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here are now very effective syn-

thetic methods to produce CdSe

nanoparticles having different sizes
and shapes.! 8 In this paper, we will focus
on the synthesis of nanorods with control-
lable sizes and aspect ratios. Most of the re-
cent syntheses of CdSe nanoparticles are
variations on a common theme. Cadmium
and selenium precursors are reacted in a co-
ordinating solvent at high temperature.
The cadmium precursor is a cadmium alkyl-
carboxylate or alkylphosphonate made by
the dehydration of a 1:2 mol ratio mixture of
cadmium oxide and an alkyl carboxylic or
alkyl phosphonic acid (PA). The syntheses
are typically run in excess trioctylphosphine
oxide (TOPO), although other solvents can
be used.® The selenium precursor is elemen-
tal selenium dissolved in tributylphosphine
(TBP) and/or trioctylphosphine (TOP). The
coordinating solvent is the TOPO and TOP
from the precursor solutions. In some cases,
other Lewis bases, such as alkyl amines, are
also added. Nanospheres and nanorods are
made in similar ways. The main difference is
that the spheres are synthesized from more
reactive precursors, typically cadmium car-
boxylates in a mixture of TOPO and an alkyl
amine. CdSe nanorods are synthesized from
more strongly bound and therefore less re-
active cadmium phosphonates (often octa-
decylphosphonic acid, ODPA) in a mixture
of TOP and TOPO. These methods give con-
trollable rod morphologies while avoiding
the use of more toxic and reactive dimethyl
cadmium precursors used in earlier synthe-
ses.?

The synthesis of CdSe nanoparticles is
typically run in an anaerobic, ~300 °C TOPO
solution and may be simply written as
Cd(X), + TOPSe — CdSe (nanoparticles),
where X = carboxylate or phosphonate.
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ABSTRACT The dynamics of the CdSe nanorod synthesis reaction have been studied, giving attention to the
kinetics of magic-sized clusters (MSCs) that form as intermediates in the overall reaction. The MSCs have a distinct
absorption peak, and the kinetics of this peak give insight into the overall reaction mechanism. In these studies,
the reaction mixture consists primarily of Cd(phosphonate), and trioctyl phosphine selenium in a solution of
trioctylphosphine (TOP) and trioctylphosphine oxide (TOP0). We find that the rate at which precursors react to
form CdSe monomers and the rates at which monomers react to form nanoparticles can be varied by changing
the chemistry of the reaction mixture. Decreasing the TOP concentration decreases the extent to which selenium
is bound, both in the precursors and on the particles’ surfaces, and thereby increases both the precursor to
monomer and monomer to particle reaction rates. Decreasing the phosphonate concentration decreases the
extent to which phosphonate binds cadmium in the precursors and on the surface of the nanoparticles, also
increasing the rates of both reactions. This is also accomplished by the addition of inorganic acids which protonate
the phosphonates. The presence of inorganic acids (impurities) is the primary reason that the overall synthesis
reaction is faster in solutions made with technical grade rather than purified TOPO. The TOP and phosphonic acid
concentrations are coupled because excess phosphonic acids react with TOP, forming TOPO and less strongly
binding species, specifically phosphinic acids, phosphine oxides, and phosphines.

KEYWORDS: CdSe nanorods - synthesis - magic-sized clusters

The Cd(X), precursor is typically made from
the reaction of the corresponding acid with
CdO. In addition to solublizing the cadmium
and selenium precursors, the carboxylate or
phosphonate and TOP play other roles in
the overall reaction. TOPSe is converted to
TOPO, and the carboxylate or phosphonate
is partially converted to anhydrides. This re-
action can be considered to occur in two
stages. The first is the reaction of the cad-
mium and selenium precursors to form
CdSe monomers. This is followed by the re-
action of the monomers to form nuclei and
then nanoparticles. These two steps are not
completely separate. It is also possible for
the cadmium and selenium precursors to
decompose directly on the monomers or on
the growing particle surfaces. The first step
in the overall synthesis reaction has been
carefully studied and is reasonably well un-
derstood.' In this paper, we focus on how
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the chemistry of the reaction mixture affects the second
step of the reaction, the reaction of monomers to form
nanoparticles. We are particularly interested in the inter-
mediates in this process and how their kinetics are af-
fected by the presence or absence of minor species in
the reaction mixture. Consistent with literature
reports,”''~ 13 we show below that ODPA and TOP can as-
sociate with and control the reactivity of the monomers
as well as the different crystal facets of the growing
particles.

Cadmium atoms can be bound by carboxylates or
phosphonates at different stages of the reaction. The
carboxylates or phosphonates are Lewis bases that are
the ligands on the cadmium precursors and later bind
to the monomers and the surfaces of growing particles.
The concentrations of these species therefore deter-
mine the reactivities at several different stages of the
reaction.*'* The difference in the stabilities of cadmium
phosphonates compared to cadmium carboxylates ini-
tially results in very different precursor reactivities and
later to different extents of particle surface binding. In
both cases, the selenium precursors are the same
(TOPSe) and it is the differences in the ligands associ-
ated with the cadmium precursors that result in the dif-
ferent particle morphologies.

The reaction of CdSe monomers to form nanoparti-
cles is, in principle, very simple: monomers nucleate to
form very small clusters which subsequently grow into
nanoparticles. This simple picture can be complicated
by the presence of two different energetically acces-
sible crystal phases, wurtzite and zinc blende. The nano-
particle crystal phase and the reaction kinetics are con-
trolled by thermodynamics of the reaction solution. The
crystal phase is critical because different crystal facets
of the growing nanoparticle may have different reactiv-
ities, and this determines the final morphology of the
particles. The solution thermodynamics are determined
by the temperature and the chemical composition of
the reaction mixture. High temperatures favor the for-
mation of wurtzite particles, while zinc blende particles
are grown at lower temperatures.' When CdX; is re-
acted with TOPSe in a solution of pure TOP and TOPO,
this chemistry is comparatively simple. However, the
chemistry of the reaction mixture is greatly complicated
by the presence of minor species. These species may
bind the reaction precursors, the CdSe monomers, and
the surfaces of the nascent CdSe particles. The presence
or absence of minor species can therefore result in dra-
matic changes in the reaction kinetics and the morphol-
ogies of the final particles. In some cases, the presence
of certain minor species is essential to obtain the de-
sired particles. These minor species may be added de-
liberately or may be present as impurities in the TOP
and TOPO. Technical-grade TOPO is known to contain
significant quantities of impurities that can strongly
bind cadmium atoms, or alter the binding of other, in-
tentionally added ligands. Their concentrations as im-
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purities vary from one lot of TOPO to another and can
lead to synthesis reproducibility problems. The
amounts of several of these impurities and their roles
in the synthesis of CdSe nanowires have recently been
studied.'®"” These studies identified many of the com-
mon impurities and elucidated their roles in controlling
the reactivity of the cadmium precursors. The synthe-
sis chemistry of nanorods is quite different and how
these species affect the synthesis of CdSe nanorods has
not been previously examined.

The overall reaction of cadmium and selenium precur-
sors to form nanoparticles involves several intermedi-
ates. As mentioned above, the mechanism and interme-
diates involved in the initial stage of this reaction, the
formation of CdSe monomers, have been studied.'® The
subsequent reaction of monomers to form nanoparticles
and the intermediates involved in this reaction are not as
well understood. Under some circumstances, “magic-
sized clusters” (MSCs) are transiently formed in this reac-
tion. MSCs are very small, well-defined CdSe clusters that
exhibit sharp absorption spectra. Intense spectral features
characteristic of MSCs are often observed in the synthe-
sis of CdSe nanorods, and their presence in this synthesis
has been discussed in terms of the thermodynamics of
the reaction. MSCs of CdSe,*>'825 CdS,%62° and CdTe*%!
have been the subject of numerous studies. It has been
suggested that these species correspond to local thermo-
dynamic minima in the progression from precursors to fi-
nal nanorods and are formed only at the high monomer
chemical potentials needed to form the rod
morphology.*>'8 Despite having been observed in the
CdSe nanorod synthesis and studied in synthesis reac-
tions, their role as intermediates in the overall produc-
tion of CdSe nanorods has not been elucidated.

Scope of This Paper. In this paper, we present a system-
atic study of the overall reaction mechanism for CdSe
nanorods. The study examines the concentration de-
pendence of both major and some of the minor chemi-
cal species in controlling the rates at which cadmium
and selenium precursors react to form monomers and
the monomers form and grow nanoparticles. Much of
the focus of this paper is on the role of MSCs as inter-
mediates in the overall reaction. Since the MSC and
nanoparticle concentrations are easy to follow spectro-
scopically, these kinetics are used to probe the reaction
mechanism. Throughout the kinetic analysis, we use
the same thermodynamic considerations that have
been previously used to analyze the CdSe synthesis re-
actions. This treatment is combined with the same ideas
used to understand the effects of impurities in the syn-
thesis of CdSe nanowires.'®'” Experimental results are
presented to elucidate the roles of major species and
minor species at concentrations relevant to commercial
technical-grade TOP and TOPO. Specifically, we show
that the Cd/phosphonate and Se/TOP ratios have sig-
nificant effects on the overall reactivity. We also exam-
ine the effect of chain length in the alkyl phosphonates
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on the precursor, monomer, and particle surface reac-
tivities. Lastly, we also show that the presence of inor-
ganic acids at concentrations typically seen in technical-
grade TOPO results in protonation of the cadmium
precursor, greatly increasing its reactivity.

RESULTS AND DISCUSSION

In what follows, we propose a mechanism for the
overall synthesis reaction and the role of MSCs in this re-
action. This mechanism is discussed in terms of the
thermodynamics of the monomers, MSCs, and final
nanoparticles. We show that many of the literature re-
sults can be understood in terms of the proposed
mechanism. This is followed by presentation of kinetic
results from several different syntheses performed with
different reaction conditions. These kinetics are mod-
eled in terms of the proposed mechanism, and the re-
sults are discussed in terms of known aspects of CdSe
nanoparticle syntheses.

Proposed Mechanism and the Thermodynamics of the CdSe
Nanorod Synthesis Reaction. The reaction of cadmium phos-
phonate in TOPO (the cadmium precursor) and TOPSe in
TOP/TBP (the selenium precursor) to produce CdSe nano-
rods proceeds in several distinct stages. Initially, the pre-
cursors react to form CdSe monomers. The rate of mono-
mer formation depends on the precursor reactivities and
determines the monomer concentration early in the reac-
tion. As the reaction proceeds, MSCs may be formed. Un-
der conditions in which nanorods are synthesized, the
most persistent MSC has an intense and very sharp ab-
sorption peak at 350 nm. These MSCs are believed to have
a well-defined morphology, corresponding to a Cd,; tet-
rahedral cluster of zinc blende CdSe.*>2%' The zinc
blende structure of these MSCs is important because
CdSe nanorods grown under these conditions have exclu-
sively wurtzite structure. (The unique axis of the wurtzite
structure determines the long axis of the nanorod.) Thus,
the MSCs have the wrong structure to be able to easily go
on to form nanorods. The MSCs are therefore a “dead
end” in the reaction mechanism, rather than an interme-
diate between monomers and nanoparticles. We propose
the overall reaction mechanism and intermediates de-
picted in Scheme 1.

In this mechanism, the cadmium and selenium pre-
cursors (Pcq and Ps, respectively) react to form CdSe
monomers with a rate constant of k;. The monomers re-
act to form nanoparticle nuclei and react with existing
nuclei and particles to grow the particles with a total
phenomenological first-order rate constant of k3. In ad-
dition, the precursors can react directly on the particle
surfaces, providing a separate path for particle growth.
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This rate depends on the total particle surface area
which is assumed to scale like the number of mono-
mer units in the particles to the 2/3 power and is de-
scribed by a phenomenological rate constant of k,. A
central feature of this proposed mechanism is that the
MSCs are in equilibrium with the monomers. The mono-
mer concentration is therefore limited to the satura-
tion value, M,, at which the monomers condense to
form MSCs. The formation and dissolution of the MSCs
are assumed to occur rapidly, maintaining this equilib-
rium. The result of this equilibrium is that, when MSCs
are present, monomer formation or depletion reactions
simply change the MSC concentration. Thus, the fast
equilibrium with the MSCs provides a reservoir that
holds the monomer concentration constant at M,. A
set of kinetic equations can be derived from Scheme 1
and are as follows.

d(Pey)/dt = d(Pe)/dt = —k,(Pcg)(Pe) —Ky(Peg) (Ps) (NP)Z3

m

dM)/dt = k,(Peg)(Ps)—ks(M) M < My, MSC = 0

dvn/dt = 0 MSC > 0

d(MSQ)/dt = ky(Pc)(Ps)—ks(M) M = Mo, MSC > 0
d(MsC)/dt = 0 M < M, (3)
d(NP)/dt=ky(M)+ky(Pc ) (Ps) (NP)Z/3 4)

These equations can be numerically integrated to give
time-dependent MSC and nanoparticle concentrations,
which may be compared to experimental values. The
model has several adjustable parameters: M, ki, ka, ks. Fit-
ting the experimentally determined time-dependent
MSC and nanoparticle absorbances also requires that the
ratio of MSC to nanoparticle extinction coefficients be
taken as an adjustable parameter. However, once the val-
ues of My and the extinction coefficient ratio are deter-
mined, they do not vary as the solution chemistry is
changed.

This proposed mechanism is consistent with the
thermodynamic considerations discussed by Peng et
al*>1819 Specifically, the chemical potentials of each
of the reactive species (monomers, MSCs, nuclei, and
size- and aspect-ratio-dependent nanorods) determine
the course of the reaction. The monomer chemical po-
tential increases with increasing concentration. The
chemical potentials of the nanoparticles are size- and
shape-dependent, generally increasing with the surface
to volume ratio. Thus, the chemical potential of par-
ticles generally increases with decreasing size, and for
a given volume, nanorods have a higher chemical po-
tential than nanospheres. However, a plot of chemical
potential versus size has local minima corresponding to
different magic-sized clusters. The MSCs observed in
nanorod syntheses are believed to correspond to a Cd;;
species. There are surely several sizes of wurtzite MSCs,
and the wurtzite clusters having the highest chemical
potential may be thought of as the nuclei from which
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the nanorods grow. However, under the present condi-
tions, these species are unstable with respect to growth
into nanoparticles. These magic-sized clusters are not
observed and will not be considered further. In contrast,
growth of the zinc blende MSCs giving rise to the 350
nm peak would lead to the less stable zinc blende par-
ticles and therefore does not occur. Because these MSCs
are all the same size, they have a well-defined chemi-
cal potential. Associated with the MSCs is a well-defined
monomer saturation concentration, M.

Several monomer concentration regimes can be
identified and defined in terms of the monomer chemi-
cal potential () compared to the chemical potentials
of the MSCs (jumsc), wurtzite nuclei (), nanorods (n,),
and nanospheres (ns). Nanorods can be formed under
conditions in which the monomer concentrations are
too low to form MSCs (see below). This observation es-
tablishes that pmse > pn > nr > pens. IN order of de-
creasing monomer concentration, the different regimes
for wn, are as follows.

(1) MSC equilibrium, pm = pmsc. MOnomers react to
form nuclei (pm > n) and are in equilibrium with MSCs.

(2) MSC dissolution/particle nucleation and growth,
Pmsc = om > n = Ponns Mens- MSCs are not yet formed or
have dissolved to form monomers, but the monomer
concentration is high enough for nucleation to occur.
The monomers react with nuclei and/or small particles
causing particle growth.

(3) Particle growth, pumse > tn > m > P Mns. There
are no MSCs, and nucleation does not occur, but particle
growth continues. A higher chemical potential is needed
to cause nanorod compared to nanosphere growth.

(4) Rod to sphere ripening, pnr > wm > [ns. Rods
ripen to spheres, lowering the aspect ratio but leaving
the particle volume unchanged.

(5) Ostwald ripening, pns > m. Particles undergo
Ostwald ripening, broadening the size distribution.

Upon precursor injection, the monomer concentra-
tion is fed by precursor reaction and rises rapidly. The
monomer concentration soon exceeds that necessary
for particle nucleation, and particle formation starts.
This concentration may continue to rise, and upon
reaching My (corresponding to pm = pmsc), MSCs and
their characteristic 350 nm peak appear. When reaction
of the monomers causes this concentration to drop be-
low Mo, the MSCs dissolve and the 350 nm peak disap-
pears. In Scheme 1, MSCs can act as a reservoir, holding
the monomer concentration at M. Because the concen-
tration of MSCs is related to the production and deple-
tion of monomers, the formation and disappearance ki-
netics of the MSC absorption peak at 350 nm are
diagnostic of the time-dependent monomer concentra-
tions. Thus, the intensity and duration of the MSC peak
along with the growth of the exciton absorption pro-
vide the measure of ki, ky, k3, and Mo. In the latter stages
of the reaction, the MSCs have dissolved and precur-
sors are depleted, so the monomer concentration falls.
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Figure 1. Absorption spectra of a CdSe synthesis in which
the Cd/ODPA/Se/TBP+TOP mol ratio is 1:2.0:0.5:3.0. In this
synthesis, the TOPSe/TOP/TBP solution is injected into a so-
lution of Cd(ODPA); in purified TOPO. The reaction is run at
300 °C. Spectra are taken 1 (solid), 2 (dot), 4.5 (dash), 11
(solid), 23 (dot), and 38 (dash) min after injection.

If the monomer concentration is too low, then w, >
Mm > s, and only spherical growth is possible, caus-
ing the rods to ripen into spheres. The growth of high
quality, high aspect ratio nanorods therefore requires
that the reaction be quenched before the monomer
concentration drops that far. This regime has been care-
fully studied.’® The present study examines the initial
stages of the reaction during which the monomer con-
centration is relatively high, MSCs are formed and redis-
solve, and particle growth occurs.

Previous studies have shown that the cadmium pre-
cursor reactivity can be controlled in several ways, most
of which affect all of the rates in Scheme 1. The stability of
the precursor depends on the base to which the cad-
mium is bonded. Cadmium forms weaker bonds to car-
boxylates than to phosphonates, making the former a
more reactive precursor. Furthermore, the reactivity of
Cd(phosphonate),,(carboxylate), increases with the
value of x."” This changes the precursor reaction rate con-
stants (k; and k, in Scheme 1). However, the precursor
and monomer reaction rates (k3 in Scheme 1) are strongly
coupled. This is because, when the precursors react to
form CdSe monomers, the carboxylate or phosphonate
bases or their anhydrides are available to subsequently
bind the monomers and/or the particles’ surfaces.'®'?

“Standard Nanorod Synthesis” with Pure Reagents. The sim-
plest CdSe nanorod synthesis involves the cadmium
precursor made from CdO and ODPA at a 1:2 mol ratio
in purified TOPO, and the selenium precursor is made
from elemental selenium dissolved in purified
TBP/TOP.%% The selenium precursor is injected into the
cadmium precursor at 320 °C, and the reaction is run at
300 °C. Spectra for this reaction at various times follow-
ing injection are shown in Figure 1. At 2 min into the re-
action, a weak, but well-defined, exciton peak appears
at 523 nm. As the reaction proceeds, this peak gains in
intensity and shifts to the red, characteristic of particle
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Figure 2. Kinetics of the MSC peak (solid circles) and the
350 nm baseline (open circles). These data are taken from
Figure 1. Also shown are curves calculated from eqs 1—4
with My, = 8.1 mM and the rate constants given in Table 1.

growth. The reaction is stopped after 38 min. At this
point, the absorption onset is at 705 nm, indicating
large particles exhibiting minimal quantum confine-
ment. TEM images are qualitatively similar to those pre-
viously reported? and indicate that the final particles
produced by this reaction are nonbranched nanorods.
This is important because growth from zinc blende
MSCs would likely result in branched nanoparticles.
Consistent with the red-shifted spectrum, these nano-
rods are quite large, having diameter and length dimen-
sions of 6.05 * 0.88 and 39 * 4.9 nm, respectively.
The spectra of the reaction mixture show a very promi-
nent absorption peak at 350 nm, which is assigned to
MSCs. The MSC peak appears almost immediately after
selenium precursor injection, has its maximum intensity
at about 14 min, and disappears after about 35 min.
This reaction mixture is the least reactive of any stud-
ied here, resulting in a very high concentration of MSCs,
which persist for a relatively long time. The time depen-
dence of the MSC peak (subtracting off the underlying
baseline) and the 350 nm baseline absorption under the
MSC peak are plotted in Figure 2. The time depen-
dence of the 350 nm baseline absorbance is also plot-
ted in Figure 2. All CdSe nanoparticles have a significant
absorption at 350 nm, and this baseline absorbance is

roughly indicative of the total concentration of CdSe in
the form of nanoparticles.

Perhaps the most striking thing about these kinet-
ics is the sudden loss of the MSC absorption at about
35 min. Specifically, from the kinetics shown in Figure
2, it is obvious that d(MSC)/dt # 0 as MSC — 0 at 35
min. This is not unique to this sample but is consistently
observed in all samples for which the 350 nm peak is
present. From this qualitative observation alone, one
can conclude that the primary process controlling the
rate at which MSCs are lost is not the reaction of the
MSCs to form nanoparticles. If reaction with monomers
was the rate-determining step in the disappearance of
MSCs, then the rate would slow as either the monomer
or MSC concentration decreased, and one would find
that d(MSC)/dt = 0 at MSC — 0. This observation is the
basis for the central idea in Scheme 1: that the MSCs
are in equilibrium with the monomers and that the for-
ward and reverse rates that maintain this equilibrium
are faster than the rates that form and deplete the
monomers. Curves calculated by numerically integrat-
ing eqs 1—4 are also shown in Figure 2. Good agree-
ment with the experimental results is obtained, with the
calculated curves reproducing the essential features of
the observed kinetics. The calculated curves in Figure 2
correspond to the following values of these param-
eters: My = 8.1 mM, k; = 0.25 L mol™" min™', k, = 0.15
(L/mol)*®> min~', and k3 = 0.072 min~". The M, value in-
dicates that the highest possible monomer concentra-
tion is 8.1 mM, corresponding to a monomer-saturated
solution at 300 °C. Figures 1 and 2 show that the base-
line absorbance increases approximately linearly with
time over the first 35 min of the reaction, that is, when
MSCs are present. This is easily understood in terms of
the mechanism of particle nucleation and growth.
Growth occurs primarily from monomer deposition on
the surfaces of existing particles. When MSCs are
present, the monomer concentration is constant at Mo,
resulting in a constant growth rate.

It is also of interest to compare the above value of
k; with kinetic results by Liu et al.’® By measuring the
disappearance of TOPSe by 3'P NMR, a first-order rate
constant of k = 1.7 X 1073 s~ was obtained. This re-
sult was obtained with an initial cadmium concentra-

TABLE 1. Maximum Absorbances, Disappearance Times of the MSC Peak, and Rate Constants (5"¢™¢ 1) for Differing

Selenium and TOP Concentrations

standard synthesis decreased TOP
Se concn (mmol) 0.8 0.8
TOP concn (mmol) 3.0° 2.25°
MSC maximum absorbance 3.1 0.8
MSC disappearance time (min) 35 8.0
k (Lmol™"min™") 0.25 0.48
k, (L/mol)** min™") 0.15 0.82
ks (min™") 0.072 0.27

increased selenium constant ratio decreased selenium

1.07 0.6 0.6
3.0 2.25 3.0
0.50 2.0 0.40
45 21 8.0

d 0.35 0.35
d 0.15 1.75
d 0.075 0.22

“Results are shown in Figures 1 and 2. *Results from Figure 3a. ‘Results from Figure 3b. “MSC peak is too short-lived to allow extraction of rate constants.
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Figure 3. Absorption spectra of a CdSe synthesis in which the
Cd/ODPA/Se/TBP+TOP mol ratios are (a) 1:2.0:0.5:2.25 and (b)
1:2.0:0.375:3.0. In this synthesis, the TOPSe/TOP/TBP solution is
injected into a solution of Cd(ODPA), in purified TOPO. The reac-
tion is run at 300 °C, and the spectra are taken at the times indi-
cated in each panel.

tion of 0.27 M and without precursor aging. The calcu-
lated curves in Figure 2 correspond to a second-order
rate constant of k; = 0.25 L mol™" s™'. The initial con-
centrations are Pcg = 0.22 M and Ps. = 0.11 M. In the ab-
sence of reaction with nanoparticles, this corresponds
to a pseudo-first-order rate of 0.059 min~' =1 X 1073
s~1. We note that the studies by Liu et al. use an initial
cadmium precursor concentration that is 25% higher
than in present studies. If the same cadmium precur-
sor concentration had been used in the present stud-
ies, Scheme 1 predicts a 25% higher pseudo-first-order
rate constant, 1.25 X 1073 s~'. We conclude that the
precursor reaction rate constant obtained through this
modeling is in good agreement (within 50%) with that
obtained using a completely different method of deter-
mining the rates. There are two factors which may con-
tribute to the slightly larger rate constant measured by
Liu et al. First, in the syntheses reported here, the cad-
mium precursor is aged, which reduces its reactivity.*
Second, there are differences in the chemistry of the re-
action mixture, specifically, Liu et al. use a lower TOP
to selenium ratio than that used here. The effects of
varying the solution chemistry are examined next.
Effects of Varying the Selenium, TOP, and ODPA
Concentrations. Changing the concentrations of any of
the components in the reaction mixture can have dra-
matic effects on the reaction kinetics and the dimen-
sions of the final particles. The simplest way to view the
kinetic results is in terms of the intensity and duration
of the MSC peak. Although it is always, in principle, pos-
sible to fit the MSC absorption kinetics and extract rate
constants, it is often difficult to obtain a unique set of
values. This is because it is difficult to discriminate be-
tween particle formation and growth from precursors
and from monomers, the reaction pathways associated
with rate constants k, and ks, respectively. This is par-
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ticularly true when the reaction is fast and the MSC
peak is present for only a brief period of time. How-
ever, fitting the kinetics of the less reactive solutions in-
dicates that the k, pathway is typically minor, but not
insignificant. As such, the calculated curves are rela-
tively insensitive to the exact value of k,. The maximum
MSC intensity is controlled by the ratio of overall mono-
mer formation and loss rates. A very intense and long-
lived MSC peak indicates relatively rapid monomer for-
mation and slow monomer loss. These considerations
indicate that the maximum intensity and duration of
the MSC peaks give qualitative insights into the rela-
tive monomer formation and loss rates in Scheme 1.
The maximum intensities and disappearance times of
the MSC peaks and fitted values for the rate constants
in eqs 1—4 under different reaction conditions are col-
lected in Table 1.

The effects of changing the selenium and TOP con-
centrations are strongly coupled, and the TOP to sele-
nium ratio has a large effect on the solution reactivity,
as shown in Figures 3 and 4. Figure 3 shows the effects
of varying the TOP to selenium ratio. If the TOP concen-
tration is lowered by 25% and selenium concentration
is held constant, the progress of the reaction changes
dramatically. Figure 3a shows the spectra of the reac-
tion run with these concentrations. Comparison with
Figure 1 shows that the reaction proceeds much more
rapidly and that the MSC peak is both less intense and
shorter lived. Comparison of the standard synthesis and
decreased TOP columns of Table 1 indicates that the
maximum MSC absorbance is reduced from 3.1 to 0.8,
and the disappearance time is reduced from 35 to 8
min. The kinetics of the reaction with decreased TOP
are shown in Figure 4. The rate constants used to calcu-
late the kinetic curves in Figures 2 and 4 are also given

2.0 1

absorbance
=) o
1 1

o
(&)}
1

0.0 1

time / min

Figure 4. Kinetics of the MSC peak (solid symbols) and the
350 nm baseline (open symbols) of CdSe syntheses in which
the Cd/ODPA/Se/TBP+TOP mol ratios are 1:2.0:0.375:2.25
(constant ratio, circles), 1:2.0:0.375:3.0 (decreased Se,
squares), and 1:2.0:0.5:2.25 (decreased TOP, triangles).
Curves calculated from eqs 1—4 and Table 1 for MSC (thick
lines) and the particle (thin lines) absorption intensities are
also shown. M is taken to be 8.1 mM in all cases.
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in Table 1. The same effect is observed if the TOP con-
centration is held constant and the selenium concentra-
tion is raised, as indicated in the increased selenium col-
umn of Table 1; the reaction proceeds more much
rapidly with the MSC peak becoming less intense and
shorter lived. These results indicate that the precursor
to monomer reaction, and to a greater extent the
monomer to nanoparticle reaction, becomes faster as
the TOP to selenium ratio is reduced. This suggests that
TOP molecules bind and stabilize the TOPSe precursor
and, to a larger extent, the CdSe monomers and/or the
selenium atoms on the growing nanorod surface. A de-
creased TOP to selenium ratio increases both selenium
precursor and particle reactivities. Consistent with this
explanation, if both the selenium and the TOP concen-
trations are reduced by 25%, there is only a modest de-
crease in the maximum MSC intensity and duration;
compare the standard synthesis and constant ratio col-
umns of Table 1. The constant ratio rate constants are
less than 50% larger than those obtained for the stan-
dard synthesis. However, Figure 3b and the decreased
selenium column of Table 1 show that reducing the se-
lenium concentration at a constant TOP concentration
also increases the reactivities. We suggest that this is
due to the reaction of TOP with ODPA (discussed be-
low), and this result can be understood only after exam-
ining the role of ODPA in determining the reactivities.
The mol ratio of cadmium to the alkyl phosphonic
acid (ODPA in this case) also has a large effect on the so-
lution reactivity. The usual cadmium to ODPA ratio of 1:2
gives a minimum in the reactivity; increasing or decreas-
ing the amount of ODPA in the cadmium precursor in-
creases the reactivity of the precursors. If 25% of the
ODPA is put in the selenium precursor (the Cd/ODPA ra-
tio in the cadmium precursor is 1:1.5), the reaction pro-
ceeds very rapidly and there is no MSC peak at all. The
rapid appearance of particles means that the reaction rate
of the precursors to form monomers and the reaction
rate of the monomers to grow particles are both in-
creased. The former is easy to understand. In a cadmium
precursor with less ODPA than the usual 1:2 stoichiome-
try, some of the cadmium atoms are bound to a single
phosphonic acid and are therefore not as stable as those
bound to two phosphonic acids. Peng et al.* have noted
that aging of the Cd(phosphonate), precursors decreases
their reactivities, presumably because, in the aged precur-
sor, the cadmium is bound to two oxygens on both phos-
phonates. The precursors with less ODPA than a 1:2 stoi-
chiometry are similar to freshly prepared
Cd(phosphonate), precursors in that they also have cad-
miums that are not fully bound to phosphonic acids. The
greater cadmium precursor reactivity seen here is there-
fore consistent with the observation that the aged cad-
mium precursors are more stable and less reactive than
those that are not. The latter observation, the fast overall
reaction and the lack of an MSC peak, indicates an in-
crease in the monomer to particle reaction rate. This ob-
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Figure 5. Comparison of syntheses having cadmium to ODPA
mol ratios of 1:2.5. The dotted curve has all of the ODPA in
the cadmium precursor. The solid curves have 20% of the
ODPA in the selenium precursor.

servation is very general, and more rapid reaction occurs
whenever there is ODPA in the selenium precursor or ex-
cess ODPA in the cadmium precursor. Figure 5 shows
spectra obtained from syntheses with a Cd/ODPA ratio
of 1:2.5, rather than the usual 1:2 ratio. The effects of hav-
ing the excess ODPA in the cadmium compared to the se-
lenium precursor are shown. In both cases, a significant
increase in reactivity is observed (compare Figure 5 with
Figure 1). The MSC peak is of much lower intensity and
disappears after 2 or 3 min. In this case, the MSC peak dis-
appears too quickly to extract rate constants, but the
comparison of Figures 1 and 5 in the context of Scheme
1 shows that both monomer formation and loss rates are
very high. The reason for the rapid monomer to particle
reaction is elucidated by the comparison of the spectra
obtained with the excess ODPA in the cadmium versus se-
lenium precursors. When the excess ODPA is added to
the selenium precursor, the exciton peak grows more rap-
idly and shifts further red and the MSC peak disappears
more rapidly, compared to when the ODPA is in the cad-
mium precursor. These results, taken together, indicate
that the presence of ODPA in excess of 2.0 times the
amount of cadmium increases the reactivity of the sele-
nium precursor as well as that of the monomers and/or
particle surfaces. There are several mechanisms by which
this increased reactivity can occur. A reaction mechanism
for the production of CdSe monomers has recently been
proposed in which the TOPSe is activated by nucleophilic
attack of the phosphorus by a phosphonic acid. An in-
crease in the phosphonic acid concentration could facili-
tate this step in the mechanism and thereby increase the
reactivity.'” However, in this case, the reaction would be
faster independent of whether the phosphonic acid came
in with the cadmium or selenium precursor. This idea
also fails to explain why the subsequent monomer to par-
ticle rate increases more than the precursor reaction
rate. While this mechanism may be occurring, the obser-
vation that there is a significant difference in reactivities
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ODPA TOP MOPA TOPO the one proposed by Liu et al.’® are prob-
H R H R ably both involved in explaining these
| | reactivities.
R T_O + R_/P = R—p=0 + R—P=0 Role of Alkyl Chain Length: Octyl Phosphonic
OH R C|)H R Acid versus Octadecyl Phosphonic Acid. The par-
ticle aspect ratio can be controlled by
MOPA TOP MOPO TOPO changing t.he c.haln Ien.gth of the a.IkyI
R H R phosphonic acid used in the cadmium
_ \ | | precursor. For example, syntheses using
R p=o + R_/P = R pP=o0 1+ RTP==0 (QDPA and OPA give particles with as-
R IL l pect ratios of 2.5 and 10, respectively.®
There are two reasons why the alkyl
chain length could affect the particle as-
TOP OE TOPO pect ratio. First, the alkyl chain length af-
R\ \ R fects the extent to which the particle ra-
R—P=0 4+ R—pPp =—]rm—>= R b 4+ R—p=—0o dial surfaces are bound and hence the

depending on which precursor it comes in with suggests
that this is not the only mechanism of increased reactivity.

We suggest another reason for the increased reactiv-
ity associated with increasing the TOP or the ODPA con-
centrations: alkyl phosphonic acids react with TOP to
form TOPO. The basic idea is that excess (unbound) TOP
reacts with ODPA and vice versa. The nature of the TOP/
ODPA reaction is elucidated by GCMS and 3'P NMR
spectra of TOP and TOP/octyl phosphonic acid (OPA)
mixtures. In deuterochloroform, the TOP, OPA, and
TOPO peaks are observed at —31.1, 36.5, and 48.2 ppm,
respectively, consistent with literature values.>* Addi-
tion of a small amount of OPA to TOP results in almost
no OPA peak. Instead, a TOPO peak appears. GCMS re-
sults show the same chemistry. These observations may
be understood in terms of the set of oxidative equilib-
ria given in Scheme 2.

The net reaction is ODPA + 3 TOP — octylphos-
phine (OP) + 3 TOPO. Monooctyloctyl phosphinic acid
(MOPA) and monooctyl phosphine oxide (MOPO) are in-
termediates, in equilibrium with the ODPA, TOP, and
TOPO. TOP is a better Lewis base than OP, so the equi-
librium of the net reaction favors TOPO. We conclude
that, when ODPA is added to the selenium precursor, a
significant amount of the TOP is converted to MOPA,
MOPO, and TOPO. The same thing happens following
injection, albeit to a lesser extent, when excess ODPA is
added to the cadmium precursor. Unlike TOP, TOPO
and the intermediate species (MOPA and MOPO) do not
form complexes with selenium atoms and, therefore,
do not stabilize the TOPSe precursor, the selenium in
the monomers, or selenium sites on the nanoparticles.
Thus, replacing some of the TOP with these species in-
creases the solution reactivity. Similarly, excess TOP re-
duces the amount of ODPA present and, therefore, in-
creases the cadmium reactivities. This mechanism and
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reactivity of these surfaces. Shorter alkyl
R chains have less steric interference and

can therefore more completely bind the

surface cadmium atoms. Strongly bound
radial surfaces result in lower radial growth rates and
hence larger particle aspect ratios. This is known to oc-
cur on growing CdSe nanorods® but has not been
shown to be the factor that controls the particle mor-
phology. Second, the alkyl chain length affects the pre-
cursor reactivity. This is relevant because the precursor
reactivity controls the monomer chemical potential,
and as discussed above, high monomer chemical po-
tentials are needed to promote the growth of large as-
pect ratio nanorods. Upon the basis of comparison with
alkyl carboxylic acids,** the longer chain phosphonic ac-
ids are believed (correctly) to form more stable precur-
sors than shorter chain phosphonic acids. However, pre-
cursor reactivity arguments cannot explain all of the
reported observations. Wang et al.’ have shown that
the longer chain, less reactive ODPA precursors give
lower aspect ratio particles than are obtained with the
more reactive, shorter chain OPA precursors. However,
Peng et al.* observed that aged precursors are less reac-
tive and give rise to higher aspect ratio nanorods. The
comparison of aged versus non-aged precursors is a
good one because the chemistry of the reaction mix-
ture is the same; all that is changed is the precursor re-
activity. Taken together, these observations suggest
that both of the above considerations must play some
role in controlling the particle morphology. Shorter
alkyl chains result in higher monomer concentrations
and more effectively block particle growth on the ra-
dial, but not axial, surfaces, thereby producing higher
aspect ratio particles.

To further elucidate the roles of these two mecha-
nisms, we have done syntheses in which the cadmium
precursor is either cadmium and ODPA in a 1:2 ratio or
cadmium, ODPA, and OPA in a 1:1.5:0.5 ratio. In both
cases, 0.8 mmol of ODPA is added to the selenium pre-
cursor to increase the overall reactivity of the solution
and give smaller and more monodisperse nanorods.
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Figure 6. Comparison of absorption spectra from the syn-
theses having Cd/ODPA of 1:2.5 (20% in the selenium pre-
cursor) and Cd/ODPA/OPA mol ratio of 1:2.0:0.5 (25% of the
ODPA in the selenium precursor). The times at which the
spectra were taken are indicated in the figure.

Spectra taken at several times during these syntheses
are shown in Figure 6. Initially (1 min), the pure ODPA
synthesis has a lower concentration of MSCs and a less
intense exciton peak. The exciton peak is also further to
the blue, indicating smaller particles in the pure ODPA
synthesis. The presence of a higher concentration of
larger particles and a higher MSC concentration indi-
cates that the reactivity of the OPA-containing cad-
mium precursors is greater than that of the pure ODPA
precursors; that is, the value of k; is larger with OPA in
the cadmium precursor. This can be understood in
terms of a larger diffusion coefficient of the precursor
with the smaller ODA and is consistent with the
diffusion-controlled model by Peng.'® At later times,
the exciton of the pure ODPA synthesis is further to the
red than that in the OPA-containing synthesis, indicat-
ing the presence of larger particles in the pure ODPA
synthesis. This is also consistent with the results re-
ported by Wang et al.® Thus, in the later stages of the re-
action, when only nanorods and monomers are present,
the growth rate of the particles in the pure ODPA syn-
thesis is greater than that in the OPA-containing synthe-
sis. This indicates that the OPA-ligated particles are
less reactive than ODPA-ligated ones. These results sup-
port the conclusion that both of the above mecha-
nisms are operative in these syntheses.

Syntheses Using Technical-Grade TOPO and the Effect of Acids
on Cadmium Precursor Reactivity. Many of the CdSe nanopar-
ticle syntheses that have been reported have used vari-
ous grades of unpurified TOPO. Figure 7 shows time-
dependent spectra obtained in a synthesis reaction
using technical-grade (90%) TOPO. The reaction is in ev-
ery other way identical to that using purified TOPO, giv-
ing the spectra in Figure 1. There are several signifi-
cant differences in the spectra. The most obvious
difference is that the MSC peak in Figure 7 is far less in-
tense and shorter lived than that in Figure 1. The rapid
appearance and greater absorbance at 2—7 min of the
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Figure 7. Absorption spectra of a CdSe synthesis in which
TOPSe/TBP/TOP is injected into a solution of Cd(ODPA), in
TOPO. The reactions are analogous to that in Figure 1, except
the cadmium precursor was made with (left) technical-grade
TOPO and (right) TOPO having 1 mol % of H;PO,. The times at
which the spectra were taken are indicated in the figures.

exciton peak also makes clear that particle formation
occurs much faster in unpurified TOPO. These observa-
tions indicate that the unpurified TOPO contains impu-
rities that make both the precursors and the growing
nanorods more reactive. Technical-grade TOPO is
known to contain significant amounts of inorganic ac-
ids, specifically H3PO3; and H3PO,."” We suggest that it is
primarily the presence of these acids that both in-
creases the reactivity of the cadmium precursors and in-
hibits phosphonate binding onto the nanoparticle sur-
faces. To confirm this, we first determined the amount
of these acids in this lot of TOPO. This was done by first
extracting the acids from 2.00 g of ether phase TOPO
into water, followed by a titration. The result indicates
that this lot of TOPO contains 1.04 mol % of acid (total
HsPOs plus H3PO,). In the above synthesis, this corre-
sponds to a cadmium to acid mol ratio of about 20:1.
This amount of H;PO, was added to purified TOPO, fol-
lowed by removal of the excess water. A synthesis was
then run using this TOPO, and the spectra are pre-
sented in Figure 7. The reactivity in the added acid syn-
thesis is far greater than that in the purified TOPO and
only slightly less than that in the unpurified TOPO. In
both unpurified and added acid cases, the MSC peak is
gone after about 4 min. Other syntheses show that dou-
bling the acid to a 10:1 mol ratio almost completely
eliminates the MSC peak from the early time spectra.
We propose that the mechanism by which the acid in-
creases the precursor reactivity is partial protonation of
the phosphonates in the Cd(phosphonate), precursors,
as depicted in Scheme 3. The protonated phosphonate
is less strongly bound to the cadmium, making the pre-
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cursor less stable and more reactive. The same consid-
erations apply to the phosphonate binding to cadmium
atoms on the nanoparticle surfaces.

Technical-grade TOPO contains many different types
of impurities: alkylphosphonic acids, alkylphosphinic ac-
ids, dialkyl phosphonic oxides, etc.'%'%' In this case, it
is the presence of the inorganic acids that dominates
the reactivity of the cadmium precursors. This can be
understood in terms of the relative stabilities of differ-
ent cadmium complexes.” The synthesis of CdSe nano-
rods requires the use of strongly binding phosphonate
ligands; specifically, ODPA is used in the present synthe-
ses. Except for octylphosphonic acid (OPA), all of the
common impurities in TOPO are much less strongly
binding than ODPA. As such, the presence of small
amounts of these weaker binding ligands has little ef-
fect on the synthesis.

It is of interest to compare these results with those
reported by Wang et al.® for a nominally identical reac-
tion. Specifically, these authors present results for the
“standard synthesis” described above, using reasonably
pure (99%) TOPO and recrystallized ODPA. The nano-
rods have an absorbance maximum of 626 nm, follow-
ing 8 min of reaction at 300 °C. Using identical condi-
tions and concentrations, we find that an absorbance
maximum of 626 nm occurs at about 10 min. Appar-
ently, the precursors in used by Wang et al. are slightly
more reactive than the ones used here. There are two
possible reasons for this. First, it may be that the 99%
TOPO has small but sufficient amounts of impurities
(probably inorganic acids) to increase the reactivity of
the cadmium precursor. Second, the selenium precur-
sor is more reactive. The first possibility cannot be ruled
out. However, other studies have used 99% TOPO in
the synthesis of CdSe nanowires and found that it is of
sufficient purity that it behaves like purified TOPO in
most respects.!” This observation argues against the dif-
ference being due to TOPO impurities. We conclude
that the role of acid impuirities in this slight reactivity in-
crease must be viewed as unknown. The other possibil-
ity is that the increased reactivity is due to differences
in the selenium precursor. In the results presented here,
the TOP used to make the selenium precursor was dis-
tilled to remove any OPA, which is typically present in
significant quantities. As noted above, the addition of
0.8 mmol of ODPA into the selenium precursor in-
creases the reactivity of the reaction mixture. With this
composition, the absorption spectrum has a maximum
at 626 nm at 5 min after injection. The reactivity re-

EXPERIMENTAL SECTION

Chemicals: Cadmium oxide (CdO, 99.5%), technical-grade trio-
ctylphosphine oxide (TOPO, 90%), trioctylphosphine (TOP, 97%),
tributylphosphine (TBP, 97%), potassium hydroxide aqueous so-
lution (KOH, 1.0M), and toluene (99%) were received from Ald-
rich. Selenium (Se, 99%) and 1-octylphosphonic acid (OPA, 98%)
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ported by Wang et al. is intermediate between ours
made with pure TOP and with added phosphonic acid.
This is consistent with the presence of phosphonic ac-
ids, specifically OPA, in unpurified TOP. These results
underscore the need for purification of both TOP and
TOPO to obtain reproducible results.

SUMMARY AND CONCLUSIONS

Several conclusions may be drawn from the results
presented here.

(1) The overall CdSe nanorod synthesis reaction in-
volves CdSe monomers and magic-sized clusters (MSCs)
as intermediates. A reaction mechanism is proposed in
which precursors react to form monomers and mono-
mers react to form nanoparticles. In this mechanism,
MSCs are in equilibrium with the monomers and there-
fore limit the monomer concentration to the satura-
tion value. The observed MSC and particle growth kinet-
ics can be accurately modeled by kinetic equations
based on this mechanism. This model gives a mono-
mer saturation value of about 8.1 mM in 300 °C TOPO.

(2) Changing the concentrations of TOP and ODPA
in the reaction solution changes the rates of both the
precursor to monomer and monomer to nanoparticle
reactions. These rates increase or decrease together as
the TOP and ODPA concentrations are varied, with the
latter reaction rate being more sensitive to variations in
concentration.

(3) The least reactive system studied contains cad-
mium in the form of Cd(ODPA), and a TOP to Se mol ra-
tio of about 6. There is a strong coupling between the
effects of changing the ODPA and TOP concentrations
in cadmium and selenium precursors, respectively. This
is because the (highly oxidized) ODPA and (reduced)
TOP components in the reaction mixture are coupled
through an oxidative equilibrium.

(4) The reactivity of Cd(phosphonate), precursors
varies with the chain length of the alkyl phosphonates.
Shorter alkyl chains result in higher reactivities. Shorter
alkyl chains also result in the phosphonates binding
more tightly to the radial surfaces of the growing nano-
rods. The combination of these factors results in higher
aspect ratio particles.

(5) Addition of inorganic acids protonates the phos-
phonates, making this species more reactive. The pres-
ence of inorganic acids (impurities) is the primary rea-
son that cadmium precursors made with technical-
grade TOPO are much more reactive than those made
with purified TOPO.

were purchased from Alfa Aesar. Octadecylphosphonic acid
(ODPA, 99%) was obtained from PCl synthesis. Phosphoric acid
(H3PO4, 99%) and octane (=99.0%) were obtained from Fluka. In
some cases (as noted), TOPO was used as received. In all other
cases, TOPO was twice recrystallized from acetonitrile, resulting
in a pure, white crystalline powder. Further recrystallization had
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no effect on the synthesis reactions. ODPA was recrystallized us-
ing toluene. TOP and TBP were vacuum distilled before use. In
the case of TOP, the fraction between 202 and 205 °C was kept.
Toluene was distilled from P,0s prior to use. Millipore water (>18
M) - cm) was used in the titrations and in the phosphoric acid
dilutions.

Titration of Inorganic Acid in TOPO: Two grams of 90% TOPO was
dissolved in 30 mL of octane. An extraction of the inorganic
acid in the solution was then done by mixing it with 30 mL of wa-
ter. The water phase was removed and used in an acid—base ti-
tration with 2 X 1072 M KOH to determine the concentration of
the inorganic acid in TOPO. The second end point occurred at 5.4
mL of KOH, at pH 8.7, as determined using a pH meter.

Preparation of CdSe Nanorods: Cadmium Precursor. CdO (0.2054 g, 1.6
mmol), 2.930 g of TOPO, and predefined amounts of ODPA, OPA,
and in some cases H;PO, were loaded into a reaction flask (50
mL). The reaction mixture was the heated to 150 °C under
vacuum and kept at that temperature for =0.5 h to remove
traces of water. The flask was then flooded with N, gas and
heated to 300—320 °C until all of the CdO reacted. This solution
was kept at this temperature for 30 min and then cooled to room
temperature under N, flow. After aging for at least 24 h, it was
used without further purification.

Selenium Precursor. In a nitrogen glovebox, 0.063 g of Se and
0.19 g of TBP (0.253 g of solution having 25% Se by mass, 0.8
mmol of Se) were mixed with 1.447 g of TOP and 0.3 g of tolu-
ene to obtain the injection solution. In some case, 0.8 mmol of
OPA or ODPA was added to this selenium precursor. In these
cases, the precursor would solidify and would therefore have to
be gently heated for injection into the cadmium precursor.

Cadmium Selenide CdSe Nanorods. The cadmium precursor was
heated to 320 °C under N, flow. The selenium precursor loaded
in a 10 mL syringe was then rapidly injected into the reaction
flask. Following injection, the reaction temperature would drop
to about 280 °C. The temperature was then brought back up to
and kept at 300 °C for reaction. The color changes of the reaction
mixture after selenium injection indicated the formation of CdSe
nanorods. Taking the injection of selenium precursor as time
zero, the aliquots were taken at predefined times for optical
studies.

Characterization: Static fluorescence spectra were obtained us-
ing a Jobin-Yvon Fluorolog-3. The instrument consists of a xe-
non lamp/double monochromator excitation source and a CCD
detector. UV—vis spectra were taken using a Cary 50 SCAN
UV —vis spectrophotometer. TEM images were obtained on a
JEOL 2010 transmission electron microscope.
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