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ABSTRACT While colloidal nanocrystals hold tremendous potential for both enhancing fundamental understanding of materials scaling
and enabling advanced technologies, progress in both realms can be inhibited by the limited reproducibility of traditional synthetic
methods and by the difficulty of optimizing syntheses over a large number of synthetic parameters. Here, we describe an automated
platform for the reproducible synthesis of colloidal nanocrystals and for the high-throughput optimization of physical properties relevant
to emerging applications of nanomaterials. This robotic platform enables precise control over reaction conditions while performing
workflows analogous to those of traditional flask syntheses. We demonstrate control over the size, size distribution, kinetics, and
concentration of reactions by synthesizing CdSe nanocrystals with 0.2% coefficient of variation in the mean diameters across an
array of batch reactors and over multiple runs. Leveraging this precise control along with high-throughput optical and diffraction
characterization, we effectively map multidimensional parameter space to tune the size and polydispersity of CdSe nanocrystals, to
maximize the photoluminescence efficiency of CdTe nanocrystals, and to control the crystal phase and maximize the upconverted
luminescence of lanthanide-doped NaYF4 nanocrystals. On the basis of these demonstrative examples, we conclude that this automated
synthesis approach will be of great utility for the development of diverse colloidal nanomaterials for electronic assemblies, luminescent
biological labels, electroluminescent devices, and other emerging applications.
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Colloidal inorganic nanocrystals exhibit unique physi-
cal characteristics, such as size-dependent optical
properties,1,2 the ability to self-assemble into larger

structures such as superlattices,3 and crystal structures that
differ in phase4 or stability5,6 with respect to bulk materials.
Such properties have led to growing use of nanocrystals as
luminescent biological labels,7-9 in light-emitting diodes,10,11

and in nanoscale electronic devices.12-14 The investigation
of nanocrystal properties and the development of their
applications both rely on synthetic routes that are tunable
and reproducible. In addition, synthetic optimization is
required to meet the critical demands placed on material
characteristics relevant to each application. For example,
size distributions must be minimized in order to assemble
ordered nanoparticle superlattices and to achieve efficient
charge transport through these assemblies.3,14,15 On the
other hand, for application as biological labels or in light-
emitting diodes, the photoluminescence quantum yield of
nanocrystal quantum dots must be maximized. Finally, the
magnetic, optical, and electrical properties of nanomaterials
all depend strongly on their specific crystal phase, which
therefore must be controlled synthetically.

Optimizing these nanomaterial properties and correlating
them to reaction parameters, however, can be tedious and
complex, due to the large number of synthetic variables that
are critical for nanocrystal growth.16,17 In addition to the
selection of effective reagents and the optimization of their
concentrations, the reaction temperature can be modulated
over time to tune nucleation and growth, which often
determine particle size,18 shape,19,20 and polydispersity.21

While the manipulation of these parameters has created a
rich diversity of colloidal nanomaterials,21,22 the empirical
rules discovered for the controlled synthesis of one chemical
system do not necessarily transfer to others, so the develop-
ment of each new material poses a fresh synthetic challenge.

The systematic exploration of parameter space for fun-
damental investigation and for the optimization of properties
is further complicated by the limited reproducibility of many
traditional synthetic methods. Solution-phase syntheses of
single-crystalline and monodisperse colloidal nanomaterials
often involve processes with sensitive kinetics23,24 that can
be altered by heating and cooling rates, side reactions,25,26

and the presence of impurities.20,27-29 Common methods
also feature unpredictable transport phenomena, such as the
rapid injection of reactive precursors into surfactant rapidly
stirred at high temperature.2,18 Such operations are difficult
to control and to scale, particularly across users and labo-
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ratories, hindering the systematic development of nanoma-
terials chemistry.

In principle, automation may offer a means for precisely
controlling reaction parameters, for facilitating multiplex
screening, and for accelerating the optimization of physical
properties.30 Combinatorial approaches for the synthesis of
inorganic nanomaterials, while not necessarily automated,
have been used to synthesize nanomaterials heteroge-
neously on substrates via pulsed laser deposition,31 chemical
vapor deposition,32 electrodeposition,33 and biomolecular
templating.34,35 Automated, solution-phase syntheses of
colloidal nanomaterials36 to date have primarily adopted
flowgeometriessuchasstopped-flow,37continuousflow,38-41

and segmented-flow reactors.24,42 While such flow reactors
have facilitated investigations into their reported growth
reactions, these reactors are restricted to a narrow set of
reagents and conditions due to issues such as reactor fouling,
reagent compatibility, and broad residence time dis-
tributions.24,43,44 This lack of flexibility limits the utility of
these reactors for general nanomaterials research, optimiza-
tion, and discovery. Thus, a flexible and general method for
the automated synthesis of nanomaterials is still lacking.

Here, we describe an automated platform capable of
synthesizing a diverse set of nanomaterials with exceptional
reproducibility, and we present efficient methods for opti-
mizing characteristics of these nanomaterials relevant to
emerging applications. This automated platform can be
applied to a wide range of materials because it uses reaction
conditions and workflows that are directly analogous to
those of traditional flask syntheses. Liquid handling robotics
mimic traditional synthetic operations, such as sampling
aliquots and injecting organometallic reagents into hot sur-
factant solutions. Unlike more restricted high-throughput
methods, reaction solutions are contained in reagent-toler-
ant, disposable glass vials heated in an array of indepen-
dently controlled reactors. And unlike manual experiments,
products are characterized rapidly using high-throughput
analytical tools. Leveraging these automated capabilities, we
efficiently map multidimensional parameter space to inves-
tigate reaction pathways and to target optimization goals
including tuning the size while minimizing the polydispersity
of CdSe nanocrystals, maximizing the photoluminescence
efficiency while minimizing the peak width of CdTe nano-
crystals, and controlling the crystal phase to maximize the
upconverted luminescence of rare earth-doped NaYF4

nanocrystals.
Instrumentation. The foundation of our automated syn-

thesis platform - the Workstation for Automated Nanoma-
terials Discovery and Analysis (WANDA) - is a Symyx
Technologies Core Module deck (Figure 1a) with liquid-
handing robotics for transferring solutions, a heated needle
for dispensing molten surfactants, a vial-gripper for manipu-
lating solid objects, and an automated balance for recording
sample masses. Because the synthesis of high-quality nano-
materials often requires temperatures (∼300 °C) that are

much higher than those used for solution-phase reactions
of small molecules, we developed a custom deck element
with an array of eight high temperature reactors. As shown
in Figure 1b, each of the eight Low Thermal Mass Reactor
(LTMR) elements features independent temperature control
and digitally tuned magnetic stirring to control the heat and
mass transport of solutions contained in 40-mL glass vials,
which serve as disposable reaction vessels that eliminate
cross-contamination. Due to their low thermal mass, the
reactors can be heated controllably to specified synthesis

FIGURE 1. Workstation for Automated Nanomaterials Discovery and
Analysis (WANDA). (a) Robotic deck featuring two liquid-dispensing
robotic arms and an eight-element Low-Thermal Mass Reactor
(LTMR) array for high-temperature nanocrystal synthesis. (b) Cross
section of an LTMR element. A 40 mL glass vial (1) is inserted into
the heated reactor cell (2), which can be cooled rapidly by nitrogen
flow into the cooling shroud (3). Reactive gases can be injected
through inlets (4), and the reactor can be accessed through config-
urable caps (5) that allow for pressurization or vacuum purging. (c)
CdSe nanocrystal aliquots sampled by the robotic arms. (d) Photo-
luminescence of CdSe and CdTe nanocrystal aliquots in a 96-well
quartz microplate. (e) Ninety-six-well glass X-ray diffraction plate
for high-throughput X-ray diffraction.
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temperatures up to 350 °C at specified rates up to 40 °C/
min. The reactors can be cooled at rates exceeding 60 °C/
min using nitrogen flow forced through a shroud surround-
ing each reactor. Solutions can be accessed through ports
in the removable reactor caps, which allow for vacuum
purging or for the pressurized injection of reaction gases via
inlets that interface with the caps.

For high-throughput characterization of products and
aliquots (Figure 1c), absorption and photoluminescence
spectra are acquired in a 96-well quartz microtiter plate
(Figure 1d) using a Biotek Synergy4 multifunction microplate
reader. The plate reader is also used to measure upconver-
sion luminescence intensities of solid nanocrystal pellets
using an 850 nm long pass excitation filter and a 550/100
nm bandpass emission filter. X-ray diffraction patterns are
acquired on a glass XRD microwell plate (Figure 1e) using
an external Bruker D8 Discover powder diffractometer
equipped with an automated stage and a 2D (GADDS)
detector to enhance throughput. Excluding the diffractome-
ter, the entire apparatus is enclosed by a nitrogen-filled
glovebox such that reagent preparation, reaction automa-
tion, product purification, and optical analysis are performed
without exposing nanomaterials and reagents to oxygen or
water.

Reproducible CdSe Nanocrystal Synthesis from Cad-
mium Oleate. To evaluate the ability of our automated
platform to control reaction conditions and produce mono-
disperse nanocrystals for applications such as nanoscale
assemblies, we performed replicate syntheses of CdSe nano-
crystals across WANDA’s reactor array and over multiple
runs. Any variations in reaction parameters would perturb
CdSe nanocrystal size and size distribution, which can be
determined readily from optical spectra.45 The high-tem-
perature synthesis of CdSe nanocrystals from cadmium
oleate (Cd-OLA), tri-n-octylphosphine selenide (TOPSe), and
oleylamine (OM) in noncoordinating solvent can produce
monodisperse nanocrystals with high-photoluminescence
quantum yield.40 Because of the instability of cadmium
oleate precursors at high temperature in the presence of
amines,46,47 however, a delicate balance of reaction condi-
tions must be maintained for the synthesis of nanocrystals
with uniform properties.

The reproducibility of the absorption spectra (Figure 2a)
from eight replicate CdSe reactions at six different reaction
times demonstrates the precise control over reaction pa-
rameters conferred by automation. The absorption spectra
are normalized only by aliquot weight, to quantitatively
correct for any variations in aliquot volume. At each aliquot
time (τrxn), the spectra from the eight LTMR reactors are
nearly identical in the peak positions of their first exciton
(1S1/2(e)-1S3/2(h)) transitions, their peak widths, spectral
shapes, and overall intensities, indicating nanocrystals with
reproducible size, size distribution, morphology, and con-
centration. Figure 2b shows the time dependence of the
diameter, reaction yield, particle concentration, and the half

width at half-maximum (hwhm) of the absorption peak,
which varies with the size distribution. These time traces
illustrate that the kinetics are extremely reproducible across
the LTMR reactors, particularly in terms of size and size
distribution.

The exquisite reproducibility of these automated reac-
tions is further evinced by the narrow standard deviations
(σ) of the CdSe nanocrystal parameters, as calculated across
the 1200 s values for each reactor (Table 1, Robot Run 1).
The coefficient of variation of the diameter values across the
eight reactors is 0.2% (CV ) σ/µ, where µ is the mean). This
variation lies well below the >1% uncertainty in the spec-
troscopic sizing curve and peak-fitting algorithm, meaning
that the diameters are statistically identical across the reac-
tors. The size distributions of the nanocrystal populations
inside each reactor also vary little from reactor to reactor
with 0.5% CV across the eight reactions. The reaction yield
and nanocrystal concentration have somewhat larger varia-
tions across reactors (∼3% CV), which we ascribe to the
intrinsic errors associated with liquid dispensing, solvent
evaporation, and size estimation.

A relative size distribution of 9.12%, averaged across the
reactions in Robot Run 1 of Table 1, is spectroscopically
determined from aliquot hwhm values. To assess the reli-
ability of size dispersions derived from hwhm values, we also
measured the physical size distribution using automated
sizing methods on transmission electron micrographs (TEM).
We observe a 9.5% size distribution by TEM, (Figure S1,
Supporting Information) in good agreement with the spec-
troscopic estimate, suggesting that hwhm values offer simple

FIGURE 2. CdSe nanocrystal synthesis reproducibility across eight
reactors. (a) Absorption spectra, normalized by aliquot mass, for 48
aliquots sampled from eight reactors at six aliquot times. Inset:
Magnification of the 1S1/2(e)-1S3/2(h) peak region of the 1200 s
spectra. Time dependent traces for (b) the diameter and the half
width at half-maximum (hwhm) of the absorption peak, (c) yield,
and (d) nanocrystal concentration for eight reactors. Reactions are
performed at 260 °C with 40 mM cadmium oleate, 3:1 oleic acid/
cadmium, 2:1 Se/Cd, and 0.5 M oleylamine.
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and accurate measures of polydispersities. Although the size
distributions of these raw reaction solutions are broader than
polydispersities reported elsewhere, our spectral widths
(hwhm values) are as narrow as the best literature values.
This apparent discrepancy can be explained by our use of
automated sizing, which avoids unintentional bias in evalu-
ating size distributions on the basis of TEM images. Thus,
we have high confidence that WANDA can synthesize nano-
crystals with narrow size distributions that are comparable
to the best methods but with significantly higher precision.

To demonstrate the reproducibility of WANDA across
multiple runs, we performed a second eight-reactor run of
CdSe nanocrystal syntheses using the same reagents and
conditions as the previous eight-reactor experiment. A
comparison of the nanocrystal parameters from the two runs
is given in Table 1. The mean values of the diameters,
relative size distributions, hwhm, reaction yields, and par-
ticle concentrations for the 1200 s aliquots of the two CdSe
runs all fall within one standard deviation, as calculated
across the eight values for each run. This run-to-run repro-
ducibility is especially notable given the minimal variation
in the values across each run. Thus, from run to run, WANDA
can synthesize nanocrystals with nearly identical size, size
distribution, yield, and concentration.

To determine the quantitative advantage of WANDA over
traditional methods, we performed a series of six manual
CdSe nanocrystal syntheses using the same conditions and
the same batches of reagents as those used for the auto-
mated CdSe reactions. By every metric, the automated
syntheses are dramatically more reproducible than the
manual syntheses (Table 1 and Supporting Information
Figure S2). After 1200 s of growth, the manually synthesized
nanocrystals exhibited diameters with 2.5% CV, an order
of magnitude less precise than the 0.2% CV of either robot
series. Similarly, the manual reaction yield and particle
concentrations have variations three to four times larger
than their robotic counterparts.

The most significant differences between the manual and
automated syntheses were the size distributions of the
nanocrystals derived from the hwhm values. Flask-synthe-
sized nanocrystals exhibited an absorption hwhm of 57 meV
( 12% CV, compared to 44 meV ( 0.5% CV for nanopar-
ticles synthesized in WANDA. These hwhm values cor-
respond to size dispersions of 12 ( 2 and 9.12 ( 0.05%
(absolute standard deviation) for the manual and automated
syntheses, respectively. These size distributions demon-
strate that the control and reproducibility of automation can

significantly narrow the size distribution of nanocrystals and
can maintain such distributions with a precision approxi-
mately 40 times greater than that of manual methods.

The manual syntheses also resulted in smaller particles
at higher concentrations and with higher yield. When per-
forming rapid TOPSe injections by hand, poor control over
the dispensed volume and injection rate likely results in
variations in nucleation kinetics, which ultimately determine
particle size and concentration.

We note that the cadmium oleate/oleylamine/octadecene
reaction solution, although clear at room temperature, turns
cloudy brown at 260 °C, indicating the decomposition of Cd-
OLA into CdO,47 as verified by X-ray diffraction (XRD,
Supporting Information Figure S3). Our results therefore
contradict conventional wisdom that inhomogeneous pre-
cursor solutions produce poor size distributions and irrepro-
ducible results. We hypothesize that these insoluble species
narrow size distribution by serving as a cadmium reservoir
that does not participate readily in nucleation. After the
TOPSe injection, the solutions become clear, indicating that
solid cadmium species have redissolved so that this fraction of
the cadmium is available for the growth, but not nucleation, of
the nanocrystals. By moderating the cadmium precursor su-
persaturation over the course of the reaction, this precipitation
process may be critical for focusing particle size distributions
and delaying Ostwald ripening.48 The formation of these
insoluble species may be dependent on temperature ramp
times and rates, which explains why manual syntheses result
in broader size distributions with larger batch-to-batch
variation while no such problems arise with WANDA given its
highly reproducible reaction conditions.

Thus, the narrow and consistent size distributions ob-
served with the automated CdSe syntheses are a direct result
of WANDA’s precise control over critical parameters such
as reaction temperature and ramp rate, TOPSe injection rate
and volume, and mixing rate and reaction time. Over the
course of nine months, we have run the same CdSe reaction
40 times, using reagents of different purities from different
vendors and batches. These chemical variations are appar-
ently not significant for kinetics in this reaction system, since
the variation in the diameters and size distributions of the
nanocrystals from these 40 reactions was e1%, despite
the differences in precursors. Such precise control is valu-
able for the synthesis of a wide range of nanomaterials,
because size, size distribution, reaction yield, and concentra-
tion are critical parameters for any colloid reaction.

TABLE 1. Reproducibility of Automated and Manual CdSe Nanocrystal Synthesesa

run N diameter (nm) relative size distribution (%) hwhm (meV) yield (%) [particle] (µM)

robot no. 1 8 3.762 (9)b 9.12 (5) 44.0 (2) 75 (2) 59 (2)
robot no. 2 8 3.768 (9) 9.17 (5) 44.2 (2) 73 (2) 57 (2)
flask 6 3.67 (9) 12 (2) 57 (7) 85 (8) 72 (6)

a T ) 260 °C, τrxn ) 1200 s with 40 mM cadmium oleate, 3:1 oleic acid/cadmium, 2:1 Se/Cd, and 0.5 M oleylamine. b Errors in parentheses
correspond to one standard deviation across the N reactions in each run and are given in units of the last digit.
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Multidimensional Optimization of CdSe Nanocrystals
Synthesized with Cadmium Oleate. The automated syn-
thesis of CdSe nanocrystals from Cd-OLA offers a method
to produce quantum dots with high chemical yield and low
size distribution, yet most applications require broad size
tunability as well. Because of the narrow range of sizes
accessible to syntheses that utilize Cd-OLA, significant al-
terations in growth parameters are required to obtain par-
ticles with larger diameters (>5 nm).47 Using the ability to
systematically define reaction parameters over multiple
reactors and multiple runs, we rapidly characterized broad
areas of parameter space to synthesize monodisperse CdSe
nanocrystals with a range of diameters and to characterize
the chemical nature of any size limitations.

When mapping parameter space to identify the reaction
conditions that produce the narrowest size distributions for
each accessible diameter, we vary reaction time in addition
to reagent concentrations and temperatures, because nano-
crystal size distributions can narrow and broaden over the
course of a reaction.48 By densely mapping these reaction
parameters and finding the conditions with the minimum
hwhm at each spectroscopically determined diameter, we
can rapidly isolate the conditions that produce the narrowest
size distribution possible for each average nanocrystal size.

We use the hwhm to optimize CdSe nanocrystal reactions
because it is a direct observable that can be determined with
high precision. Although an approximate value for the
physical size distribution can be derived from the hwhm (see
Section IIB in the Supporting Information), this introduces
additional error, compromising its utility as a figure of merit
for synthetic optimization. Direct consideration of hwhm
values is more precise and, additionally, since hwhm values
are commonly reported, this facilitates comparison with the
literature.

For the synthesis of CdSe nanocrystals, we demonstrated
the concurrent tuning of size and the minimization of
spectral peak width by independently varying the temper-
ature, oleylamine concentration, cadmium oleate concentra-
tion, and TOPSe/Cd-OLA mole ratio, as shown in Figure 3
and Figure S4 (Supporting Information). Each two-dimen-
sional optimization in Figure 3 shows the hwhm versus the
diameter for each timed aliquot from 40 to 1200 s with a
low hwhm (size distribution) across the entire size range
being optimal.

The optimal temperature shown is 260 °C with the
narrowest hwhm of 44 meV at d ) 3.8 nm (Figure 3a).
Increasing the reaction time beyond 1200 s increases the
diameter little, and increasing the temperature accelerates
the kinetics without affecting the dispersion at each size. In
this reaction system, the size and size distribution alike are
extremely sensitive to the oleylamine concentration. So,
while changes in [OM] can be used to tune the size, increas-
ing or decreasing [OM] from its optimal value of 0.5 M
substantially broadens the size distribution (Figure 3b).
Hence, rather than adjusting [OM], size can be more ef-

fectively tuned by changing the cadmium oleate concentra-
tion and the Se/Cd mole ratio, since decreasing either [Cd-
OLA] or Se/Cd varies the nanocrystal diameter over a wider
range with a less severe penalty on the hwhm at larger
diameters (Figure 3c,d).

To determine the optimal combination of [Cd-OLA],
[TOPSe], and reaction time for each nanocrystal size, we
performed a three-factor optimization by synthesizing CdSe
nanocrystals at four Cd-OLA concentrations, five TOPSe
concentrations, and six reaction times. Figure 4 shows the
dependence of the diameter and hwhm on the [Cd-OLA],
[TOPSe], and reaction time. The 2D projections on the faces
of the 3D plot show the minimum hwhm and the diameter
at the minimum hwhm (dmin) for each pair of TOPSe and Cd-
OLA concentrations. It is apparent that decreasing [TOPSe]
from 320 mM to 20 mM increases dmin monotonically from
3 to 5 nm. At high [TOPSe], the hwhm versus diameter
traces become U-shaped due to rapid depletion of cadmium
precursors, and optimum reaction times become shorter.
While the diameter is strongly correlated to the TOPSe
concentration, dmin is surprisingly invariant over 8-fold
increases in the Cd-OLA concentration (Figure 4, bottom
projection). Diameters only vary with [Cd-OLA] at long
reaction times for reactions in which the TOPSe is depleted
before the Cd-OLA.

The insensitivity of the diameter to drastic changes in [Cd-
OLA] can be explained by analyzing the nucleation and
growth of CdSe nanocrystals from this combination of
reactants. Because WANDA enables the quantitative deter-
mination of the final (1200 s) nanoparticle concentrations
from the reaction yields and diameters, it is readily apparent

FIGURE 3. Optimization of CdSe nanocrystal growth parameters.
Absorption hwhm vs diameter with varying temperature (a), oley-
lamine (OM) concentration (b), preinjection cadmium oleate (Cd-
OLA) concentration (c), and TOPSe/Cd mole ratio (d). Linked markers
denote aliquots from the same reaction taken at 40, 80, 120, 160,
200, 240, 300, 420, 600, 780, 960, and 1200 s (a-c) or 40, 80, 120,
300, 600, and 1200 s (d). Excluding the varied parameter for a given
panel, the following conditions are maintained: 260 °C growth, 40
mM Cd-OLA, 3:1 oleic acid/cadmium, 2:1 TOPSe/Cd, and 0.5 M
oleylamine.
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that increasing [Cd-OLA] and increasing [TOPSe] each result
in higher concentrations of particles (Figure 5a). This final
concentration is approximately the same as the particle
concentration of nuclei during the growth phase, since the
particle concentrations are not observed to change signifi-
cantly over time (e.g., Figure 2d). The observed particle
concentrations in Figure 5a exhibit a two-dimensional power
law dependence in which

and

where [Cd-OLA]0 and [TOPSe]0 are the precursor concentra-
tions immediately after the TOPSe injection. The fit param-
eters are a ) 0.94 ( 0.04 and b ) 0.58 ( 0.03 with an R2 of
0.9895.

No cross terms ([Cd-OLA]0 × [TOPSe]0) are needed to
achieve a reasonable fit, implying that the effects of the two
precursor concentrations on particle concentration are in-
dependent. The form of the eq 1, along with our findings
that a ∼ 1 and b ∼ 0.5, indicates a possible link between
nucleation and precursor reaction kinetics, which has been
discussed by others49 and the mechanistic implications of
which we will explore further in a forthcoming publication.
This empirical nucleation model, however, is already suf-

ficient for analyzing nanocrystal growth in context with the
available precursor per particle.

The ability to estimate particle concentrations with eq 1
enables the straightforward prediction of the final nanocrys-
tal diameters from the initial Cd-OLA and TOPSe concentra-
tions, making the approximation that the fractional reaction
yield is independent of these parameters. This simplification

FIGURE 4. Absorption hwhm and diameter vs TOPSe concentration,
Cd-OLA concentration, and reaction time. Linked markers in three-
dimensional space denote aliquots taken at 40, 80, 120, 300, 600,
and 1200 s. Projections on the left and bottom faces display the
hwhm and diameter, respectively, at the time point with the
minimum hwhm for each trace.

[Particle] ) knuc[Cd-OLA]0
a[TOPSe]0

b (1)

log[Particle] ) log knuc + a log[Cd-OLA]0 +
b log[TOPSe]0 (2) FIGURE 5. (a) Particle concentration vs post-injection cadmium

oleate and TOPSe concentration in Molar for the CdSe nanocrystal
reactions in Figure 4.The mesh plane fits the data points with the
equation, log[Particle] ) log knuc + a log[Cd-OLA] + b log[TOPSe],
where log knuc ) -2.27(6), a ) 0.94 (4), and b ) 0.58(3), with R2 )
0.990. Reactions are conducted at 260 °C, 3:1 OLA/Cd, and 0.5 M
oleylamine. (b) CdSe nanocrystal diameters observed at 1200 s vs
diameters derived from the particle concentration model in (a), with
R2 ) 0.929. The bottom face shows the projection of the modeled
diameter.
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is supported by the data since, for a 1200 s reaction time,
the fractional yield averaged across the reactions shown in
Figure 4 is 0.72 ( 0.08. The moderate 12% standard
deviation of this yield does not significantly reduce the
precision of our diameter predictions, because the diameter
of a sphere is proportional to the cube root of its volume,
meaning that a relative uncertainty of 12% in the yield
results in only a 4% uncertainty in the predicted diameter.

Using the mean reaction yield (Yf), initial precursor
concentrations, and the particle concentration from eq 1,
one can calculate the number of CdSe molecular units per
particle

where [LR]0 is the concentration of the limiting reagent, Cd-
OLA or TOPSe, immediately following the TOPSe injection.
Assuming a spherical nanocrystal with the molar volume,
Vm, of bulk CdSe, the mean predicted diameter is

where NA is Avogadro’s number.
The theoretical diameters (Figure 5b), calculated with eq

4 at 17 different combinations of [Cd-OLA] and [TOPSe],
agree closely with observed diameters for the CdSe nano-
crystals depicted in Figures 4 and 5a; the root-mean-squared
(rms) difference between the theoretical and observed
diameters is only 0.15 nm. At a diameter of 4 nm, this rms
error is comparable to the 4% uncertainty propagated from
the assumed reaction yield. The modeled data accurately
describe the observed trend in which a combination of low
[Cd-OLA] and [TOPSe] induces larger diameters. The ridge
in the response surface in Figure 5b corresponds to [Cd-OLA]
) [TOPSe], the transition point for the limiting reagent. At
Se/Cd > 1, the model further predicts that the diameter is
largely insensitive to [Cd-OLA], as we also observed in the
experimental results (Figure 4). We can analytically explain
this trend by the fact that the [LR]0 term in eq 3 is canceled
out by the [Cd-OLA]a term in eq 1, since Cd-OLA is the
limiting reagent, and since a ∼ 1. Essentially, the final
number of CdSe molecular units per particle remains con-
stant despite changes in cadmium precursor concentration,
because any increase in [Cd-OLA] induces a proportional
increase in the number of nuclei.

Thus, in only three experiments using WANDA, employ-
ing eight reactors each, we have characterized reaction
parameter space sufficiently to predict from initial reactant
concentrations the nucleation behavior and the diameters
of future CdSe nanocrystal syntheses. The 0.15 nm uncer-
tainty in the diameters predicted by our empirical model is

less than the thickness of one atomic monolayer, excellent
precision considering our simplifying assumptions. While
this empirical response function neglects the complex dif-
ferential equations that govern the nucleation kinetics, size-
dependent surface reactions, and transport phenomena that
occur simultaneously in nanocrystal syntheses, there is
tremendous utility in the ability to predict nanocrystal size
and concentration without computationally intensive
simulations.

Multidimensional Optimization of CdSe Nanocrystals
Synthesized from Cadmium Octadecylphosphonate. Na-
nomaterials such as CdSe quantum dots can be synthesized
using a variety of reagents with the optimal reaction condi-
tions depending significantly on precursor reactivity and
surfactant functionality. In cadmium chalcogenide nano-
crystal flask reactions, trioctylphosphine oxide (TOPO) and
cadmium alkylphosphonate complexes such as cadmium
octadecylphosphonate (Cd-ODPA) are commonly used to
synthesize high quality nanocrystals over wider ranges of
sizes and shapes than are accessible with Cd-OLA and
ODE.16,21,22,50,51 Despite the popularity of Cd-ODPA and
TOPO, the frequent discovery of impurities that influence
the behavior of these reactions20,27-29 emphasizes that the
actual parameters for obtaining nanocrystals with targeted
properties may be quite different than believed on the basis
of initial reports, making reproduction of previous results
uncertain and challenging. The use of purified surfactant
along with high-throughput methods offers an accurate
method to isolate ideal conditions that can be indefinitely
reproduced and to perform the detailed multidimensional
studies that probe mechanisms for such reactions.

For flow reactors, however, Cd-ODPA and TOPO are
difficult to use because the chemicals are solid at ambient
temperatures and because Cd-ODPA complexes can have
poor solubility below 120 °C. Thus, to explore WANDA’s
compatibility with these reagents and to map the synthetic
parameter space of such reactions, we performed a 3 × 4
× 16 factorial optimization of the ODPA/Cd mole ratio, Se/
Cd mole ratio, and reaction time for the synthesis of CdSe
nanocrystals with Cd-ODPA, TOPSe, and TOPO. Figure 6
shows the hwhm versus diameter for CdSe nanocrystals
synthesized under these 192 conditions. For each diameter
in each ODPA/Cd set, Figure 6 displays the results only from
the Se/Cd set with the minimum hwhm out of the four Se/
Cd mole ratios. Thus, for each surfactant concentration, only
the “optimal” reaction conditions, the Se/Cd mole ratio and
reaction time that produces the narrowest size distribution
for each diameter, are shown.

We demonstrate the interpretation of these results for
the case of ODPA/Cd ) 1.72. For nanocrystals with
diameter d ) 2.2-4.0 nm, the narrowest hwhm values
are achieved with Se/Cd ) 2.0. The requisite reaction
times range from 80 s for 2.2 nm particles to 360 s for
4.0 nm particles. For the synthesis of larger particles,
however, the optimal conditions shift to substantially

NCdSe/Particle ) Yf[LR]0/[Particle] (3)

dpredicted ) (6Vm

π
NCdSe/Particle

NA
)1/3

(4)

© 2010 American Chemical Society 1880 DOI: 10.1021/nl100669s | Nano Lett. 2010, 10, 1874-–1885



lower Se/Cd and longer reaction times. The largest par-
ticles, with d ) 5.2-6.7 nm, are achieved optimally with
Se/Cd ) 0.25 and reaction times of 1800 to 4800 s.
Qualitatively, the low TOPSe concentration limits nucle-
ation so that fewer particles are formed which then grow
to larger final diameters, but the lower concentration also
slows the reaction kinetics, requiring longer reaction times
to achieve those large diameters.

The polydispersity of the CdSe nanocrystals in Figure 6
is decreased by reducing ODPA/Cd with small decreases in
ODPA/Cd resulting in significant decreases in the hwhm at
all diameters. This result is particularly notable since the
tedium of varying synthetic parameters has generally dis-
couraged previous researchers from testing conditions below
the stoichiometric ratio of two alkylphosphonic acid equiva-
lents per cadmium for the formation of cadmium dialky-
lphosphonate precursor. The disadvantage of low ODPA/Cd
ratios is that the maximum particle sizes are limited; at
ODPA/Cd ) 1.67, the largest diameter observed is 5.6 nm.
Increasing the reaction time beyond 2400 s results in
bimodal size distributions, while decreasing Se/Cd < 1.0
increases the hwhm without achieving larger diameters.
Thus, the optimal ODPA/Cd for particles larger than 5.6 nm
is ODPA/Cd ) 1.72. Further increases in the ODPA/Cd, as
shown with ODPA/Cd ) 1.8, however result in more poly-
disperse particle populations.

Compared to this synthesis with Cd-ODPA, CdSe synthe-
ses with Cd-OLA generally produce CdSe nanocrystals with
narrower size distributions with hwhm ∼44 meV. The
slower kinetics and lower reactivity of Cd-ODPA, however,
enable the synthesis of a wider range of nanocrystal sizes
and shapes. The flexibility to use both sets of reagents in
WANDA enables users to optimize nanomaterials with a

diverse set of physical properties regardless of reaction
requirements.

Optimization of CdTe Nanocrystal Photoluminescence.
Several emerging applications of nanocrystal quantum dots
rely on highly efficient, size-tunable luminescence. For
biological imaging,9 small diameters are critical for minimiz-
ing physical interference with biological processes, and
narrow, green to near-infrared emission with high quantum
yield is desirable for maximizing signal from probes in cells
or tissue. This combination of requirements makes CdTe
nanocrystals an appealing material choice. We synthesized
CdTe nanocrystals from CdO, oleic acid, and octadecene,52,53

and as for the case of CdSe, the equilibrium between CdO
and cadmium oleate plays a critical role in the growth of
monodisperse particles. In addition, few reports have ex-
plored OLA/Cd ratios that are too low to drive the full
conversion of CdO to Cd-OLA. Since CdTe reaction kinetics
are sensitive to the chemical behavior of ligands coordinated
to nanocrystal surfaces and to precursors, we examined the
effect of the oleic acid concentration on CdTe size and
photoluminescence (PL).

Using WANDA, we synthesized a series of CdTe nano-
crystals in which we varied the oleic acid/CdO mole ratio
(OLA/Cd) from 1.3 to 4.7. Figure 7a shows the effect of OLA/
Cd on the diameter, the full-width-at-half-maximum (fwhm)
of the PL peak, and the normalized PL intensity. The PL
intensity is integrated from 1.55 to 2.45 eV and is then
normalized by the absorbance at the excitation wavelength
of 380 nm in order to quickly estimate the relative PL
efficiency between samples. The CdTe nanocrystals exhibit
a maximum PL efficiency at OLA/Cd of 2.7 with 3.68 nm
diameter and 200 s growth time (Figure 7a). As shown in
Figure 7b, the 121 meV nm fwhm of these 3.7 nm particles
is not the minimum possible fwhm for this size (101 meV),
which demonstrates that achieving optimal conditions for
a given application may involve compromising other prop-
erties. Further optimization of orthogonal reaction param-
eters could potentially reduce this size distribution while
maintaining high PL efficiency. Alternatively, the nanocrystal
properties can be weighted by preference to enable the
calculation of a single satisfaction coefficient, which can
maximized using the detailed information in Figure 7.17

The relationship between the diameter and OLA/Cd mole
ratio is also nonmonotonic (Figure 7a), exhibiting a mini-
mum at 2.7 OLA/Cd that coincides with the maximum in
PL efficiency. Shifting the OLA/Cd above or below 2.7 results
in larger diameter particles, suggesting two regimes in CdTe
growth. Below 2.7:1 OLA/Cd, the conversion of CdO to
cadmium oleate is incomplete, leading to insoluble reser-
voirs of CdO. Although Kloper et al.53 observed Cd metal
nanoparticles precipitating from Cd-OLA/ODE solutions,
precipitates in this CdTe experiment have a distinctive dark
brown appearance under nitrogen and are verified to be CdO
by XRD (Supporting Information Figure S5). The insoluble
CdO at OLA/Cd less than 2.7:1 reduces the cadmium oleate

FIGURE 6. Optimization of CdSe nanocrystals synthesized from
cadmium octadecylphosphonate (CdODPA). Absorption hwhm vs
diameter at three ODPA/Cd mole ratios and four Se/Cd mole ratios.
At each wavelength and ODPA/Cd ratio (colors), only the data points
for the Se/Cd ratio (markers) with the minimum hwhm are displayed.
Marker sizes scale linearly with reaction time.
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available for nucleation, and, as that CdO dissolves during
particle growth, subsequently increases the cadmium avail-
able for growth on fewer nuclei. Above 2.7:1 OLA/Cd, the
CdO is completely converted to cadmium oleate before
injection, and the excess oleic acid suppresses nucleation,54,55

leading to larger particles. The rapid identification of such
distinct reaction regimes and their implications on critical
characteristics such as PL efficiency is facilitated by a precise,
multiplexed platform.

Optimization of Crystal Structure and Upconversion
Luminescence in Rare Earth-Doped NaYF4 Nanocrystals. In
addition to size, polydispersity, and photoluminescence, the
crystallinity of nanocrystals is often a vital characteristic, and
we sought to determine whether WANDA could optimize
synthetic control over the crystal structures of colloidal

nanomaterials. NaYF4 nanocrystals doped with Yb3+ and
Er3+ exhibit strong upconverted luminescence56 in the vis-
ible region when excited with 980 nm continuous wave laser
excitation, but the quantum efficiency of this anti-Stokes
emission is strongly dependent on the phonon energies and
thus the crystal phase of the host NaYF4 matrix.57 The
hexagonal, gagarinite-like �-NaYF4 phase, with its 9-fold
coordinated rare earth ions and its low phonon energies,57

gives rise to over four times more efficient upconversion
than the cubic, fluorite-like R-NaYF4.58 Recent synthetic
methods for doped NaYF4 nanocrystals can produce both
R- and �-NaYF4, and transitions between existing phases can
be modulated by surfactants such as oleic acid.59-61 Map-
ping the stability of the two crystal phases in the presence
of oleic acid would enable the maximization of the upcon-
version luminescence quantum efficiency over a wide range
of sizes and growth conditions.

We therefore conducted an eight-reaction screen in
WANDA to investigate the dependence of the crystal struc-
ture of NaYF4:20% Yb, 2% Er nanoparticles on oleic acid
concentration present during synthesis. We rapidly deter-
mined the crystal phase composition of the 48 timed aliquots
of the eight NaYF4 syntheses by collecting high-throughput
XRD (Supporting Information Figure S6) of samples spotted
on a 96-well microplate (Figure 1e). Figure 8a displays XRD
patterns for NaYF4:20% Yb, 2% Er nanocrystals grown for
1 h with oleic acid-rare earth ion mole ratios (OLA/RE)
varying logarithmically from 0 to 2.0. The XRD patterns
display peaks that align with the Rietveld-refined peak
positions ofR- and �-NaY0.78Yb0.20Er0.02F4. At OLA/REe 10-2,
the mass fraction of �-NaYF4 (f�) relative to the total mass
of NaYF4 remains constant at a baseline level of ∼95%, as
determined by the Rietveld refinement of the XRD patterns
(Figure 8b).. Above OLA/RE ) 10-2, f� decreases approxi-
mately linearly with log10(OLA/RE). By fitting separate lines
through the f� versus log(OLA/RE) data over the two OLA/
RE regimes, we can establish a threshold OLA/RE of 0.04,
which marks the onset of �-to-R transition. The transition
to R-NaYF4 is complete at OLA/RE ) 2.3, as extracted from
the x-intercept of the solid line in Figure 8b. The boundaries
of this �fR transition emphasize the strong correlation
between the crystal phase and the upconversion lumines-
cence intensity. The onset and saturation of the �fR transi-
tion coincides with a 10-fold decrease in the upconversion
luminescence intensity between 500 and 600 nm (Figure
8b).

The dependence of the crystal structure on the OLA/RE
ratio indicates that the binding of oleic acid to R-NaYF4

surfaces stabilizes the R-phase relative to �-NaYF4. Mai et
al. have used infrared spectroscopy and transmission elec-
tron microscopy to demonstrate that negatively charged
oleate ligands bind strongly and electrostatically to the
positively charged {100} surfaces of small R-NaYF4 par-
ticles.60 Mai et al.60 and Yi et al.61 have both suggested that
oleic acid inhibits the propensity of oleylamine to promote

FIGURE 7. (a) Dependence of CdTe diameter, photoluminescence
(PL) full width at half-maximum (fwhm), and integrated PL intensity
normalized by the absorbance at 380 nm, on the oleic acid-cadmium
oxide (OLA/Cd) mole ratio. Marker size increases with reaction time
(40-240 s in 40 s increments). (b) PL fwhm vs diameter. Colors
represent OLA/Cd, while markers increase in size with normalized
fluorescence intensity. CdTe nanocrystals are grown at 300/265 °C
injection/growth temperature with 17 mM CdO and 1:1.2 Te/Cd mole
ratio.
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the formation of �-NaYF4 nanocrystals in predominantly
oleylamine solutions.

Yi et al.61 also demonstrate that in pure oleylamine
R-NaYF4 is formed below 320 °C, while �-NaYF4 is formed
above 320 °C. Since our reactions are initiated by ramping
the temperature of the premixed reaction solution to 330
°C, we must consider the possibility that nanocrystals
nucleate initially as R-NaYF4 and later transform into
�-NaYF4 at higher temperature. Deliberate two-stage syn-
theses have been reported previously60,61 and this phenom-
enon may explain the residual 5% R-NaYF4 fraction at low
OLA/RE. While most of the WANDA reactions showed little
structural change over time, aliquot XRD patterns at OLE/
RE ) 0.5 show that f� increases gradually over the course of
1 h (Supporting Information Figure S6), consistent with a
mechanism in which �-NaYF4 is formed from R-NaYF4

nuclei.

These results demonstrate the structural insight that
can be gained through a single, eight-reactor run in
WANDA. Staggered sampling of semiparallel reactions
and high-throughput XRD of 48 aliquots enable us to
monitor the �fR-NaYF4 transition over OLA/RE values
and time. While pure oleylamine is the optimal condition
for �-NaYF4, the threshold OLA/RE for the onset of the
�fR transition establishes an upper limit when using oleic
acid to improve nanocrystal dispersibility and to tune
morphology. Most significantly, the case of NaYF4 dem-
onstrates how automated screening of reaction param-
eters facilitates the high-throughput characterization of
structural properties, which can be used maximize the
upconversion luminescence that has utility in displays62

and biological labels.8

Conclusion. We have demonstrated a reproducible,
robust, and flexible platform for the automated synthesis
and characterization of colloidal inorganic nanomaterials.
The synthesis of near-identical CdSe samples across eight
parallel reactors and over two separate runs demonstrates
that even rapid, nucleation-sensitive reactions can be
performed reproducibly by precisely defining reaction
parameters with automation. The synthesis of CdSe nano-
crystals using two separate reaction systems illustrates
that WANDA is not constrained to a specific workflow and
can utilize reagents that are not compatible with other
high-throughput methods. WANDA’s flexibility has en-
abled it to synthesize semiconductor, metal, oxide, and
doped nanoparticles with spherical, rod, and nanowire
morphologies (Table S1, Figure S7, Supporting Informa-
tion). WANDA has also synthesized semiconductor het-
erostructures and ternary semiconductors, highlighting its
advantage when performing complex workflows or opti-
mizing reaction systems with large numbers of synthetic
variables. With the cases of CdSe, CdTe, and NaYF4:20%
Yb,Er nanocrystals, we have demonstrated the ability to
screen reaction conditions across multidimensional pa-
rameter space to optimize physical properties that have
relevance to emerging applications. The optimization of
CdSe nanocrystal size and size distribution is crucial to
the self-assembly of nanoparticle superlattices, while the
optimization of the photoluminescence of CdTe quantum
dots enhances the sensitivity of biological labels. Control-
ling the crystal structure of rare earth-doped NaYF4 has
direct implications for the efficiency of upconversion,
which is promising for biological and display applications.

The automation of nanomaterials research has broad
implications for the fundamental investigation, develop-
ment, and application of nanomaterials. The ability to
iterate rapidly through precisely controlled reaction con-
ditions will facilitate detailed mechanistic studies and
enable multivariate analysis that could reveal the principle
factors that determine nucleation and growth behavior.
WANDA’s throughput and flexibility will enable the dis-
covery of new materials through the identification of

FIGURE 8. (a) NaYF4:20% Yb, 2% Er X-ray diffraction patterns vs
oleic acid-rare earth mole ratio. Sticks represent the Rietveld-
refined peak positions of R- (blue) and �-NaY0.78Yb0.20Er0.02F4 (red).
Asterisks (*) denote cubic NaF byproduct peaks. (b) Mass fraction
of �-phase and mass-normalized upconversion luminescence in-
tensity vs log(OLA/RE). The �-phase fraction is determined with
Rietveld refinement of the XRD patterns. The dashed (solid) line is
the line fit for the first (last) four points on the �-fraction trace. The
slope of the solid line is -55 ( 2, the x-intercept is 0.36 (OLA/RE )
2.3), and the intersection of the dashed and solid lines occurs at
log(OLA/RE) ) -1.38 ( 0.07 (OLA/RE ) 0.04).
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reaction conditions outside conventional synthetic ranges.
Our simple empirical model for calculating the diameters
of CdSe nanocrystals demonstrates that the results of
multidimensional screening can enable accurate predic-
tions for future syntheses. The reproducibility of automa-
tion will enable the standardization of recipes, reducing
the considerable resources spent attempting to reproduce
existing syntheses. The user-friendly and robust nature
of WANDA will facilitate the use of nanomaterials in a
broad range of applications, since users from disparate
fields will be able to obtain the same high quality materials
as experienced chemists. We anticipate that the robust,
flexible, and accessible nature of this automated synthesis
platform will foster the rapid discovery of new materials
and facilitate a deeper understanding of the complex and
rich chemistry of colloidal nanomaterials.
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