integer.

According to this information, the structural formula of tremolite given
above indicates that its silicate anion is an unbranched zweier double chain in
which half of the Si atoms are 2-connected and the other half are 3-connected.
In analogy, the formula given for turkestanite indicates that its silicate anion
is an unbranched vierer double ring in which all its Si atoms are 3-connected.

3
The Zintl-Klemm Concept

The Zintl concept [6], later extended by Klemm [7], was formulated in the
1930s and has been considered by Hoffmann [14] as “the single most im-
portant theoretical concept in solid-state chemistry of the last century”. It
accounts for the structural and bonding features in the so-called Zintl phases
(A4Xy) which are combinations of very electropositive metals (alkali, alka-
line earth and rare earth metals) (A) with the main-group elements (X). The
Zintl concept interprets the structure of these compounds as if the A atoms
transfer their valence electrons to the X atoms. The X atoms, far from being
individual anions, then form polyanionic skeletons in which they are bonded
by directed, covalent X - X bonds. These bonds are formed by all the va-
lence electrons, i.e., their own electrons plus those transferred from the A
atoms, and the number of bonds formed obey the 8-N rule (N being the num-
ber of valence electrons of the X atom). In other words, the X atoms tend to
complete the octet in their valence shell. When heterogeneous X species are
formed, then the X skeleton can be explained by the generalised octet rule [9].

Klemm [7] proposed the pseudo-atom concept for the charged X" atom
that would adopt a structure characteristic of the isoelectronic main group
element. To illustrate the Zintl-Klemm concept, we will consider the com-
pound NaSi. In this compound, each Na atom would transfer one valence
electron to a Si atom converting it structurally into a pseudo-P atom (¥-P).
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For this reason, in NaSi, the Si~ anions form [Sis]* tetrahedra, similar to
the molecules of P4. The combination of Zintl’s original concept and Klem-
m’s pseudo-atom description, is called the Zintl-Klemm concept. Throughout
this article, we will use the prefix ¥ to denote a pseudo-atom. Thus, taking
again NaSi as an example, the Si~ anion can be denoted as ¥-P.

It should be emphasised that, in the Zintl phases, two types of bonds
co-exist. On one hand, the A - X interaction is assumed to be almost com-
pletely ionic. On the other hand, a directed, covalent bond is formed between
the X atoms, giving rise to the formation of XJ™ polyanions. As said by
Schifer [15], “ionic and covalent bonds in intermetallic phases were a mat-
ter of course for Zintl”. Like in other structures of the main group elements,
such as Si, P, S, As, etc., the X atoms are bonded by directed, two-centre,
two-electron bonds. In the same manner, the electrons not involved in bonds
are located in non-bonding regions forming the so-called lone electron pairs.
These lone electron pairs, together with the bonding electron pairs, normally
form tetrahedral arrangements as has been shown in an electron density
study on the Sg molecule [16]. Also, theoretical calculations of the Elec-
tron Localisation Function (ELF) carried out for CaAl,;Si, [17] and for the
butterfly-shaped Si§~ polyanion [18] reveal that occupied bonding and non-
bonding states are always centred at X atoms. ELF calculations clearly show
that the charge is localised in both, the bonding and the lone pair regions.
The reader can find additional information concerning theoretical calcula-
tions and bonding aspects on the Zintl phases in [18, 19].

Another aspect to be dealt with here is to define which elements are ca-
pable of forming Zintl polyanions. In Table 1, part of the Periodic Table of
Elements (PSE) with the elements near the Zintl border are presented. This
line separates the metametals (Group 13 elements) from the semimetals and
semiconductors which are the most common components of the Zintl phases.
However, other elements at the left of this Zintl line, like Cd, Ag, Al, Ga, In and
Tl, are also susceptible to forming Zintl polyanions. Comprehensive reviews
of the work reported on such compounds can be found in [20, 21].

Table 1 Partial representation of the Periodic Table showing the Zintl border which is
represented by the double vertical line which separates the Groups 13 and 14

11 12 13 14 15 16
Al Si P

Cu Zn Ga Ge As Se

Ag Cd In Sn Sb Te

Au Hg Tl Pb Bi Po
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3.1
The Pseudo-Formula Notation for Zintl Phases

Throughout this article, the term pseudo-formula (¥-SixP;S;,Cl,) will be
used to denote the number of atoms which have been converted into each
kind of W-atom by acceptance of electrons from the more electropositive
atoms. This ¥-atom formula can be easily derived from the silicate formula
by replacing each T4 i3] TIL0) atom by a ¥-Si, ¥-P,..., ¥-Ar atom,
respectively.

4
The Main Group Elements and their Oxides

A common structural feature of the oxides of the main group elements is
that they maintain the structure of either (i) the parent element; (ii) an
element of its own group or; (iii) Zintl polyanions isoelectronic with them.
The oxides are summarised in Table 2 together with the elemental structures
recognisable in them. Although the reader can get an extensive insight into
this phenomenon by examining Table 2, we will briefly describe some exam-
ples which will help to understand the behaviour of the silicate polyanions
described below.

The best-known examples are the different polymorphs of SiO,. Thus,
cristobalite and the related compounds GeO,, BPO4, BeSO4 and the high
temperature (HT) polymorph of ZnSOy, all of them have a cationic array
identical to either, the elements (diamond-like Si and Ge) or the correspond-
ing zincblende-like (sphalerite-like) binary compounds BP, BeS and ZnS.
In tridymite, the Si atoms adopt the same structure as lonsdaleite (some-
times called hexagonal diamond) and hexagonal silicon. The structure of
quartz, adopted also by GeO,, CO; under pressure [22], BPO4 and AlIPOy,
has a cation array whose structure is identical to that of the Si-rich phase
CrSij [23] and also to the cinnabar-like structure of the high-pressure phase
of ZnTe [24]. Both structures are represented in Fig. 1. As pointed out by
Wells [[25], p 131], the Si-subarray of keatite corresponds to the high pres-
sure (HP) phase y-Ge [26]. In stishovite, a HP phase of SiO; [27], and in
the isostructural compounds GeO;, SnO; and 8-Pb0O,, the cations adopt the
structure of an element of their Group, the HP phase y-Sn [28]. Finally, the
similarities between the Si array in both, the Zintl phase KgSiss [29] and the
silica-framework of the microporous mineral melanophlogite have also been
pointed out [30].

An important aspect of all these structures, is the location of the O atoms.
It is well known that in all the elemental structures just described (with the
exception of y-Sn), the Group 14 atoms are linked by directed, two-centre,
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Table2 List of binary oxides of the main group elements whose cation subarray struc-
tures coincide topologically either with those of the elements of the same group or with
Zint] polyanions showing the same connectivity. In the case of silica polymorphs, some
isostructural ternary oxides have been included because they also maintain the structures
of their respective alloys

Oxides preserving Ref. Elemental or Ref.

the elemental structures alloy structures

Si0, (cristobalite) [119]

GeO, [120] Si (diamond) [125]

BPO, [121] BP [126]

AlPO, [122] BeS [127]

BeSO4 [123] ZnS (blende) [128]

ZnSO4 (HT) [124]

SiO; (tridymite) [129] C [131]

AlPO4 [130] Si (hexagonal) [132]

SiO; (quartz) [133]

GeO, [134]

CO, [135] CrSi, [139]

BPO4 [136] ZnTe (HP) [140]

AIPO, [137]

FePO, [138]

Si0, (keatite) [141] y -Ge (HP) [142]

Si0, (stishovite) [143]

GeO, [144] y -Sn (HP) [146]

Sn0O, [144]

B -PbO, [145]

Melanophlogite (silica clathrate) [147] K4Siss3 [148]

AlPO4-2H,0 (metavariscite) [149] CrBy [150]
B-BeO [151]

AlPO4-2H,0 (variscite) [152] Si (HP)- related [153]

P40 [154]

P4Os [155]

P40q [156]

P4Oq9 [157] P4 (molecules) [161]

AS4O6 [158]

Sb,0¢ [159]

Sb4010 [161]

P205 [162] CaSiz (HP) [163]
SrSi, (HP) [163]
BaGe, [164]
ThSi, [165]

P,0s5 [166] As (layers) [168]

ASzO3 [167] CaSiz [169]

Continued on next page
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Table 2 (continued)

Oxides preserving Ref. Elemental or Ref.
the elemental structures alloy structures
A5205 [170] Sl’Si2 [171]
Sb, 05 [172] Sb (HP) [175]
Sb,04 [173] Bi [176]
Bi, 04 [174]
SO; [177]
Se0, [178] S (chains) asbestos-like [181]
Se; 05 [179] Se [182]
y -TeO, [180] Te [183]
S309 [184] S3 (molecule) [185]
NP [186] S4 (molecule) [187]
TeO3 [188] Te (HP) [189]
Po [190]
TeO, [191] S, (molecule) [192]

Fig.1 a Projection of quartz structure in which the Si— Si contacts have been drawn with
thick lines to show its similarity with b the structure of HP-ZnTe

a b

two-electron bonds and, when an oxide is formed from the element, the O
atoms are always located close to the midpoints of these bonds, maintain-
ing the topology of the elemental structure and producing thus a tetrahedral
coordination of the O atoms around the T atoms.

Regarding the Group 15 elements, this behaviour is kept. Thus, the tetra-
hedral structure of the P, molecule is preserved in the oxides P4Og, P4Os,
P409, P4O19, As4O¢ (arsenolite), SbyOg and SbyO1¢. This behaviour had al-
ready been pointed out by Addison in 1965 [31]. Some of these structures are
presented in Fig. 2.
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a b [

Fig.2 The structure of the P4 molecule to show how it is maintained in the P4O¢ and
P401() oxides

The same occurs with a second P4O;¢ phase, 0-P4O;19 (Fdd2), in which
the [POy4] tetrahedra form a 3-dimensional framework [32] whose P atom
skeleton is similar to the arrangement of the Si atoms (¥-P) in the Zintl
phase SrSi,. In the same manner, both, a third phase of P4O;¢ (Pnma) [33]
and a second phase of As;Og (claudetite) [34] maintain the layer structure of
elemental As.

Also in these compounds, when the oxide is formed, the O atoms are lo-
cated close to both, the P — P bonds and the lone pairs of the P (As) atoms. In
this way, in the pentavalent oxides, the tetrahedral coordination is achieved.

At present we cannot give a completely rigorous explanation of why the
basic geometric features of the structures of the elements are maintained
in binary oxides although the distances between the element atoms are in-
creased considerably. If we take the molecule of P4Og as a reference, it is clear
that the insertion of oxygen into the P, molecule leads to the formation of
strong P — O covalent bonds, and thereby preventing the formation of signifi-
cant phosphorus-phosphorus bonding interactions. A possible explanation of
that coincidence could be that, in spite of the strong P — O bonds, some re-
sidual P — P interaction persists. However, this would require the potential
energy surface to be very flat so that the very small bonding interaction en-
ergy could lead to such a preferred geometric arrangement. In this sense,
theoretical calculations, including a topological analysis of the electron dens-
ity, would be desirable in order to detect possible critical points between the
P atoms. An alternative explanation is that the tetrahedral arrangement of the
P atoms could reflect a minimum energy situation for two quite unrelated
electronic situations. It is well known that certain polyhedral arrangements
on the surface of a sphere are solutions both to the minimisation of repulsion
and covering problems. Therefore, the observation of a tetrahedral arrange-
ment in both cases may not have related electronic causes. Indeed they may
have quite contradictory origins. Taking the VSEPR theory as a guide, the
tetrahedral coordination minimises repulsions between the ligands (O atoms)
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in phosphate and sulphate anions but at the same time it occurs in clusters
such as P4 and B4Cly, where significant element-element bonding is present.
The tetrahedral arrangement of the phosphorus or boron atoms enables four
atoms on the surface of a sphere to overlap and share electron density in
the most efficient way. The tetrahedral arrangement also minimises the re-
pulsions between four equal atoms on the surface of a sphere. Therefore,
the same polyhedral geometry represents the most favoured solution for two
quite different electronic situations. The octahedron and icosahedron display
similar dual geometric solutions to the covering and repulsion problem.

The question which arises is whether these explanations can be extended
to all the oxides of the main group elements. Without being able to resolve
the electronic basis of these relationships the general observation remains
that the O atoms in the compounds reviewed in this paper are always located
in the vicinity of the electron pairs of the parent structure of the element.
A “freezing” of the elemental structure is therefore observed when the elem-
ents are oxidised and the oxide anions are located in the regions of high
electron density in the element. Although we have sought to explain the struc-
tures in terms of thermodynamic preferences, it could be that there is also
a kinetic effect which results in the retention of the parent structure as the
reaction proceeds, because the activation energies for such processes leading
to these symmetric structures are lower than those for alternative reactions
which lead to other structural rearrangements. Therefore, the freezing of the
structure may have its origins in the mechanistic pathway leading to their
formation.

In support of this generalisation, we refer to the theoretical calculations
carried out on suboxides of Zintl phases [35]. The compound CasSb,0 [36]
was first described as a binary calcium antimonide Ca4Sb; [37]. The structure
contains isolated Sb>~ anions and the compound can only have the expected
valency relationships if an additional X?~ anion is present. The additional an-
jon was identified as O*~ and was located at the centre of a Cag octahedron.
In fact, the calculation of the ELF for CasSb, (without the O atom) produced
only one additional localisation region at the centre of the Cag octahedron,
just the position occupied by the additional O atom.

5
Silicates

As it has been reported for the aluminates [8], the application of the Zintl-
Klemm concept to silicates turns out to be reasonable for the following rea-
sons: on one hand because the main group elements maintain their structures
when they form their corresponding oxides. On the other hand, because sili-
con is a Zintl element which, in the presence of very electropositive cations,
behaves as a Zintl polyanion which can adopt the structure of other main
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group elements whose networks, as it occurs with the binary oxides, can be
maintained as well in the silicate anions.

Next, the structures of silicates will be analysed in the light of these con-
cepts. The selected compounds are collected in Tables 3 to 7. Examples of
silicates are selected such that the application of the Zintl-Klemm concept to
the large variety of silicate structures is elucidated and can be comprehended.
Following the rules given in Sect. 2, the concise formulas can be developed
into more detailed structural ones by considering the chain periodicity P¢
and distinguishing the T atoms according to the values of k, [, m and n of their
pseudo-atoms. For example, the formula of the unbranched zweier double

chain silicate tremolite Ca;Mgs[SisO11]2(OH); can be extended to CagslMg_Ef]

{uB, 2,21} [Si,"*'sil"* 0}, ],(OH),.

References to examples listed in Tables 2-7 are given with small letters
a, b, ... if heterochemical silicates with the same general formula but differ-
ent cations A, A’, etc. are listed. Underlined element symbols indicate that
a mineral name is given. For several mineral groups with a large number of
members, no reference is given. Phases for which no mineral name is given
in Tables 3-7 have been synthesised but not find in nature. In the text and
in the tables, reference is made to the most recent and most accurate crystal
structure refinements.

5.1
Monosilicates

Monosilicates are characterised by the existence of isolated [SiO4]* an-
ions. To this family of compounds belong very common minerals such as
olivines A;[SiO4] (A! = Mg, Mn, Fe, Co, Ni), spinels, garnets A3A}[SiO4]3
(with A = Mg, Ca, Mn, Y, ..., A’ = Al, Fe, Cr, V, ...), apatite-like silicates
such as Ca3Y,[SiO4]3 and Y5[SiO4]3N, zircon Zr[SiO4], etc. In addition to
these compounds, more than one hundred quaternary phases have been de-
scribed, among them, compounds in which non-silicate anions coexist with
the monosilicate anions.

In terms of the Zintl-Klemm concept, a [SiO4]*" anion can be derived from
a Si* anion, if electropositive atoms are able to transfer four electrons to
the Si atom. The Si*~ anion has a noble gas configuration, (¥-Ar), with four
pairs of electrons in its valence shell. Now, if each of the electron pairs of a Si
atom is approached by an O atom, the monosilicate anion is formed. Thus, in
Mg, [SiO4], the two Mg atoms per formula unit would transfer four electrons
to the Si atom, converting it into Si*~, with a noble gas configuration.

]4

5.2
Oligosilicates

A selection of oligosilicates AjA’, ...{t}[SinO3+1]Y,Z, is given in Table 3.
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Table 3

Mineral name

Suolunite

Edgarbaileyite
Bertrandite

Barylite, clinobarylite
Rankinite

Cuspidine

Wadsleyite

Gittinsite

Baghdadite
Andremeyerite

Fresnoite

Belkovite
Hemimorphite

Thortveitite, yttrialite,
keiviite

Rosenhahnite

Ruizite
Akatoreite

continued on next page
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Oligosilicates
Disilicates
{2} Pseudo-Cl,
Formula

H;Ca;[Si,07](H,0)
LizCus[Si207]2

Na, il [Si,0/]
Ks[Si,07]
szBEz[Si207]
Ag[Si,07] with A = Ag, Hg(I), TI(I)
Be4[Si;07](OH),
BezBa[Si207]
Ca;3[Si07]
Cay[Si,07]F,
Mg4[Si207]O
Ca,Y,[Si,07]0,
CaZI‘[Si207]
Ca3Zr[Si207]02
BaFez[Si207]
BazTi[Si207]O
BazMn(HI)z[Si207]02
Ba3Nbg[Si,07],012
Zn4[Si;07](OH), (H,0)
Al3[Si,07](OH);3
Y4[Si,05N;]0;
In,[Si;07]

A,[Si,07] with A =S¢, Y, La, Ce, Pr, Nd,

Sm, Eu, Gd, Ho, Er, Yb
A;5[Si,07]Cl3 with A = La, Pr
Sil*l[P,0;]
Unbranched Trisilicates
9.} Pseudo-SCl,

H2K3A[Si3010] Wlth A= Y, Tb, EH(HI)

Er, Tb, Gd
H,Ca3[Si3010]
A3[Siz019]F with A = Y, DY, Ho, Er

Unbranched Tetrasilicates

{5} Pseudo-S,Cl,

H;Ca;Mn(I11),[Si;O13](OH), (H, 0),
H,Mn(II)9Al,[Si4013]2(0OH)s
Na4SC2 [Si4013]
Rb,Sil®![P40;3]
Agio[Sig013]
Baszz [Si4013]

[199]
[200a-b]
[201]

[218]

[219]
[220a-b]

[221a-b]
[222]

[223]
[224]
[225]
[226]
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Table 3 (continued)

Mineral name Formula Ref.

Unbranched Pentasilicates
9.} Pseudo-S;Cl,
NaySn; [SisO16](H20) [227]
Unbranched Hexasilicates
{5} Pseudo-S4Cl,
Medaite HMH(H)6 [V(V)S15019] [228]
Open-branched Oligosilicates
{5} Pseudo-Si,Cls
In4[Si2P6025] [229]
Sil®)[Si,Ps005] [230]
Mixed silicate-anion silicates
{9} Pseudo-Ar + {2} Pseudo—Cl,

Zoisite CayAl;3[Si04][Si, O7]O(OH) [231]
Macfallite CazMn(III)3 [5104] [Sle7](OH)3 [221b]
Sursassite Mn(II),Al3[Si04][Si, O7]O(0OH); [232]
Ganomalite (Ca,Mn),Pb3[Si04][Si,07] [233]
NaZCa6 [8104] [Si207] [234]
Vesuvianite CajoAl;o(Mg,Fe)3[SiO4][Si2 O7] [235]
9.} Pseudo-Ar + {% } Pseudo-SCl,
Na4Ca4 [8104] [Si3010] [236]
Orientite CagMn(I1I)1[SiO4]3[Si3010]3(0OH)19(H,0)4 [237]
A4[SIO4][SI3010] with A= HO, Tm [2383,b]
{9} Pseudo-Ar + {} Pseudo-S,Cl,
Ag15[Si04]2[Sis013] [239]
5.2.1

Disilicates

This group of silicates is characterised by isolated [Si,07]% anions. Each an-
ion consists of two [SiO4] tetrahedra joined by a common corner as seen
in Fig. 3. Such anions are present in the ternary silicates Ag[Si;O7] (A = Li,
K, Rb, Cs, Ag, Tl), rankinite Ca3[Si;O7], in the mineral wadsleyite which
is a high pressure phase of composition Mg;SiO4 and in the HP phase of
Na,Si3 07, as well as in In,[Si,O7] and A(III),[Si,O7] with A(III) = Sc, Y, La,
Ce, Pr, Nd, Sm, Eu, Gd, Ho, Er, Yb. More than 60 quaternary disilicates have
also been reported. The Si subarray is formed by (Si — Si)®~ dimers which are
isoelectronic with a halogen X - X molecule. This indicates that the Zintl-
Klemm concept can be applied to them. Thus, if for example the six alkali
metal atoms per formula unit would donate six electrons to the two silicon
atoms, they would be converted into two ¥-Cl, adopting the form of a ¥-Cl,
molecule. In the latter, the two ¥-Cl atoms are bonded by a single o-bond
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@si

Fig.3 The structure of the disilicate anion [Si;07]% in K¢[Si,O7], consisting of two tetra-
hedra connected by a common corner. It can be considered as a ¥-Cl, molecule. The
O atoms are docked close to the Cl-Cl bond and to the three lone pairs of each ¥-Cl
atom. The structure resembles that of the Cl,0; molecule

and the two octets are completed by three lone pairs on each Si atom, situated
tetrahedrally with respect to the bond line. Now, if O atoms are located close
to these lone pairs and also close to the midpoint of the bond line, we obtain
the structure of the disilicate anion (see Fig. 3). It is worth mentioning that
this anion has the same conformation as the molecule of Cl,07 [38].

An interesting example is that provided by the HP phase Na,SizO7 [39].
This silicate can be written as Na,Sil®! {t}[Sig}] O7]. Its unit cell contains
four formula units. An important characteristic of this compound is that it
presents two kinds of coordination polyhedra for silicon. Four Si atoms per
unit cell are hexa-coordinated and the eight remaining silicon atoms have
tetrahedral coordination, forming four disilicate anions [Si;07]%". To account
for this geometry, one has to assume that each tetrahedrally coordinated Si
atom has received 3 e~ (a total of 24 ) transforming it into ¥-Cl and every
two of them mimicking the structure of a Cl, molecule. These 24 e~ are pro-
vided by the eight Na atoms (8 e”) and by the four hexa-coordinated Si atoms
(16 €7). This indicates that the Si atoms have an amphoteric character which
seems to be induced by the application of pressure. It should be mentioned
that this phenomenon was also observed in the structures of aluminates [8]
in which the basicity can be identified with the octahedral coordination (as in
silicon) whereas the acceptor character leads to the formation of Zintl polyan-
ions and hence to the tetrahedral coordination.

5.2.2
Other Oligosilicates

In this section, we will discuss some compounds which contain small, dis-
crete, unbranched or branched, groups of n [TO4] tetrahedra, as listed in
Table 3.

NayCd;[Si3010] [40] contains groups of three tetrahedra forming discrete
anions [Si3019]%~ which are represented in Fig. 4. The T atom skeleton is
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@si
 To)
Fig.4 The structure of the oligosilicate anion [Si3010]®~ in NasCd,[Si3019] consists of

three tetrahedra connected by common corners. Its Si subarray adopts the same structure
as the SCI, molecule

not linear, the Si— Si— Si angle being 114.33°. This structure can be under-
stood in the light of the Zintl-Klemm concept. The Na and Cd atoms can
donate 8 e~ per formula unit to the Si atoms. The central one is converted
into ¥-S and the two terminal ones are converted into 1/-CL The final pseudo-
stoichiometry would be ¥-SCl,. The real SCl, molecule is similar in geometry
although with a lower Cl - S — Cl angle of 102.48°.

In Agio[SisO13] [41], every four [TO4] tetrahedra are linearly connected
as represented in Fig. 5. This oligosilicate anion can also be explained by the
Zintl-Klemm concept. The 10 e~ per formula unit provided by the Ag atoms
convert the two central Si atoms into ¥-S and the two terminal ones into
W¥-Cl, giving rise to a pseudo-anion of stoichiometry ¥-S,Cl,. The geom-
etry is similar to that of the Zintl polyanion found in BasP4 (also with ¥-
S,Cl, stoichiometry) [42]. A similar T atom subarray exists in the aluminate
Naj4[Al4013] [8].

As an example of a branched oligosilicate the structure of In4[SiyPg
025] [43] will be discussed. This silicophosphate anion has an interesting

r"-'--f‘

N g

("[e)

Fig.5 The oligosilicate anion [Si40;3]'%" in Agio[SisO13] is formed by four [SiO4] tetra-
hedra which are connected by common corners. The Si subarray contains groups of four
Si atoms resembling the Zintl polyanion [P4]%" in the Zintl phase BasP4
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v <

Fig.6 The structure of the anion [SiPs05]'*~ existing in Ins[Si;P¢0;s]. The two cen-
tral Si atoms remain as silicon atoms adopting a four-fold connectivity. The P atoms are
converted into mono-connected ¥-halogen. The resulting stoichiometry is ¥-Si,Clg. The
structure resembles that of the Zintl polyanion [SnyPs]'?~ in the Zintl phase BagSn,Ps
and also that of the SiyIg molecule

structure which is represented in Fig. 6. It is formed by two Si-centred tetra-
hedra per formula unit which share one corner. Each of these tetrahedra are
further linked, by common corners, to three P-centred tetrahedra. Looking
at the Si—P subarray, it can be seen that its structure is similar to that of
a C;Hg molecule. If we apply the Zintl-Klemm concept we see that the 12 elec-
trons per formula unit provided by the In atoms can serve to convert the 6 P
atoms into ¥-Cl in such a way that the final stoichiometry is ¥-Si,Clg and this
is just the conformation of the similar SiyI¢ molecule. The T-atom subarray
is also similar to the [Sn,Pg]'%~ polyanion in the Zintl phase BagSn,Pg [44].
The same T-atom subarray also exists in SigG] [Sigﬂ Ps0,5] [45], a compound
in which, again, silicon has an amphoteric character by which the donor Si
atoms are octahedrally coordinated whereas the acceptor Si atoms are tetra-
hedrally coordinated forming part of the tetrahedral anions.

53
Ring Silicates

A list of ring silicates is given in Table 4.

5.3.1
Single-Ring Silicates

The compounds which will be discussed next have in common the existence
of isolated rings of condensated [SiO4] groups which share two corners each
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Table 4
Ring silicates
Single-ring silicates
{1r} Pseudo-S,,
Mineral name Formula PR m  Ref.

Ag[Si309] with A = K, Rb, Cs 3 3 [240]
A,Be;[Si309] with A = Na, K 3 3 [241a-b]
Pseudowollastonite ~ A3[Si3zO9] with A = Ca, Sr 3 3 [242a-b]
Ca-catapleite CaZr[Siz09](H,0), 3 3 [243]
Ca3Y2 [Si309 ]2 3 3 [244]
Benitoite, bazirite BaA[SizO9] with A = Si, Ti, Zr, Sn 3 3 [245]
pabstite
La3[Si309]F3 3 3 [246]
H,4K,4[Si401;] 4 4 [247]
Ag[Si4012]Clg with A = Ca, Eu(II) 4 4 [248a-b]
Papagoite Ca,CuyAl,[Si4012](0OH)g 4 4 [249]
CayZr[Si4013] 4 4 [250]
Sry[Si4013] 4 4 [251]
BazCuZ[Si4012] 4 4 [252]
Ba2V2[Si4012]02 4 4 [253]
Na4Ca4[Si6018] 6 6 [254]
Na58r3 [Si5018] 6 6 [255]
NagSil®![SigO1s] 6 6 [256]
Petarasite NasZr;[SigO13]>,Cl(H,0) 6 6 [257]
Beryl Be3A12[Si6018] 6 6 [258]
Scawtite Cay[Sig013](CO3)(H,0), 6 6 [259]
Dioptase Cug[SigO13](H,0)s 6 6 [260]
Muirite CayBajoTi;[Sig0,4](OH, Cl)16 8 8 [261]
NagSil®! [Sig 7] 9 9 [262]
A(I)15A(III)5[Si12036] with A(I) = Na, Ag 12 12 [263]
A(IIT) = Sc, Y, REE
A(I)16A(H)4[Si12036] with A(I) = Na, K 12 12 [264]
A(IT) = Ca, Sr
Megacyclite H1gNa16K;[Si;3054](H,0)35 18 18 [265]
Double-ring silicates
{uB, 2r} Pseudo-P,,
Na3Y[Si(,015] 3 6 [266]
Moskvinite Na,K(Y, REE)[SiO15] 3 6 [267]
Turkestanite, Ki_x(Ca, Na),A(IV)[SigO2](H,0), 4 8 [268a-c]
steacyite,arapovite with A =Th, U
Milarite KBe,CayAl[Si12030] (H20)1_x 6 12 [269]
Osumilite (Na, K)(Fe, Mg)2(Al, Fe)3[(Al, Si)12030] 6 12 [270]

with two adjacent tetrahedra. They are grouped according to the number of
tetrahedra forming a ring (ring periodicity PR =3 4,6,8,9, 12, 18).
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Following the Zintl-Klemm concept, the electropositive cations provide
two electrons to each Si atom converting them into ¥-S. An example of this
is the mineral pabstite BaSn[Si3Og] [46] in which isolated cyclic [Si309]% an-
ions exist. This can be interpreted as if the Ba and Sn atoms would donate
6 e” to the three Si atoms, converting them into pseudo-S (¥-S3 molecule).
Thus, in these kinds of compounds, the Si atoms adopt the structures of sev-
eral different molecules observed in elemental sulfur, that is, the triangular
S3 molecules observed in sulfur vapour [47], the square S4 molecule, also ob-
served in the gas phase [48], the chair-conformed S¢ rings and the puckered
Ss rings existing in crystalline sulfur [49, 50], and the S;; molecules, also sta-
ble in the solid state [51]. Several such polyanions are represented in Fig. 7. If
the O atoms are located close to the two lone pairs and also in the vicinity of
the midpoints of the two hypothetical Si— Si bonds, the tetrahedral coordina-

c d

Fig.7 The structures of the ring silicate anions [Si309]%" (a), [Sis012]% (b), [SisO15]'*
(C) and [Si12036]24_ (d), found in the COl’IlpOul’ldS K6[Si309], SI’4[Si4012], Na4Ca4[Si6018]
and Na;5Sc3[Si12036] respectively. In all of them, the Si atoms behave as pseudo-S adopt-
ing the structures of cyclic Sz, Sy, S¢ and S;; molecules respectively
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tion of silicon is obtained. These hypothetical Si — Si bonds are also drawn in
Fig. 7.

A special case is the HP phase (2 GPa) of K;Si4O9 [52]. According to the
crystal chemical formula K, Sil®] {uB, 3, 1r}[Si309], its structure contains two
types of coordination polyhedra around silicon, i.e. octahedra and tetrahe-
dra. The latter form three-membered rings. It can be interpreted under the
assumption that the two K atoms and the hexa-coordinated Si atom, per for-
mula unit, would donate their valence electrons to the three tetra-coordinated
Si atoms. Thus, the HP polymorph of K,Si4O9 shows a skeleton in which the
T atoms are converted into ¥-S ions forming isolated ¥-S3 molecules.

A similar amphoteric behaviour of the Si atoms is found in the silicates
NagSil® {uB,1r} [SiL*015] [53] and NagSil®! {uB,1r}[sil0,;] [54].
5.3.2
Double-Ring Silicates

This group of compounds contains pairs of rings connected with each other.
One of these compounds is NasY{uB,2r}[SicO15] [55]. The structure of its sil-
icate anion is represented in Fig. 8a and is formed by two dreier rings which
connect further to form isolated trigonal prisms of Si atoms and is also con-
sistent with the Zintl-Klemm concept. Considering that the Na and Y atoms
donate 6 e~ per formula unit to the six Si atoms, these are converted into ¥-P

a b

Fig.8 a The structure of the double ring [SisO15]®" anion existing in Na;Y{uB,2r}
[SigO15]. The Si atoms show a 3-fold connectivity typical of a ¥-P atom. The Si atoms
form a trigonal prism similar to that formed by the N atoms in N¢Ss b and also similar
to the structure of the isoelectronic SigHg (prismane-like)
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atoms which adopt a threefold connectivity, just that occurring in a trigonal
prism. Once more, the O atoms are situated close to both, the midpoints of
the hypothetical Si— Si bonds and the lone pairs of each ¥-P atom. This gives
rise to the polyanion [SisO15]6~ which is represented in Fig. 8a.

Although none of the P allotropes has this type of structure, the connec-
tivity is characteristic of a Group 15 element and a similar skeleton is formed
by the N atoms in the binary compound NgSs [56] which is represented in
Fig. 8b. The differences between both compounds refer only to the amount of
anions (O and S, respectively) added to the Sig and Ng skeleton, respectively.
Thus, in the oxosilicate, all the bonding and lone pairs of the ¥-P atoms are
captured by oxygen atoms whereas in the sulfide NgSs, three S atoms are lo-
cated close to the lateral edges of the prism and two additional sulfur atoms
are capping the two triangular bases. It should also be mentioned that the iso-
electronic SigHg molecule (prismane-like) could be a stable species as derived
from theoretical calculations [57].

Another example of this kind of compounds is provided by turkestanite
K<1(Na, Ca),Th {uB, 4, 2r}[SigO] [13] mentioned in Sect.2. It contains
vierer double rings in which the Si atoms form an isolated cube, as seen in
Fig. 9a. The electron transfer in this compound is also compatible with the
Zintl-Klemm concept. The electropositive atoms (K, Na, Ca and Th) provide
eight e~ per formula unit which convert the eight Si atoms into ¥-P atoms
with a threefold connectivity, typical of the Group 15 elements. Thus, the Si
atoms (¥-P atoms) would form three hypothetical two-centre, two-electron

(¥ o
a b

Fig.9 a The structure of the double ring [SigO20]®" anion existing in turkestanite K;_,(Ca,
Na)Th{uB, 2r} [SisOy]. The Si atoms show a connectivity typical of a ¥-P atom, forming
a cube in which the O atoms are located close to both the midpoints of the Si— Si bonds
and the lone pair regions. The structure is similar to that of the isoelectronic SigO;,Clg
molecule shown in (b)
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Si—Si bonds. The O atoms are then docked close to the midpoints of the
edges of the [Sig] cubes and also close to the lone pairs of the ¥-P atoms.
This type of structure has not been observed in any of the elements of Group
15 of the PSE but it could be a plausible structure for both, the elements and
the oxides derived from them. In fact, a similar cage of formula P4SisR4 (R =
t-But) has been isolated [58] in which the P4Si4 distorted cubes are isoelec-
tronic with the hypothetical Pg molecule if we consider that the two electrons
of the Si— C bonds are equivalent to lone pairs on the P atoms. Theoretical
studies carried out on the cubane analogues of Si also show the stability of the
SigHg molecule, isoelectronic with the Pg molecule [57]. In connection with
this it is also interesting to mention the existence of the compound SigO;,Clg
(SigX20) [59], even though it is neither a silicate nor a binary oxide. The struc-
ture of this silicon oxychloride is represented in Fig. 9b. Here, the Si atoms
also form vierer double rings (cubes) and the O atoms are situated close to
the midpoints of the hypothetical Si— Si bonds, just at the points where 2e~
are involved in the bonds. The remaining unpaired electron would occupy
an empty hybrid orbital, just in the position occupied by the monovalent CI
atoms.

54
Chain Silicates

In Table 5, chain silicates are compiled. They are arranged according to their
chain multiplicity into single-, double-, triple-, quadruple- and quintuple-
chain silicates. Within each of these groups they are arranged with regard to
branchedness (unbranched, open-branched and loop-branched), and further
according to their chain periodicity P¢ (see paragraphs on formula notation
in Sect. 2).

54.1
Single-Chain Silicates

In the vast number of silicates which contain unbranched single chains, each
condensated [SiO4] tetrahedron shares two of its four O atoms with two
adjacent tetrahedra. This implies that the infinite chains contain only two-
connected tetrahedra. Following the Zintl-Klemm concept, the electroposi-
tive cations, which in the given formulas precede the silicate anion, donate
two electrons to each of the Si atoms converting them into ¥-S and giving
rise to a twofold connectivity. If the O atoms are located close to the midpoint
of each Si- Si bond and also to the two electron lone pairs of each Si atom,
a tetrahedral coordination around the Si atoms is formed. The topology of
the skeleton of ¥-S atoms is the same as that of elemental fibrous sulfur. The
chain observed in the silicate Na4[Si;Og] [60] is represented in Fig. 10. The Si-
chains of the skeleton are identical to those found in some Zintl phases such
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Table 5

Mineral name

Ramsayite
Clinopyroxenes, e.g.
spodumene, jadeite,
aegirine, diopside,
hedenbergite

Orthopyroxenes, e.g.

enstatite, ferrosilite
Pectolite
Wollastonite,
parawollastonite
Sgrensenite

Batisite

Haradaite, suzukiite
Rhodonite
Santaclaraite
Gaidonnayite
Penkvilksite

Pyroxmangite
(Ferrosilite IIT)

Alamosite

Astrophyllite

Aenigmatite

Saneroite

D. Santamaria-Pérez et al.

Chain silicates
Single-chain silicates
Unbranched single-chain silicates
{uB, 1} Pseudo-SixP;S,,Cl,
Formula PC
Cu[SiOs]
A4[Si,06] with A = Li, Na, Ag
Ba;[Si; O¢]
Liz(Mg, CU)CUZ[Si206]2
NazTiz[Si206]03
A A'[Si;06] with A = Li, Na, Mg, Ca,
Mn, Fe(II), Zn; A'= Mg, Ca, Al,
Ga, Sc, V, Fe(III)

[ NS ST ST NS SR

MgA[Si;O6] with A = Mg, Mn, Fe(II) 2

HNaCaz[Si309] 3
Ca3[81309] 3
Na4BeZSn[Si309]2(HZO)2 3
NazBaTiz[Si4012]02 4
A, V(IV);,[Sig012]0, with A =Sr, Ba 4
(Mn, Ca, Mg, Fe)s [Si5015] 5
HCaMn4[Si5015](OH)(H20) 5
NayZr[Sig018](H20)4 6
NayTiz[Sig015](H20)4 6
K4A2 [Si6013] Wlth A= Tl, Sn 6
Mn;[Si; 0] 7
Fe9[8i9027] 9
CsgSbg[Si12036]06 12
Pbi,[Si;2036] 12
Nay4 Y3 [Siz4072] 24
Open-branched single-chain silicates

{0B, 11 } Pseudo-SixP;S,,Cl,
NaKzMgz(Fe, Mn)sTiz[Si4012]2 2
(O, OH, F);7
Euy[Sil4/p)pl5 o 4] 3
Na;A[Sig018](0, OH),
with A = Mg, (Mg, Fe), (Fe, Ti) 4
HNaz_an5[Si5(Si, V)Olg](OH)Z 5
Loop-branched single-chain silicates

{IB, 1L } Pseudo-SixP;S,Cl,
LizMgz[Si4011] 3

continued on next page
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Ref.

[271]
[272a-c]
[273]
[274]
[275]

[276]
[277a-b]

[278]
[279]
[280a-b]
[281]
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Table 5 (continued)

Mineral name Formula PC k1 m n Ref
Stillwellite REE[B[4I11:4)5i[1:2] 05 31 01 0 [296]

CaBa3Cu[SigO17] 4 0 24 0 [297]
Deerite Fe(II)6Fe(III)3[Si6017](OH)5O3 4 0 24 0 [298]

v(si4ploglo 4 1 02 0 [29]
Vlasovite NayZr[SigOs; ] 6 0 44 0 [300]
Pellyite CazBa4(Mg, Fe)[SigO0,;] 8 0 44 0 [301]
Liebauite CagCujo[Si;g0s;] 14 0 414 0 [302]

Double-chain silicates
Unbranched double-chain silicates
{uB, 2} Pseudo-SixP;S,Cl,

H2C52[5i4010] 2 0 40 O [303]
NazAz[Si4010] with A = Rb, Cs 2 0 40 O [304]
Amphiboles, e.g. Al_xA/zA//5[(Al, Si)4011]2(OH, F)Z 2 0 22 0

tremolite, cumming- with A = Na, K; A’ = Li, Na, Mg,
tonite, hornblendes  Ca, Mn, Fe(II); A” = Mg, Mn, Fe(II),
Fe(III), Al, Ti

Sillimanite AL [ALLSi,040] 2 0 40 0 [305]
Tobermorite Cas[SigO17](H,0)5 3 0 24 0 [306]
Xonotlite Cag[Sig017](OH), 3 0 24 0 [307]
Epldldymlte Na,Be; [SigO15](H,0) 3 0 60 0 [308]
Narsarsukite NayTiy[SigO20]0, 4 0 80 0 [309]
Inesite Ca;Mny[Si;00,8](OH),(H,0)s5 5 0 46 0 [310]
Emeleusite, AyAy Ay A,"[Sip050] 6 012 0 0 [311a-f]
zektzerite, with A = Li, Na, Mg, Fe(II); A} = Na;
tuhualite A] = Na; A} = Mg, Fe(Ill), Y, Zr
Loop-branched double-chain silicates
{IB,2L.} Pseudo-SixP;S,,Cl,
Litidionite Na,K;Cu;,[SigOq] 3 0 80 0 [312]
Li4Ca4[Si10026] 3 0 82 0 [313]
Tinaksite HNaK,Ca,Ti[Si;O019]O 3 0 43 0 [314]
Unbranched triple-chain silicates
{uB, 3L} Pseudo-SixP;S,,Cl,
NazMg4[Si(,01(,](0H)2 2 0 42 0 [315]
Jimthompsonite (Mg, Fe)s5[SisO16](OH), 2 0 42 0 [316]
Ba4[Si6016] 2 0 42 0 [317]
Unbranched quadruple-chain silicates
{uB, 4L } Pseudo-SixP;S,,Cl,
Ba5[Si3021] 2 0 62 0 [317]
Frankamenite Na3;K3Cas[Si;2030](OH, F)(H,0) 3 0120 0 [318]
KgCuy[Si16040] 4 016 0 0 [319]

Unbranched quintuple-chain silicates
{uB, 51} Pseudo-SixP;S,,Cl,
Bag[Si10026] 2 0 82 0 [317]
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/N

Fig.10 The structure of an unbranched single chain anion existing in Na4{uB, 2, léo}
[Siz06], to show its similarity with the chains of fibrous sulfur and with the asbestos-like
SO; oxide

as BaSi [61] where the Si atoms can also be regarded as ¥-S. In fact, the BaSi
substructure, in the HT phase of Ba;[SiO¢] [62], is almost identical to the
structure of BaSi itself, so that Ba;[SiO¢] is an example of the so-called real
stuffed alloys [63].

The structure of the loop-branched single chain observed in vlasovite
NayZr,{IB, 6, 1} }[SigOy2] [64] is presented in Fig. 11a. Sodium and zirco-
nium atoms transfer 12 electrons per formula unit to the eight silicon atoms,
transforming four of them into ¥-P and four into ¥-S. The resulting pseudo-
stoichiometry is ¥-PS. This kind of chain is also observed in the room-
temperature polymorph of the Zintl phase Ba3Gey [65]. In this compound, the

@c

L]

b

Fig. 11 a View of the loop-branched single chain in vlasovite NasZr, {IB, 6, léo} [SigOs3].
The chain is composed of ¥-P and ¥-S pseudo-atoms in the ratio 1: 1. b The same type
of chain is formed by the Ge atoms in the Zintl phase Ba3;Ge,
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three Ba atoms donate six electrons per formula unit to the Ge atoms con-
verting two of them into ¥-As and the other two into ¥-Se atoms. The final
pseudo-stoichiometry is ¥-AsSe, adopting a structure in which butterfly-like
[Ge4 % anions (¥-AsSe) and vlasovite-like chains (also ¥-AsSe) coexist (see
Fig. 11b).

An example of an open-branched chain silicate is the mineral aenigmatite
Na,FesTi{0B, 4, léo} [SigO15]0 [66] (see Fig. 12a). In this case, the Na, Fe and
Ti atoms donate 16 electrons per formula unit. Of them, 4 are directly trans-
ferred to two O atoms not bonded to silicon and the remaining 12 electrons
go to the Si skeleton, converting two Si atoms into ¥-P, two Si atoms into ¥-§
and two Si atoms into ¥-Cl atoms. The final pseudo-formula would be ¥-
P,S,Cl, (¥-PSCI). Although there is no known Zintl phase with this type of
structure, there are several compounds (NaAsS,, NaAsSe;, ...) [67, 68] which
have the same pseudo-stoichiometry, and they only differ slightly from aenig-
matite in their atom arrangement. As can be seen in Fig. 12b, in the Zintl
phases, every second atom of the stem of the chain carries a branch atom,
whereas in the silicate two adjacent tetrahedra, each carrying a branch, al-
ternate with the two tetrahedra without a branch. The chain periodicities,
therefore, are PC = 2 and 4 for the Zintl phases and the silicate, respectively.

o—" .

@~s
b Lo

Fig. 12 a The open-branched silicate chain in aenigmatite NayFesTi{oB, 4, 1. } [SisO15]0>.
The Si atoms behave as ¥-P, ¥-S and ¥-Cl leading to the pseudo-stoichiometry W¥-
PSCL. b The strongly related chain formed by the Zintl polyanion AsS,~ (also ¥-PSCl) in
NaASSz
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5.4.2
Double-Chain Silicates

Because amphiboles form one of the most abundant mineral groups, tremo-
lite CayMgs{uB, 2, 2 éo}[SigOZZ](OH)z [12] is used to demonstrate the ap-
plication of the Zintl-Klemm concept to unbranched zweier double chain
silicates. The silicate anion of the amphibole is represented in Fig. 13a. In it,
one half of its T atoms are three-connected and the other half two-connected.
In this case, the Ca and Mg atoms together provide 14 e~ per formula unit.
Two of them are transferred directly to the hydroxyl groups and the re-
maining 12 e~ should be transferred to the eight Si atoms, converting one
half of them into ¥-P (three-connected) and the other half into ¥-S (two-
connected). The result is an anion with a pseudo-stoichiometry ¥-PS whose
formula and structure are coincident with that observed in the Zintl polyan-
ion [Sb;]” in the Zintl phase KSb, [69]. This polyanion is represented in
Fig. 13b. It is worth mentioning that this silicate anion can also be derived
from the structure of As [70] in which the puckered layers are broken into
fragments as a consequence of transforming one half of the atoms into ¥-S.
In fact, the double chain structure of the silicate resembles fragments of the
chair-conformed layers of As.

Fig.13 (a) The double chain formed by the [SiO4] tetrahedra in the amphibole tremolite,
Ca;Mgs{uB, 2, Zéo}[SigOzz](OH)z. The T atom skeleton is similar to that of the Sb atoms
in the Zintl phase KSb,, represented in (b)
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5.5
Layer Silicates

5.5.1
Single-Layer Silicates

To this family of compounds belong the silicates which contain infinite two-
dimensional layers of corner-sharing [SiO4] tetrahedra. The layers contain
n-membered rings, where n varies from 3, 4, 5, 6, 8 to 10 and more. In a few
compounds, rings of different size coexist in the structure. Known ternary
and quaternary compounds of this family are listed in Table 6 and divided
into groups according to the branchedness and periodicity of the fundamen-
tal chains forming the layers.

5.5.1.1
Silicon as Pseudo-P

We begin with compounds of stoichiometry A;[Si;Os]. If we assume that two
electrons per formula unit are transferred to the two Si atoms, these will
be converted into pseudo-elements of the Group 15 of the PSE. In this way,
a threefold connectivity is to be expected by applying the 8-N rule.

Thus, in Li;[Si;Os] (Pbcn, Ccc2) [71,72] and in Na,[Si,Os] (a: Pbcn,
B: P21 /a) [73,74], the Si atoms adopt structures formed by layers of chair
conformed six-membered rings, similar to those existing in elemental
As [70], GeS [75] or the As skeleton in claudetite, the monoclinic phase of
As; O3 [34]. If we consider the existence of these Si— Si bonds, three O atoms
would be inserted close to the midpoints of the three Si—Si bonds. The
fourth O atom would be situated close to the lone pair of the ¥-P atoms. In
this way, the tetrahedral coordination of silicon by the O atoms is obtained.
This layer is represented in Fig. 14a to be compared with the layer of the
As structure represented in Fig. 14b. Topologically identical layers with only
three-connected tetrahedra which, however, contain either planar or boat
conformed six-membered rings are present in some phyllosilicates, such as
kaolinite, talc, pyrophyllite, sepiolite, etc ..., and in three other polymorphs
of Na, [Si,Os] (8: P21/n, &: Pbc2;, C: P21/c) [76-78] (see Table 6).

5.5.1.2
The Pseudo-P,S; Structure

Another structure to be discussed is that of La3Ga[6][Gag4”1;2J Gal4l1:3)
Sil41131014] [79]. The structure contains one hexa-coordinated Ga atom per
formula unit, whereas the other four Ga atoms and the Si atom are tetra-
coordinated (the so called T atoms). The electron transfer which justifies
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Table 6
Layer silicates
Single-layer silicates
Unbranched single-layer silicates
{uB, 12}, Pseudo-SiP;S,,Cl,
Mineral name Formula PC k I mn Ref.
HA[Si,05] with A = H, K, Rb, Cs 2 0 2 00 [320a=]
Kanemite HNa[Si,05](H,0)3 2 0 2 00 [321]
Li A[Si;O5]* with A = Li, K 2 0 2 0 0 [322a—]
Petalite LiAl[SizOq0]* 2 0 2 00 [323]
K,[SisOs] (LP) 2 2 20 0 [324]
Micas, e.g. annite,  KFe(II)3[AlSi3010](OH), 2 0 4 0 0 [325]
muscovite KAI5[AlSi3019](OH), 2 0 4 00 [326]
Talc Mg3[Si205]2(OH)2 2 0 200 [327]
Sanbornite Ba[Si,Os5] 2 0 2 00 [328]
Kaolinite, nacrite,  Al,[Si;O5](OH)4 2 0 2 0 0 [329a—c]
dickite
Na3K3[Si6015] 3 0 600 [330]
Apophyllite ACay[SigO,0]X(H,0)s 4 0 8 0 0 [331]
with A= Na, K; X = F, OH
Na4Zn2[Si6016]* 30 420 [332]
Pentvilksite NayTiy [SigO22](H0)4 4 0 4 4 0 [333]
K;Ba;[SigOy]2 4 0 8 0 0 [334]
Davanite, dalyite K,A[SigO;5] with A = Ti, Zr 3 0 6 00 [335]
Cuprorivaite, wessel- A,Cu;[SigO20] with A= Ca, Sr, Ba, 4 0 8 0 0 [336a—]
site, effenbergerite
Ekanite Ca; Th[SigOy] 4 0 8 0 0 [337]
LiBag[Siloozs]Cl7(CO3) 5 010 00 [338]
K12[Si12030] 6 0 12 0 0 [322b]
Manganpyrosmalite (Mn, Fe);6[Si;2030](OH);7Cl3 6 0 12 0 0 [339]
Open-branched single-layer silicates
{0B, 12} Pseudo-SixP;S,,Cl,
Prehnite Cay(Al, Fe)[AlSi3019](OH), 2 2 0 2 0 [340]
Kvanefjeldite H,Nay(Ca, Mn)[SigO16] 4 0 4 2 0 [341]
Zeophyllite Cay3[Si5014]2F190(H20)6 4 0 2 30 [342]
La3Gal®[GaySiO14] 4 0 2 30 [343]
Loop-branched single-layer silicates
{IB, 12,} Pseudo-SixP;S,Cl,
Na6[Si8019] 2 2 6 00 [344]
NaA[SigO14] with A = Pr, Nd 4 2 4 00 [345]
K4Sb; [SigO40](OH), 3 0 8 0 0 [346]
KzGe[Si6015] 4 0 6 00 [347]
Zussmanite KFe;3[AlSi;704,](OH)4 5 6 12 0 0 [348]
KgYb3[SigO16]2(OH) 5 0 4 2 0 [349]
KzEu(II)4[Si3020]F2 6 0 800 [350]

continued on next page
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Table 6 (continued)

Mineral name Formula PC k1 mn Ref

Double-layer silicates
Unbranched double-layer silicates
{uB, 2%} Pseudo-SixP;S,,Cl,
Dmisteinbergite, A[Al,Si;08](H20) 15 2 400 0 [35la—]
cymrite with A = Ca, Sr, Ba
Open-branched double-layer silicates
{0B, 22_} Pseudo-SixP;S,,Cl,
[C4H12N2H][Sig013] 2 4200 [352]
Loop-branched double-layer silicates
{IB, 2% } Pseudo-SixP;S,,Cl,

Rhodesite HKCa;[SigO19](H,0)s5 3 260 0 [353]
Macdonaldite H,CayBa[Sig019]2(H,0)10 3 260 0 [354]
Delhayelite NazK;Cas [AlSi7019]2C12F4 3 26 0 0 [355]

CS3SC[Si8019] 3 2600 [356]
Carletonite KNa4Cay[SigO15](EOH)(CO3)4(H,0) 6 4 4 0 0 [357]

the observed structure of the gallosilicate layer is summarised in the follow-
ing scheme:

La3Ga(1)Ga(2)3Ga(3)SiO14
Donors: 3La — 3Lal8l + 9

Ga(1) — Ga(1)l®! + 3¢

12e~
Acceptors:  3Ga(2) + 9¢” — 3(¥ - Se)l4IM12
Ga(3) + 2e” — (W - As)4IM3)
Si + le-— (¥ - p)[4]F1;3J
12e”

Here, the three La atoms and one of the Ga atoms act as donors providing
12 electrons. Four of them are used to convert the other four Ga atoms into
¥ -Ge, five additional electrons convert all the ¥-Ge into ¥-As and the three
remaining electrons convert three ¥-As into ¥-Se. The final result is a layer
of stoichiometry ¥-PAsSes (see Fig. 15a) with three- and two-connected Ga
and Si atoms in the ratio 2 : 3. The layers contain only twelve-membered rings
and are comparable to those existing in the Zintl phase CePs [80] where the
three valence electrons donated by the Ce atoms convert three P atoms into
W-S, giving rise to the polyanion P~ (¥-P,S3). This polyanion is represented
in Fig. 15b. As in all the compounds described, the oxygen atoms are situ-
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b

Fig.14 (a) A layer of [Si,Os]?" anions in a—Na,[Si,Os] (Pbcn) in which the Si atoms
adopt the layer structure of As, drawn in (b)

ated close to bonding and lone electron pairs giving rise to the tetrahedral
coordination.

5.5.1.3
Dual Role of T Atoms other than Si and Al

There is an ambiguity whether tetrahedrally coordinated cations T other than
Si and Al are considered to be part of the silicate anions or not.
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b

Fig. 15 (a) The structure of the [GasSi0;4]'> layer in La3GalS! [Gagl]“;3J Gal4lT1:2] gj[4171;3)
O14]. The Ga - Si subarray forms a net of ¥-P,S3 (or more accurately ¥-PAsSes) pseudo
stoichiometry in which the ¥-P atoms are three-connected and the ¥-S atoms are two-
connected. O atoms are located near to the bonding and lone pair electron positions. This
planar layer is strongly related to the corrugated layer formed by the P atoms in CePs
which is represented in (b)



154 D. Santamaria-Pérez et al.

For example, Na,;ZnSi30g [81] can be considered as a single-layer silicate
NayZn,{12,}([SisO16] if only the Si skeleton is taken into account. However,
the compound can also be seen as a tectosilicate Na4{go}[ZnZSi6016] if the
tetrahedrally coordinated Zn atoms are included in the T atom framework.
In this case, the four Na atoms per formula unit would convert the two Zn
atoms into ¥-Si. This dual role of T atoms other than Si and Al, can occur in
other compounds as well. For example, K,ZnSi;O¢ can either be classified as
a chain silicate K4Zn2{(l>o} [Si4O12] with unbranched vierer single chains or as
a tectosilicate Kz{go}[ZnSizOg] [82]. In Tables 6-7, corresponding examples
have been indicated with *.

5.5.2
Double-Layer Silicates

A small number of compounds have been found to contain silicate anions
which can be regarded as a product of the condensation of two single layers.
Compounds presenting this kind of framework are also collected in Table 6.
An example of these compounds is provided by the mineral dmistein-
bergite, Ca[Al,Si;Og] [83] which has previously been called hexacelsian. Its
T-atom subarray is a double layer. Each of the two single layers contains
only six-membered planar rings, corresponding to the single layers of carbon
atoms in graphite. Each T atom of one single layer is “linked” to a T atom

Fig.16 The double layer formed by the alumosilicate anion in dmisteinbergite,
Ca[Al,Si,03]. The Ca atoms convert the Al atoms into ¥-Si giving rise to a net in which
all the Al and Si atoms are four-connected
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of the other, as seen in Fig. 16. This skeleton can be explained as a conse-
quence of the electron transfer from calcium to aluminium which is converted
into ¥-Si, thus forming a four-connected net. It is worth mentioning that
this skeleton is almost identical to that of the Zintl phases CaAl,Si, [84] and
CaAl,Ge; [85] and that, as reported previously [86], the structure of dmis-
teinbergite can be derived from that of the Zintl phase by inserting one O
atom between each pair Al - Si. It is also interesting to point out that these
minerals are high temperature phases. At room temperature the structure of
feldspar is obtained. This can be interpreted in the light of the equivalence
between oxidation and pressure [63]. Thus, oxidation could stabilise a high
pressure polymorph of the Zintl phase which would correspond to the cation
array of feldspar. When heated, the pressure can be released and the ambient
pressure polymorph of the Zintl phase is recovered in dmisteinbergite.

5.6
Tectosilicates

5.6.1
Subdivision of Tetrahedron Frameworks According to Connectivity

All silicates in which [TO4] tetrahedra form 3D tetrahedron frameworks by
sharing oxygen atoms are called tectosilicates. The vast majority of tectosil-
icates contain only four-connected tetrahedra so that each framework oxygen
atom is linked to two T atoms and is, therefore, two-connected. As a conse-
quence, the ratio between T atoms and framework O (or more generally X)
atoms in the unit cell ucisz=)_n(0)/ Y n(T) = 2. For such tectosilicates the

term fully linked tectosilicates has beenuscuggested (87, p 50].

There is a relatively small number of tectosilicates which contain [TO4]
tetrahedra that are linked to less than four others, i.e. which contain, exclu-
sively or in addition to 3-connected Q> units, also Q* units and, very rarely,
also Q% and Q! tetrahedra. These silicates necessarily contain non-bridging
framework O atoms and their atomic ratio z is higher than 2. For them the
term underlinked tectosilicates has been proposed [87, p 50f]. They are often,
but less accurately, called interrupted framework silicates.

5.6.2
Fully Linked Tectosilicates

In fully linked tectosilicates, the cation ratio n(A) : n(T) is relatively low. The
valence electrons of their A atoms serve to compensate the negative valence of
the tetrahedron framework that results from partial replacement of tetrahe-
drally coordinated Si** atoms by T atoms of lower valence, such as Al’** and
Zn?*. This is the case in all examples given in the main part of Table 7.



156 D. Santamaria-Pérez et al.

Table 7
Tectosilicates
Tectosilicates with fully-linked tetrahedron frameworks
{3, }Pseudo-Si
Mineral name Formula Ref.
Stuffed quartz-type silicates
Virgilite A[AISi,06] with A = H, Li [358a-b]
(B-Eucryptite) Li[AlSiO4] [359]
Mg[Al,Si3010] [360]
Stuffed cristobalite-type and cristobalite related silicates
Liberite Li; [BeSiO4]* [361]
(Carnegieite) Na[AlSiO4] [362]
Li[BSiO4]* [363]
Chkalovite Na,[TSiO4]* with T = Be, Mg [364a—c]
Naz[ZnSi206]* [365]
Ba[BeSiO4]* [366]
Stuffed tridymite-type and tridymite related silicates
Nepheline, trinepheline, A[AIlSiO4] with A = Na, K [367a-¢€]
kalsilite, megakalsilite,
kaliophilite
Yoshiokaite (Ca),[(AlSi),04] [368]
Stuffed keatite-type silicates
A[AISi,O¢] with A = Li, Na, K [369]
Stuffed SrAl,-type silicates
Li;[TSiO4]* with T = Co, Zn [370a-b]
Kz[ZIlSi;;Og]* [371]
Rb[AISiO4] [372]
Stuffed zeosils
Zeolites, e.g. natrolite, Ay, [(T, Si),02,] with T = Be, Mg, Zn, B, Al, [373a-b]
chabazite, faujasite, Ga, Fe, Co, Cr, Ge, P
mordenite

Feldspar-type silicates
Feldspars, e.g. albite, A[(T, Si)40g]* with T = B, Al, Ga, Fe, Ge, P [374a-h]
orthoclase, microcline,
anorthite, celsian, danburite,

Reedmergnerite
Other silicates with fully-linked [TO,] frameworks
ﬂ—Naz[BeSiO4]* [376]
Kz[ZnSizod* [377]
Litidionite (Na, K),[CuSigO19]* [378]
CS[AlSisOlz] [379]
Cordierite A;[Al4Si5018] with A = Mg, Co, Mn, Fe [380a-€]
Cuprorivaite, wesselite, A, [Cu,SigO,]* with A = Ca, Sr, Ba [381]
effenbergerite

Beryl Mgz[Be3Si5013](H20)x* [382]
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Table 7 (continued)

Mineral name  Formula k 1 m n  Ref.

Tectosilicates with underlinked tetrahedron frameworks
3.} Pseudo-SixP;S,Cl,

Wenkite H;CazBay[(AlgSij2)041](S04)3(H,0) 18 2 0 0 [383]
Chiavennite H,CaMn[Be,"sil" 0y5](H,0)3 5 2 0 0 [384]
Na4[Si6014] 2 4 0 0 [385]
K2Ce[Si6015] 0 6 0 0 [386]
Rbg[Si10023] 4 6 0 0 [387]
C84[Si404N5]0 0 4 0 0 [388]

5.6.2.1
Relationship between the Frameworks of Fully Linked Tectosilicates and Silica

The most simple oxides matching the relation z=>_n(0)/ Y n(T) =2 are

the binary silica polymorphs with the exception of Cthose ng polymorphs
in which silicon has coordination numbers higher than four, i.e. stishovite,
distorted stishovite and CaF,-type silica. In all known SiO; phases with tetra-
hedrally coordinated Si atoms, each O atom is shared between two [SiO4]
tetrahedra. This leads necessarily to the formation of a 3D framework. As
mentioned in the introduction and as reported previously [8], these 3D tetra-
hedron frameworks and their corresponding 3D Si-atom subarrays are four-
connected and maintain the structure of elemental phases of either silicon or
other elements of Group 14 of the PSE.

Some quaternary tectosilicates are considered as stuffed derivatives of
quartz, cristobalite, tridymite, keatite and chabazite, and their Si-substruc-
tures (with the exception of chabazite) reproduce the structure of phases of
either elements of Group 14 of the PSE, Si and Ge, or compounds which
are intimately related to them. Thus, the diamond-like structure of the Si
subarray is found in cristobalite, the wurtzite-like structure of Si appears in
tridymite, keatite reproduces the structure of y-Ge. In quartz, the Si atoms
adopt the structure of the related compound CrSi; [23] and also the cinnabar-
like structure of the high pressure II-VI compounds such as ZnTe [24].

Other groups of silicates adopt very complicated frameworks which main-
tain the fourfold connectivity. For them, no structural relationship has been
found with similar Zintl phases. However, all of them fulfil the Zintl-Klemm
concept when applied to the element which accompanies the Si atom in the
tetrahedral framework.

The remaining compounds present interesting structural similarities and
some of them will be discussed below.
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5.6.2.2
The SrAl,-type Skeleton

These compounds, such as Rb[AlSiO4] [88] (see Table 7), form 3D tetrahe-
dron frameworks consisting of four- and eight-membered rings which give
rise to a fourfold connectivity. The structure is represented in Fig. 17. Al-
though no phase of the Group 14 elements is known to have this structure,
it is identical to that adopted by the Al (¥-Si) atoms in the Zintl phase
SrAl, [89]. The O atoms are located near to the centres of all the Al — Si bonds
producing the tetrahedral coordination of the Al(Si) atoms. Once more, the
cation subarray, in an oxide, behaves as if it were a Zintl polyanion.

Fig.17 The structure of the T-atom subframework of Rb[AISiO4]. The AlSi subarray is
similar to that existing in the Zintl phase SrAl, where the Al atoms have been converted
into ¥-Si, and all atoms are four-connected

5.6.2.3
The Feldspar Structure

Compounds belonging to this group are also listed in Table 7. All of them
are borosilicates and alumosilicates in which the B, Al and Si atoms form a
3D framework of four-connected tetrahedra. Consequently, the T atom skele-
ton is also four-connected (Fig. 18). It is remarkable that the structures of
feldspars and that of coesite (SiO; polymorph) are similar. This seems to be
reasonable because, in compounds such as slawsonite Sr[Al,Si;Og] [90], and
reedmergnerite Na[BSi3Og] [91], the electropositive cations convert the Al
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Fig. 18 Stereopair showing the 3D T-atom subarray of the feldspar Rb[AlSi3Og]. As seen
all the Al and Si atoms are four-connected

and B atoms into ¥-Si/C atoms giving rise to a framework of stoichiometry
TO;.

5.6.2.4
Paracelsian and Variscite

Variscite [92] is the mineral name of one of the two phases of AIPOy -
2H,0, the other being metavariscite [93]. Its AIP subarray forms a 3D four-
connected framework in which each Al atom is connected to four P atoms and
vice versa. A projection of the structure is represented in Fig. 19a. This array
shows strong similarities with the structure of paracelsian Ba[Al,;Si;Og] [94]
which is also adopted by the isostructural compounds Ca[B,Si;Og] (danbu-
rite) [95], K[BSi3Og] [96] and Na,[ZnSizOg] [97]. The AlSi subarray of the
paracelsian is represented in Fig. 19b. It is formed by four-, six-, and eight-
membered rings. Again, there are strong similarities between the T atom
framework of these silicates and the arrays of III-V oxidic compounds such as
AIPQy4- 2H;0. In the light of the Zintl-Klemm concept this means that a ¥-Si
array is formed when the electropositive atoms donate their valence electrons
to the more electronegative B, Zn and Al atoms. It should be remarked that
this framework has never been observed, neither in any of the phases of silica
nor in the HP phases of silicon, and that only fragments of this net exist in the
form of small organic molecules [8]. Here the question arises again whether
this skeleton is only stable for oxidic III-V compounds such as variscite or, on
the contrary, can also be stable in phases of the elements of Group 14 of the
PSE.
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b

Fig.19 a The AIP network in variscite AIPO4-2H,0. This III-V net adopts a fourfold
connectivity characteristic of the IV-IV compounds. b The AlSi network in paracelsian
Ba[Al;Si;Og]. The Ba atoms convert the Al atoms into ¥-Si which together with the Si
atoms form a four-connected net similar to that of variscite (a)

It is worth mentioning that the structure of paracelsian has been related to
that of metavariscite [98]. However, an inspection of three projections of the
paracelsian structure reveals that two of them are strongly related with the
other two projections of variscite and that, in fact, paracelsian must be con-
sidered as an intermediate structure between the two phases of AIPO4-2H,0.

5.6.3
Underlinked Tectosilicates

If the cation ratio n(A) : n(T) increases, an excess of valence electrons be-
comes available that can be transferred to T atoms to produce pseudo-atoms
in agreement with the Zintl-Klemm concept. Examples of such underlinked
tectosilicates are listed in the last part of Table 7. For instance, in the zeolite
chiavennite, H,CaMn(II)[Be,;SisO;5] (H,0), [99], the non-tetrahedral cations
can transfer six valence electrons per formula unit to the Be atoms, trans-
forming them into W-P atoms. As a result, the two [BeOy4] tetrahedra are
3-connected whereas the five [SiO4] tetrahedra are 4-connected.

Another two examples of underlinked silicates are the compounds
Ce4[Si404Ng]O and K;Ce[SigO;5] in which the Si atoms present a threefold
connectivity.

In Ce4[Si4O4Ng]O [100], the four trivalent Ce atoms per formula unit
provide 12 valence electrons. Two of them are transferred directly to an O
atom not bonded to silicon, 6 e~ must be considered as extra electrons to be
transferred to the six N atoms if they are compared with the O atoms. The
remaining 4 e~ serve to transform the four Si atoms into ¥-P which, as said
above, are three-connected.
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The same can be said of K,Ce[SigO;5] [101]; the six valence electrons per
formula unit provided by K and tetravalent Ce atoms serve to convert the six
Si atoms into ¥-P, with the corresponding threefold connectivity.

It should be remembered that in the Zintl phase SrSi,, the ¥-P atoms also
form a 3D array with three-connected atoms, although the skeleton is not
similar to those of the compounds discussed here.

6
Si Atoms in Octahedral Coordination

A general survey of hexa-coordinated silicon compounds has been reported
by Finger and Hazen [102].

Previously we have discussed that in some silicates, as a result of the
amphoteric behaviour of the Si atoms, part or all of the silicon atoms are
hexa-coordinated whereas the others have the normal tetrahedral coordina-
tion. We must refer here again to the compounds Nazsi[6]{t}[8i£4] 07] [39],
K,Sil® {uB,1r}[Sil0g] [52], NagSil®l{uB,1r}[Sil015] [53] and NagSilf!
{uB,lr}[Sigl] O27] [54] discussed previously. The first compound was dis-
cussed in Sect. 5.2.1. It should be remembered that this HP phase contains
one hexa-coordinated Si atom and two tetra-coordinated Si atoms per for-
mula unit which form a disilicate anion [Si,07]%". The other three silicates
were discussed in Sect. 5.3.1 devoted to ring silicates. The first one contains
one hexa-coordinated Si atom, the other three four-coordinated Si atoms
forming a three-membered ring [Si309]%". The next phase presents one hexa-
coordinated Si atom per formula unit, whereas the remaining six Si atoms
form a six-membered ring [SisO13]'2". In the last one, also a HP phase,
there are three donor, hexa-coordinated Si atoms which coexist with a nine-
membered planar ring.

Thus, a donor behaviour of Si leads to an octahedral coordination
whereas the acceptor character produces the tetrahedral coordination. This
trend is clearly seen in the various polymorphs of silicon oxophosphate
SiP,07 [103-106] which contain all their silicon atoms in octahedral coordi-
nation, even though they are not high-pressure phases. It has been pointed
out [107] that the tendency of silicon to form [SiOg] octahedra instead of
[SiO4] tetrahedra is due to the stronger electronegativity of the central oxoan-
ion atom (in this case phosphorus). Thus, SiP,0y is a clear example of how the
donor character of silicon leads to octahedral coordination of silicon. On the
other hand, SiP,07 can also be described by application of the Zintl-Klemm
concept. Since P is more electronegative than Si, each of the two P atoms
per formula unit subtracts two valence electrons from Si in order to become
a Y-halogen atom. Therefore, silol [P£4] O7] can be compared with the disili-

cates such as thortveitite, the Sc£6] [Sigl] O7] phase which is stable at ambient
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P/T conditions [108]. In this silicate, Si is more electronegative than Sc and,
therefore, subtracts the valence electrons from Sc to form ¥-halogen atoms.

The compound Cey6Sil®! [Sigi] OgN3; ] is of special interest. It is an oxonitri-
dosilicate with silicon partly coordinated by nitrogen [109]. It has been con-
sidered by the authors as strongly related to the perovskite type Al'2IGI0IX;.
Its unit cell can be considered as a cubic 4 x 4 x 4 superstructure of the ideal
cubic perovskite in which, of the 64 octahedral positions per unit cell, four
are occupied by Sil%), 56 by Si*! and four G positions are unoccupied. In con-
trast, the 64 cuboctahedral Al'?) positions are fully occupied by Ce3* cations.
The valence of these cations is compensated by 24 0% and 128 N3~ anions,
so that 40 X positions of the perovskite superstructure are vacant. Therefore,
the compound could also be formulated as Cej [sil6] Sigi] [J(OgN3,10)], with
Z = 4. The subarray of tetrahedrally coordinated Si atoms is represented in
Fig. 20. This interpretation has been supported by the argument that the sta-
bility of the structure is primarily determined by the cations and that these
maintain, in the oxonitridosilicate, the topology which is typical for the per-
ovskite structures. This conclusion has led Liebau [107] to consider several
other structures which had been previously described as ring silicates to be
defect perovskites.

However, this description provokes an important question, i.e. why are
the cationic vacancies where they are and not in other sites? Applying the
Zintl-Klemm concept to this compound, the 64 Ce atoms and the 4 hexa-
coordinated Si atoms per unit cell, which act as donors, provide a total of 208
electrons. If we assume that 128 e~ are captured by the 128 N atoms, these
are converted into ¥-O (this last argument should not be considered as a real

Fig.20 Stereopair showing the framework of tetrahedrally coordinated Si atoms in
Cej6[Si1506N32]. The framework is formed by three- and two-connected Si atoms as if
they were W-P and ¥-S, in the ratio 4 : 3. The octahedrally coordinated Si atoms and the
Ce atoms (all of them donors) have been omitted
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process, it only means that each N atom needs one electron more than an O
atom to satisfy its valence requirements). There remain 80 electrons per unit
cell which can be transferred to the tetrahedral Si framework which is com-
posed of 56 silicon atoms. The 24 Si(1) atoms, at the site 24d, can accept 2 e~
each (a total of 48 e7) and are converted into ¥-S atoms, with a twofold con-
nectivity. The 24 Si(2) and 8 Si(3) atoms, at the sites 24d and 8c respectively,
can accept 1 e~ each and are converted into ¥-P atoms (a total of 32 7). The
resulting Si¥! framework can be represented by the pseudo-P4S; structure
type, corresponding to three- and two-connected T atoms in the ratio 4 : 3.
The O and N atoms are located near to the midpoints of the Si— Si contacts
giving rise to the tetrahedral coordination observed in the T atom skeleton.

However, there exist some compounds which, at high pressures, produce
structures with only hexa-coordinated silicon but in which silicon has an ac-
ceptor character. It can be shown that these structures can also be explained
in the light of the Zintl-Klemm concept.

The first compound to be discussed is MgSiO3 which, under ambient P/T
conditions, has a chain with the pyroxene structure in which all Si atoms
have tetrahedral coordination and are two-connected: Mggﬂ{éo}[Siz[“”l;zJ
Og] [110]. At high pressures and high temperatures, it transforms into an
orthorhombically distorted perovskite [111] in which the Si atoms become
octahedrally coordinated by O and the Mg atoms adopt an eightfold coordi-
nation: Mg!®{3_}[Sil®IM56/03]. This phase transition can be interpreted as an
increase of the coordination number for both, Mg and Si, as a consequence of
the application of pressure. However, in the light of the Zintl-Klemm concept,
it can instead be interpreted as if the one-dimensional Si atom skeleton of the
pyroxene chain, which is equivalent to the structure of fibrous sulfur, would
have been transformed into the three-dimensional Si atom skeleton which is
equivalent to the Te atom skeleton in TeO3 [112]. We have seen that, when
the 8-N rule is applied, a ¥-S atom forms two bonds. However, in the heavier
elements of Group 16, such as Te, each atom can also use its six 552 5p4 va-
lence electrons to form six bonds (simple cubic structure). Thus, a ¥-S atom
can use its six 3s> 3p* valence electrons to form six two-centre, two-electron
bonds with its six neighbours. The O atoms are then docked close to the six
bonding pairs giving rise to the octahedral coordination. This interpretation
of the perovskite structure has previously been reported [8] and theoret-
ical calculations have also shown [113] that the defect perovskite structure is
a stable one for the isoelectronic SO3.

A corresponding phase transition at HP from Ca[Sil*!{12105] to perovskite-
type Ca[Silo)[56105] has been observed for CaSiO3; [102]. It is quite possible
that it can also take place in SrSiOs; and BaSiOs. In the case of BaSiOs, the
possibility of such a transition is supported by the fact that its BaSi subarray is
of the CrB-type which, under pressure, undergoes the CrB-type — CsCl-type
transition as has been reported for KClO3 [114].
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7
Concluding Remarks

As was stated for the aluminates [8], the structures just described and the
above discussion clearly indicate that the Zintl-Klemm concept is maintained
in the oxides and that the atoms forming the Zintl polyanions, behave struc-
turally as real Zintl polyanions in spite of being embedded in an oxygen
matrix. Following the term proposed by Parthé & Chabot [5], the Si atoms
occupying tetrahedrally coordinated positions of the anion substructure can
be considered as “cations ex-officio”. It seems clear that the application of
the Zintl-Klemm concept can serve to rationalise and understand the skele-
tons of hundreds of silicates which had remained for many years at a de-
scriptive level. The great number of similarities between the topology of the
T-atom subarrays and the structures of Zintl polyanions clearly indicate that
these similarities are not casual but they are new examples of how cations,
in oxides, recognise themselves as previously shown for many other com-
pounds [63].

One of the most interesting aspects of the above discussion is the rational-
isation of the coordination number CN adopted by silicon in different com-
pounds. It is well known that silicon normally appears as tetrahedrally coor-
dinated and that the octahedral coordination should be regarded as an abnor-
mal feature which has traditionally been attributed to the application of pres-
sure. In this context the quartz — stishovite transition has been explained
and, in the same manner, the presence of hexa-coordinated silicon in the
HP phases Na,Sil¢/[si}"0;] [39], K,Sil®[Sil 0] [52], NagSil®[sil0,5] [53]

and in NaGSigG][Sigl]Oy] [54] could be understood. We see, however, that
in the latter compounds both types of coordination polyhedra coexist and
that this can be explained by an amphoteric behaviour of the Si atoms, i.e.
Sil®l acts as a donor whereas Sil behaves as an acceptor producing the
[Si,07]%7, [Si309]%", [SigO15]'%~ and [Sig0,7]'®~ anions respectively. It is true
that the application of pressure can favour the donor character and hence
an increase in the CN, but pressure should not be the only reason for it.
In part, because pressure should produce the octahedral coordination for
all the Si atoms, but also because the same structural features are present
in Ce165i[6][8i5i106N32] [109] which is not a high-pressure phase. We are
aware that the coexistence of both types of coordination polyhedra in the
same compound is a feature difficult to explain. It represents an important
problem whose ultimate reasons need to be rationalised. We do not know at
present which factors (electronic and geometric) determine this behaviour.
However, the results just discussed seem to indicate that the formation of
appropriate tetrahedral networks must be an important factor for the struc-
ture stabilisation. This can require, in some cases, the donor behaviour of
some Si atoms. We have also seen how the difference in electronegativity is
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an important factor which allows silicon to adopt an octahedral coordination
in the presence of more electronegative tetrahedral atoms, as is the case in
sils[pl*0,] [103-107].

It should be remembered that the existence, and in some instances the
coexistence, of both types of coordination polyhedra (octahedra and tetra-
hedra) was also present in aluminates [8]. There, it was discussed that the
coordination number of the Al atoms was not a function of the size of the
cation but rather a consequence of the atoms accompanying it in the struc-
ture and of the behaviour of the Al itself. The same can be said of silicon
and silicates. The different CN values are difficult to explain if we are think-
ing of the existence of Si** cations. However, a rational insight is obtained if
we think of the existence (or pre-existence) of the Zintl polyanions we have
described. Again, the oxonitridosilicate Celﬁsim[Siﬁ] OgN3,] [109] provides
a good example of this assertion. We have mentioned above that this com-
pound was described as a perovskite variant with an ordered distribution of
vacancies. Because similar defect perovskite structures can be recognised in
many other silicates, it has been claimed that this arrangement can be con-
sidered as an expression of the strong stability of this structure type [107]
and that this could be the reason for the appearance, against all expecta-
tions, of [SiNg] octahedra. These considerations being valid, we believe that
the principles applied here provide another explanation which accounts for
the location of vacancies in the Si subnet. Thus, defects are not situated at
random or located in arbitrary positions but they are situated in such a way
that they produce the connectivity characteristic of a Zintl polyanion, in this
specific case with pseudo-stoichiometry P4S3, which is that obtained if the va-
lence electrons of both, cerium and octahedral silicon are transferred to the
remaining Si atoms. It could be argued that the octahedral silicon atoms act
as true cations whereas tetrahedral silicon acts as a cation ex-officio.

Other aspects of the structures discussed here, such as the location of the
O atoms should also be considered. As we have seen, the O atoms are placed
near both, the midpoints of the hypothetical Si— Si bonds and the lone pairs,
producing a lack of linearity in the Si — O — Si bonds. The fact that the O atoms
are normally situated close to (but not exactly at) the midpoint of a Si— Si
bond produces the same effect as the rotation of the tetrahedra. This rotation
was postulated [115] to derive the real structure of S-cristobalite (14 2d) [116]
from the non-existing ideal C9 structure. However, it is observed that, rather
than tilting rigid [SiO4] tetrahedra, the O atoms are located 0.5-0.6 A off the
centres of the elongated Si- Si bonds, thus producing Si— O —Si angles of
around 140°. In fact, the Si array is topologically the same and has almost the
same dimensions in both the tetragonal and the ideal C9 structures. It is true
that the rotation of the tetrahedra has been experimentally observed as a con-
tinuous process when pressure is applied to the cristobalite-like compound
BPO,4 [117], however, this rotation cannot be claimed to account for the for-
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mation of real cristobalite from a non-existing ideal C9 structure. When the
structure is seen as derived from Si itself, it is unnecessary to postulate the
existence of repulsive forces as responsible for the opening of the Si— O - Si
angles, as concluded elsewhere [115].

Another related question is: why do O atoms respond in the same way to
both the more delocalised bonding pairs and the more localised lone pairs.
An answer to this question would be that the bonding pairs could also be
forming non-nuclear maxima (NNM) between the two cations (bonded Si
atoms). Regarding the possible existence of these NNV, it has been reported
that their formation seems to be related to the application of pressure [118].
However, what can be concluded is that an 0% anion seems to play the same
role as a bonding electron pair.

Most of the compounds we have discussed can be better understood in the
light of the Zintl-Klemm concept and Pearson’s generalised octet rule. The
connectivity between Si atoms is explained in all cases. In many of them, the
Si atoms form skeletons identical to the corresponding Zintl polyanions. If no
such Zintl polyanions are known, they should be energetically so favourable
that their discovery is to be expected. It seems clear that these two old ideas,
the Zintl-Klemm concept and Pearson’s generalised octet rule, are neither ex-
hausted nor out of date but can still serve to simplify and clarify structures
which have not been explained otherwise.

The search is open to apply these principles to other families of com-
pounds such as borates, gallates, germanates, phosphates and arsenates,
among others. Probably, their application will allow us to put all these more or
less unconnected structures on a common and universal basis. Another prob-
lem which remains unsolved is the physical meaning of the “cation recog-
nition” that seems to exist in the oxides [8,63]. We believe that this feature
represents a challenge for theoretical chemistry which needs to be explained
in the future.
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