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ABSTRACT: With continuing progress in the chemical synthesis of colloidal semi-
conductor nanocrystals (NC), one property that remains elusive to the rational design is the
ensemble photoluminescence (PL) line width. Given the growing demand for NC-based
light-emitting materials, substantial research effort has been dedicated to this issue. Here, we
demonstrate a postsynthetic strategy that allows reducing emission line widths of CdSe and
CdS NCs to near single-particle levels while enhancing the PL quantum yield. The key idea
behind the synthetic approach lies in employing a nonclassical coalescence growth mechanism, which leads to size focusing
irrespective of the initial sample morphology. Numerical simulations accurately predict the observed particle size evolution,
confirming the ability of coalescence growth to promote size focusing of semiconductor colloids. Ultimately, we expect that the
demonstrated coalescence growth strategy could enable a rational control of nanocrystal size distributions and corresponding
spectral line widths in many types of semiconductor NCs.

■ INTRODUCTION
Colloidal semiconductor nanocrystals (NCs) have become an
attractive material platform for the solution processing of
optoelectronic devices.1 The ability to tune NC emission and
absorption characteristics via the particle size has enabled new
paradigms in solid-state lighting,2−11 sensing,12−16 and energy
harvesting.17−22 At present, one of the challenges facing the
development of NC technologies concerns the reduction of the
particle size dispersion toward improving ensemble spectral
characteristics.23 This issue has been intensely investigated
over the years23−35,44 and continues to represent one of the
main synthetic challenges of the colloidal NC research.36−43

Most traditional strategies for size focusing of colloidal NCs
rely on controlling the precursor conversion rates during
growth. The basic idea behind these methods follows the
Sugimoto principle44,45 stating that nanocrystals smaller than a
certain critical size (r*) dissolve, while larger ones grow
(Figure 1a, blue curve). Under these conditions, size focusing
can be achieved through secondary precursor injections (or a
delayed precursor decomposition), which lower the critical
size, r*, to just below the average size of particles present in the
solution. This causes most nanoparticles to exhibit a positive
growth rate, dr/dt > 0, with a corresponding size dependence
that eventually results in narrowing of the particle size
distribution.
In addition to the classical, precursor-controlled synthesis,

some reports46−56 have demonstrated the existence of a
fundamentally different growth mechanism, which involves the
coalescence of already preformed nanoparticles in the reaction
mixture. This process is recognized as an important mechanism
contributing to the formation of metal nanoparticles57−60 and
is believed to play a significant role in the size evolution of
semiconductor NCs. In the low-temperature regime, the

coalescence (aggregative) growth of semiconductor NCs is
known to cause oriented attachment (OA)61,62 of nano-
particles along matching crystallographic directions. The OA
strategy has been widely explored for fabricating two-
dimensional (2D) nanoplatelets63,64 and nanoribbons65−67

via cluster aggregation. The less explored, high-temperature
coalescence regime, on the other hand, allows nanoparticles to
aggregate along random crystallographic orientations, produc-
ing larger, spherically shaped colloids. An example of this
process is illustrated in Figure 1b, where the coalescence of 5
nm CdS NCs in ligand-saturated solutions ([oleylamine]
>60%) leads to a 3.5-fold increase in the average particle size
despite the absence of precursors in the mixture. Notably, the
final product appears to be monodisperse. The driving force
behind the coalescence-induced size focusing is the ∼1/R
dependence of the nanocrystals growth rate (dr/dt) on the
particle size (see Figure 1a, red curve). Under these conditions,
smaller particles grow faster than larger ones for any r, leading
to eventual focusing of particle sizes. This contrasts the
traditional, precursor conversion strategy, which requires r > r*
for size focusing. It is, therefore, reasonable to expect that
coalescence growth conditions could represent a more effective
strategy for reducing the size dispersion of semiconductor NCs
as compared to the classical precursor-controlled synthesis.47,55
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Here, we report on the synthesis of colloidal CdSe NCs
exhibiting spectrally narrow emission with corresponding line
widths approaching single-particle values. The synthetic
innovation lies in the employment of coalescence-only growth
conditions enabled by high concentrations of L- and Z-type
ligands in the reaction mixture. The presence of more than
60% L-type ligand promotes the coalescence of NCs, while the
presence of approximately 2% by volume of Z-ligand inhibits
the traditionally oriented attachment mechanism, thus allowing
for the formation of spherical NCs. When applied as a
postsynthetic treatment, this strategy results in a reproducible
reduction of the particle size dispersion, enabling CdSe NC
photoluminescence with full width at half-maximum (FHWM)
of as low as 72 meV and quantum yield above 20% without
shelling. Model calculations based on the diffusive-aggregation
approach69 accurately predict the particle size evolution
observed for CdSe NCs, indicating that coalescence growth
can lead to unconditional focusing of particle sizes irrespective
of the initial sample morphology. This premise was confirmed
through the application of the coalescence growth strategy to a
number of polydisperse CdSe NC samples as well as samples
of CdS semiconductor NCs, where an apparent reduction of
the emission line width was observed as well. Overall, present
experimental findings backed by theoretical calculations
indicate that ligand-controlled coalescence growth could

represent an attractive postsynthetic strategy for size focusing
of many types of semiconductor NCs.

■ RESULTS AND DISCUSSION

The traditional approach to the colloidal synthesis of
semiconductor nanocrystals relies on a controlled addition of
monomers released during the thermal precursor decom-
position. This process is characterized by the Gibbs−Thomson
equation,70 which balances the reduction of free energy due to
monomer-to-nanoparticle bonding with the increase of the
surface energy resulting from such an addition.71−77 The
interplay of the positive and negative energy terms in the
Gibbs−Thomson equation gives rise to the well-known
Sugimoto principle44 formulating that nanocrystals greater
than a certain critical size exhibit a positive growth rate (Figure
1a, blue curve and Figure SF1) while those that are smaller
dissolve. Consequently, if nanoparticle sizes are distributed on
both sides of the critical radius (r*), the particle size dispersion
would naturally increase with the reaction time (Oswald
ripening68). With additional precursor injections at the growth
temperature, however, one can shift the critical nanocrystal size
to a smaller value causing the majority of nanocrystals in the
solution to exhibit a positive growth rate. Under these
conditions, smaller nanocrystals in the distribution will grow
faster than the larger ones, leading to size focusing.
When large proportions of free ligands are present in the

reaction mixture, the contribution of coalescence processes
into the particle growth becomes significant.50 At low-reaction
temperatures, such aggregative processes primarily lead to the
oriented attachment of nanocrystals,78 which represents a well-
known strategy for the synthesis of nanoplatelets and
nanoribbons,63,65 nanorods,62 and other, more complex
morphologies.79,80 For instance, CdSe nanoplatelets are
known to form through the oriented attachment of magic
size clusters (e.g., CdSe13, CdSe34)

81,82 in the presence of
cadmium carboxylate (Z-type ligand), while PbS nanosheets83

are synthesized by the oriented attachment of <3 nm
nanocrystals in the presence of chloride compounds. The
decrease of the surface energy through the decrease of the
number of unsatisfied surface bonds has been identified as the
driving force for the attachment of these NCs to form a new
particle morphology.84

When free ligands are introduced at temperatures exceeding
a certain thermal threshold (e.g., 220−240 °C for cadmium
chalcogenides), attachment of the two nanoparticles can occur
along random crystallographic directions.85 This is usually
followed by the self-reorganization of coalesced structures into
spherically shaped, larger nanoparticles (see Figure 1b).86−88

Previous studies50,88−90 have shown that the growth rate
associated with the coalescence mechanism is positive and
approximately proportional to 1/r (Figure 1a, red curve),
which leads to size focusing regardless of the nanoparticle
size.30,46,50,52,53,55 This trend contrasts the classical monomer-
addition growth, where size focusing is observed only for r > r*
(Figure 1b, blue curve). The experimental evidence in favor of
a positive coalescence growth rate, dr/dt, has been provided by
a recent report50 investigating an aggregative growth of mixed
nanoparticle samples containing small- and large-diameter CdS
NCs (Figure SF6a−f). Upon heating of this mixture in ligand-
saturated solutions to above the coalescence threshold,
absorption features of both small and large nanoparticles
were observed to red-shift,50 indicating that dr/dt was positive

Figure 1. (a) Traditional and coalescence-based growth models. The
blue curve shows the particle size dependence of the NC growth rate
(dr/dt) for the classical, monomer-addition-based mechanism,44 while
the red curve shows an expected size-dependent rate for the
coalescence growth mechanism, calculated using the diffusive-
aggregation model (see the Supporting Information section). The
monomer addition growth model exhibits both positive (r > r*) and
negative (r < r*) growth regions, which could promote either focusing
or defocusing (Ostwald ripening)68 of the size distribution. Mean-
while, the rate of the coalescence growth is always positive and is
inversely proportional to r, which leads to unconditional size focusing
of particle populations. The parameter KD is a rate constant as
indicated in Figure SF1. (b) Illustration of the coalescence growth of
CdS NCs. The diameter of CdS nanoparticles increased more than 3-
fold upon heating to 240 °C in the reaction mixture containing free
ligands (OLAM70% by volume). No precursors are introduced
during the reaction. A portion of Figure 1b was adapted with
permission from ref 50. Copyright 2018 American Chemical Society.
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for all particle diameters. Notably, smaller-size intermediates
have not been detected during the reaction.
To understand the interplay between the classical precursor-

conversion and coalescence-driven growth mechanisms, we
first looked into the evolution of CdSe NCs in the presence of
free ligands only (no precursors). To this end, small-diameter
CdSe NCs (d = 2.5−4 nm)91,92 were loaded into a flask
containing a 70:30 oleylamine (OLAM)/octadecene (ODE)
mixture by volume and subsequently heated to 230−240 °C.
Please see Table ST1 for the summary of all of the performed
synthetic experiments. After 60−90 min of exposure, the
average particle diameter increased by 150−250% (see a
representative PL spectrum of CdSe NCs before and after the
reaction in Figure 2a). The growth was assumed to undergo
entirely by interparticle coalescence since no precursors were
added during this treatment. The coalescence growth was also
evident by the character of the PL evolution in Figure SF2,
where a gradual reduction of the PL line width suggested that
smaller particles indeed grew faster than the larger ones (as
expected due to the inverse size dependence of the particle
growth rate in Figure 1a, red curve). In fact, for all of the
attempted 70:30 OLAM/ODE treatments, a gradual reduction
of the particle size dispersion was observed (ΔFWHM
between −20 and −40%), consistent with previous re-
ports.50,53,55 We note that a monotonous decrease in the PL
FWHM indicates minimal contributions from Ostwald
ripening, as the latter growth mechanism inevitably broadens
the emission line width at intermediate reaction stages due to
the dissolution of smaller particles in favor of larger ones
(when r/r* < 2 in Figure 1a).
Interesting growth dynamics were observed when only one

of the two precursors, either Cd(OA)2 or Se, was added to the
OLAM/ODE reaction mixture. Under these conditions,
particle growth can proceed only via the coalescence
mechanism since the monomer-addition growth requires

both precursors to be present. Remarkably, the growth
dynamics in the presence of either Cd or Se were noticeably
different in comparison with that of OLAM-only reactions. For
instance, when Cd(OA)2 Z-type ligand was present in the
OLAM/ODE mixture, the CdSe particle size dispersion has
decreased significantly (Figure 2b,f−h) with the final emission
line width being narrower than in the case of the OLAM-alone
treatment. Notably, focusing of CdSe NCs was observed only
when the reaction temperature exceeded the T = 180 °C
thermal threshold (Figure 2e−h), which was consistent with
the coalescence-driven growth mechanism. When the Se
precursor was introduced in the OLAM/ODE mixture, the
postsynthetic treatment resulted in a significant increase of the
particle size dispersion marked by a large variety of shapes and
sizes in the final product (transmission electron microscopy
(TEM) image in Figure 2c). The rate of particle coalescence
under the (Se + OLAM) growth conditions appeared to be
even faster than in the case of (Cd(OA)2 + OLAM) mixture, as
could be attested by the Δd = +310% increase in the average
particle size accompanying the +130% growth in the particle
size dispersion (Δd/d).
For the next step, the size focusing treatment was performed

using a combination of free ligands (OLAM/ODE = 70:30)
and precursors (Cd(OA)2 and Se). This environment permits
both coalescence and monomer addition-based growth
mechanisms to contribute to the evolution of CdSe NC
sizes. According to several existing models that consider
aggregative growth of nanoparticles in the presence of
precursors,59,89,93,94 a combination of the coalescence and
monomer-addition processes could represent an efficient size
focusing strategy. In the present experiments, we observed that
the Cd to Se precursor ratio played an important role in the
particle size evolution (Figure 3a). For instance, when Cd/Se >
2, the particle size dispersion was noticeably reduced with an
overall reduction in the FWHM value exceeding that of OLAM

Figure 2. Results of several characteristic growth reactions (60−90 min in duration) showing the size evolution of small-diameter CdSe NCs
(initial PL shown in green) in the presence of free ligands (OLAM) and coprecursors (Cd(OA)2 and Se). (a) OLAM-alone treatment (no
precursors) causing a significant increase in the average particle size (Δd = 250% for the displayed reaction) and moderate size focusing (ΔFWHM
= −22%). (b) Postsynthetic treatment involving a combination of OLAM (70% by volume) and the Z-type ligand (Cd(OA)2, no Se) resulting in
the increase of the average particle size (Δd = 120%) accompanied by size focusing (ΔFWHM = −47%). (c) Treatment involving a combination of
OLAM (70% by volume) and Se (no Cd(OA)2) resulting in a rapid particle growth and significant broadening of the particle size distribution (Δd/
d = +130%). The band gap emission was quenched. (d). Growth by monomer addition (no OLAM, Cd(OA)2/Se = 3:1) producing a moderate
increase in the particle size (Δd = 37%) and slight broadening of the particle size dispersion (ΔFWHM = +11%). (e−h) Investigating the effect of
the reaction temperature during the postsynthetic treatment in a mixture of OLAM (70%) and CdOA2 (no Se precursor). (e) T = 160 °C. (f) T =
180 °C. (g) T = 230 °C. (h) T = 260 °C.
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alone. In particular, coinjecting Cd and Se precursors at a ratio
of 3:1 in the presence of OLAM has resulted in CdSe NCs
with the emission line width of 87 meV. When the ratio of Cd
to Se precursors was below 1, the growth dynamics have
changed significantly from that of Cd-rich reactions. For
instance, a OLAM/ODE = 70:30 mixture containing a Cd/Se
= 1:3 precursor ratio resulted in the fast particle growth
accompanied by a significant broadening of the particle size
distribution. According to Figure 3a, ΔFWHM for this case
was +60%. When only Se was injected (Cd/Se = 0) in the
presence of OLAM (70%), the particle size dispersion in the
final product broadened by +130% (Figure 2c), accompanied
by full quenching of the band gap emission. The lack of PL in
Se-treated CdSe NCs could be explained by the fact that in the
absence of electronic doping, Se 2c orbitals will be occupied
and can serve as hole traps. This is consistent with
experimental observations of the hole-trapping limit to the
PL QY in CdSe NCs following the displacement of cadmium
carboxylate.95 Density functional theory (DFT) theory
developed for smaller NC models also predicted that two-
coordinated Se atoms could introduce a midgap state in the
band gap of the material.96

Size focusing dynamics under OLAM-deprived reaction
conditions was investigated next. Only a minimal amount of
OLAM (3−4%) needed to dissolve the Se precursor was
present in the flask (see Table ST1 for the summary of all
performed postsynthetic treatments). In this environment, the
rate of the coalescence growth becomes sufficiently low to
allow for the conventional, monomer-addition mechanism to
become the primary process contributing to the nanoparticle
size evolution. According to Figure 2d, under these conditions,
the rate of nanoparticle growth was substantially lower than in
the case of a coalescence-driven synthesis (Δd/Δt (70%

OLAM) = 150−250%/h; Δd/Δt (4% OLAM) = 37%/h).
Furthermore, the presence of both precursors (Cd and Se) was
required for observing any changes in the particle diameter,
which was consistent with the lack of coalescence contribution
to growth. Introducing both precursors at a ratio of Cd/Se =
3:1 (Figure 2d) produced rather small changes in the average
particle size. In this case, three separate experiments have
resulted in a narrow distribution of ΔFMHW outcomes
(ΔFWHM = −8% to +23%, Figure 3 and Table ST1),
indicating that monomer addition-only growth conditions
during a postsynthetic treatment are not likely to cause
dramatic changes in the particle size dispersion.
Overall, the above experiments demonstrate that size

focusing conditions are readily achieved when the coalescence
contribution to particle growth is significant (high concen-
tration of free ligands in the reaction mixture). In the absence
of the coalescence growth, focusing of nanoparticle sizes was
less reproducible (−8% < ΔFWHM < 23 %). The greatest
reduction of the particle size dispersion (−48% < ΔFWHM <
−20%) was observed in reactions containing Z-type ligands
(CdOA2) in combination with 60−70% OLAM (see Figure
2f,h). Both the concentration of nanoparticles in the reaction
mixture (Figure 3b) and the percentage of OLAM in the flask
(Figure 3c) played a role in determining the ultimate emission
line width of treated NCs. It was observed that during the size
focusing treatment, the initial concentration of CdSe NCs was
reduced due to growth. For instance, for CdSe NCs with a first
exciton peak at 520 nm and an initial concentration of 12
μmol/L (70 nmol total), the final concentration after
coalescence growth was dropped to 0.3 μmol/L (1.2 nmol
total). Notably, based on the number of moles and the average
particle diameter, we estimate that the total volume for both
the initial and final CdSe NC population was approximately
the same.
We speculate that the presence of Cd(OA)2 was necessary

to facilitate inter- and intraparticle ion exchange processes
necessary for size focusing and spherical nanocrystal
morphologies. The second important role of the Cd(OA)2
was its ability to suppress the oriented attachment of large-size
CdSe NCs along the wurtzite c-axis, as discussed later in the
text, which further helped reducing the particle size dispersion.
Notably, a combination of Cd(OA)2 and OLAM has helped
improving the emission quantum yield of CdSe NCs, with the
final product exhibiting QY over 20%. Such an improvement in
the PL QY of OLAM-treated CdSe NC samples agrees with
previous reports,97−102 indicating an enhancement of the
emission intensity (PL QY up to 50%)103 upon binding of L-
type ligands to undercoordinated surface Cd atoms. This
interaction raises the energy of both the conduction and
valence band edges toward vacuum,104 which could effectively
suppress hole trapping.
The demonstrated ability of coalescence processes to reduce

the particle size dispersion represents a potentially useful
strategy for lowering the ensemble PL line width to near single-
particle levels. In general, the fundamental limit to the room-
temperature emission line width for single CdSe NCs is
determined by the lifetime of the excitation (∼h/Δτ), with
further broadening being contributed by phonon coupling,
exciton fine structure, and spectral dynamics.105−108 Recently,
Bawendi group106 has reported the single-dot PL FWHM for
CdSe NCs in the 60−75 meV range. Peng et al.109 have
studied the emission of magic size clusters observing an
ultralow emission FWHM of 58−70 meV, with larger

Figure 3. (a) Summary of coalescence growth reactions applied to
small-diameter CdSe NCs. The concentration of a free ligand
(OLAM) is plotted along the horizontal axis, and the varying
precursor ratio, Cd(OA)2/Se is plotted along the vertical axis. Overall,
size focusing conditions (negative ΔFWHM expressed as the
diameter of a blue circle) were enhanced at higher concentrations
of OLAM due to an increased coalescence contribution to the growth.
The presence of Cd(OA)2 (without Se) was found to be necessary for
further reduction of the particle size dispersion. Conversely, reactions
containing low Cd/Se precursor ratios (<1) resulted in the
broadening of the particle size dispersion, irrespective of OLAM
concentrations. (b) Effect of the CdSe NC concentration (μmol/L)
in the Cd(OA)2 + OLAM (70%) growth mixture on the ultimate
emission line width in the final product (FWHM). The initial line
width of the starting CdSe NC samples was in the 105−174 meV
range (see Table ST1). (c) Effect of OLAM concentration (%) in the
Cd(OA)2 + OLAM growth mixture on the ultimate emission line
width of larger CdSe NCs (FWHM).
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structures exhibiting lower FWHM values. The ensemble PL
peak width for conventional quantum dots produced by the
state-of-art synthesis usually lies in the 90−150 meV
range.31,105,110 In general, ∼80−90 meV is considered as a
narrow FWHM for ensemble PL of CdSe.111

To achieve near single-particle emission line widths, the
coalescence growth was performed in the mixture of Cd(OA)2
and OLAM free ligands (Cd(OA)2/OLAM/ODE = 2:80:18
by volume). During a 60 min treatment, 3.1 nm CdSe NCs
with an initial FWHM of ∼157 meV have gradually increased
in size (Figure 4a) while exhibiting a progressively lower PL

line width. The final product had an ensemble PL FWHM of
72 meV (Figure 4d) and the corresponding particle size
dispersion of Δd/d = 4.9% (based on TEM statistical analysis
in Figure 4b). Several independent tests were performed on
different batches of starting CdSe NCs (FWHM = 105−174
meV) all resulting in the final PL FWHM of 72−95 meV (see
Table ST1). Notably, the observed line width was within 20%
of a single-particle FWHM, reported in ref 107. In addition,
the emission lifetime of treated nanocrystals was increased by
almost an order of magnitude from its value in initial CdSe NC
samples (Figure 4c).
To test whether the coalescence-growth approach represents

an effective postsynthetic treatment for nanocrystals of other
semiconductor materials, we have attempted size focusing of
CdS NCs (Figure 5). To this end, 4.2 nm CdS colloids with an
initial PL FWHM of 123 meV were loaded into a flask
containing 64% of OLAM, 34% of ODE, and 2% of Cd(OA)2.
Upon heating the mixture to above the coalescence threshold
temperature (T = 250 °C) for 95 min, we observed an increase
in the average particle size accompanied by the reduction of
the band gap emission FWHM from 123 to 92 meV. The
ultimate size of CdS nanoparticles in the final product was
estimated to be 8.1 nm (see Figure SF4).
The observed focusing of CdSe and CdS NC sizes is

consistent with the existing theoretical literature on aggregative

growth of colloidal nanoparticles.59,89,93,94 For instance, early
theoretical works have demonstrated that coalescence alone
could be responsible for the formation of monodisperse
nanoparticles of silica,93 Au,112 and silver.94 Aggregative
growth was also suggested as a possible mechanism for
controlling the particle size distribution during NC synthesis.59

Most of these studies have used the Smoluchowski rate
equation113 for modeling the kinetics of diffusion- or reaction-
limited colloid aggregation.114,115 Within this approach, the
two primary particles, A1, can aggregate upon collision
resulting in the formation of secondary particles A2, which in
turn can further aggregate to form larger colloids, Ai. In
general, the coalescence growth of any two particles Ai and Aj,
each containing i and j numbers of primary particles, can be
described as follows

+ →A A Ai j
K

k
ij

(1)

where Akrepresents a composite colloid containing k primary
particles, such that k = i + j. The time-evolution of the Ak
concentrations can be determined by solving the following rate
equations

∑ ∑= −
+ =

N
t

K NN N K N
d
d

1
2

k

i j k
ij i j k

j
kj j
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where Nk is the concentration (number per unit volume) of Ak
nanoparticle aggregates, and Kij is the rate constants for the
reaction between the i and j aggregates Kij = 4π(Ri + Rj)(Di +
Dj), where D is the diffusion coefficient (see the Supporting
Information section for details).
The diffusion-limited aggregation (diffusive-aggregation)

model outlined above assumes that collisions between
nanoparticles are followed by their coalescence, regardless of
the particle size. The experimental kinetics for cadmium
chalcogenide NCs, however, shows that the coalescence
growth does not occur for particles larger than a certain
critical size (dr/dt → 0 with increasing r, Figure 1a). This
behavior agrees with the general premise of the viscoelastic
collision theory of colloidal nanoparticles,116 whose main
principles follow the general framework of viscoelastic droplet
coalescence. A simple model of droplet aggregation117 suggests
that during the coalescence of structured (crystallized)
droplets, the interfacial energy of the two particles, Einterfacial,
is reduced upon particle fusion, while the elastic energy, Eelastic,
is increased by the compression of the internal structure. When
the two processes balance each other (Etot = Einterfacial + Eelastic

Figure 4. (a) Evolution of the CdSe NC PL spectra during size
focusing in a mixture of OLAM (80%), CdOA2 (2%), and ODE
(18%). (b) TEM of CdSe NCs after the size focusing treatment. The
standard size deviation is 9.5 ± 0.4 nm. The scale bar is 20 nm. (c)
Changes in the PL intensity decay of CdSe NCs caused by the size
focusing treatment. The PL lifetime of the final CdSe NC product is
27 ± 0.3 ns. (d) Evolution of the CdSe NC spectral line width
(FWHM) during the size focusing treatment.

Figure 5. Size focusing of CdS NCs in a mixture of OLAM and
Cd(OA)2 free ligands. (a) Evolution of the absorption spectra after 60
min of reaction. The average particle size has increased from 4.2 to 8.1
nm. (b) Corresponding evolution of the emission spectra, showing
the reduction in the band gap emission (ΔFWHM = −25%).
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→ min), the coalescence process is arrested. In analogy to this
model, we propose that as the two nanoparticles contact,
coalescence is initiated when a ligand-based neck forms
between them. The particles are then pulled together into a
single spherical shape via the exchange of ions. This process is
driven by the reduction of the interfacial energy, which in the
case of two coalescing spheres is approximately exponential
with the instantaneous geometric strain, ε = ΔL/(2 × init.
particle diameter)

γ ε γ= × = × + ε−E A A A e( ) ( )A
interfacial 0 1

/ 2 (3)

where A is the total interfacial area of two coalescing
particles and A0, A1, A2 are the constants for the exponential
decay fit.117 Meanwhile, the strain energy of the two coalescing
particles increases during the coalescence process. This is due
to the two crystal lattices being compressed in a manner similar
to the elastic compression of two springs. The energy term
associated with the compression strain is given as

ε=E G V
3
2elastic

2
(4)

where G is the particle shear modulus that characterizes the
nanocrystal rigidity and V is the total volume of the coalescing
nanostructures. The total energy of the two particles is thus
given as a sum of the decreasing interfacial energy (eq 3) and
increasing elastic energy (eq 4). The coalescence process is
expected to stop when the total energy is minimized, Etot(ε)→
min. If the minimum of Etot(ε) is realized at a negligibly small
strain (ε < 0.02), particle aggregation will not occur. Clearly,
the final morphology of the two coalesced particles (full
coalescence, particle coalescence, or no coalescence) depends
on the value of the shear modulus, G. The temperature
dependence of G follows the Mechanical Threshold Stress
(MTS) model118 for inorganic crystals, G = G0 − D/(exp(Tm/
T − 1)), where G0 is the shear modulus at T = 0 K and D is a
material constant. When T = Tm, G diminishes, signifying the
melting phase transition. According to Figure 6a, in the low-
temperature regime (T < Tm), the elastic energy of the
particles is too large for the total energy Etot(ε) to exhibit a
minimum (red curve). Consequently, no coalescence is
achieved (elastic stabilization). However, when T > Tm, the
value of G drops abruptly with T, so that the total energy
exhibits a decline with the increasing strain (green and blue
curves). In this case, either a full or partial coalescence is
achieved depending on the actual slope of the G(T) curve.
Notably, because the strain energy is directly proportional to
the total volume, V, larger particles are less driven toward a full
coalescence.
In the present work, the transition from viscose

(aggregative) to viscoelastic (partly aggregative) collisions
may occur even in the high-temperature regime, T > Tm (220
°C), if the radii of fusing particles exceed a critical value r = Rc.
This process is clearly manifested during the coalescence
growth of CdS NCs in OLAM-only solutions (no Cd(OA)2).
According to Figures 6b and SF3a, once the critical size of CdS
is reached, subsequent heating does not result in further
coalescence. Instead, nanoparticles undergo oriented attach-
ment along specific crystallographic directions, which causes
the formation of nanorods (Figures 6b and SF3b). However, if
Cd(OA)2 is introduced along with OLAM, oriented attach-
ment processes become suppressed and the average nano-
particle size does not increase above the critical size with
further heating (Figure 6b). Along these lines, to model the

effect of the critical size in this work, we assume that the
coalescence rate (but not the collision rate, Kij) approaches
zero, if the size of Ak exceeds the critical size parameter, Rc.
Figure 6c,d illustrates the predictions of the diffusive-

aggregation model for the evolution of the CdSe particle size.
The initial rise of the theoretical r(t) (red curve) indicates a
fast coalescence growth at early times, which is followed by an
asymptotic decrease of the growth rate when the average
particle radius approaches the critical size, Rc. Similar r(t)
trends have been predicted for the aggregative growth of
ZnS119 and PbS88 NCs within the Smoluchowski approach. In
present calculations, the product of the initial particle
concentration, N1, and the primary particle diffusion
coefficient, D1, was designated as a fitting parameter to ensure
a better match of theoretical parameters for solvent viscosity
and particle number concentrations with that of an experiment.
According to Figure 6c, the calculated r(t) accurately

captures experimentally observed CdSe NC growth kinetics,
evidenced by a gradual reduction of the growth rate with
increasing particle size. Model calculations have also revealed
an increase in the particle size dispersion at the early stages of

Figure 6. (a) Total energy of two spherical particles (Einterfacial +
Eelastic) during coalescence. A zero strain, ε, corresponds to particles
before coalescence and a maximum strain of 0.37 represents total
coalescence into a spherical object. If the growth solution temper-
ature, T, is lower than Tm, particles are too elastic to undergo
coalescence (red curve). When T > Tm, either partial (blue) or full
(green) coalescence is achieved. (b) Illustration of the critical size for
particle coalescence, Rc. For r > Rc, the coalescence of randomly
oriented nanocrystals becomes suppressed. In this case, subsequent
heating can only resolve in the oriented attachment of large
nanoparticles (r = Rc) along specific crystallographic directions (as
usually observed in OLAM/ODE mixtures), which causes the
formation of nanorods (see the TEM image in the insert). When
Cd(OA)2 is introduced into the OLAM/ODE reaction mixture,
oriented attachment processes become inhibited causing the average
nanoparticle size to remain spherical (r = Rc) despite further heating.
(c) Diffusive-aggregation model calculations of the coalescence
growth kinetics for CdSe NCs. The predicted temporal evolution of
the particle size r(t) (red curve) is compared with experimental data
points (blue circles). The experimental error bars represent the
uncertainty in the value of the average particle size due to an intrinsic
uncertainty in the NC size-band gap scaling. (d) Model calculations of
the particle size distribution during the coalescence growth.
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the reaction prior to size focusing (Figure 6d). To some
degree, similar broadening in the experimental emission line
width at early states of the postsynthetic treatment has been
observed in several (but not all) tests (Figure SF5). This
behavior could indicate that size focusing becomes more
efficient when the average particle size approaches Rc. Indeed,
when the starting particle diameter is several times lower than
Rc, most of Ai + Aj coalescence paths are still allowed, which
causes a statistical broadening of the particle size distribution.
In summary, we demonstrate that nonclassical coalescence

growth of cadmium chalcogenide NCs provides a robust
strategy for controlling nanocrystal size distributions and
corresponding spectral line widths. The demonstrated
approach employs ligand-saturated solutions to stimulate the
viscoelastic behavior of colloidal nanocrystals, during which
elastic collisions between nanoparticles are followed by the
viscous reorganization of surface ions, causing coalescence
(aggregative) growth. Because the rate of the coalescence
growth is inversely proportional to the particle size, size
focusing is achieved irrespective of the initial sample
morphology. In case of CdSe NCs, the coalescence growth
resulted in monodisperse samples (Δd < 5%) exhibiting
ensemble PL line widths near single-particle levels (FWHM =
72 meV). The final CdSe NC product exhibited enhanced PL
lifetimes with the corresponding PL quantum yield above 20%
(depending on the ultimate particle size). Numerical
simulations based on the diffusive-aggregation model accu-
rately predict the observed particle size evolution, confirming
the ability of the coalescence growth to drive nanoparticle size
focusing. Overall, we show that the coalescence growth
strategy can produce high-quality chalcogenide nanocrystals
needed for a wide range of applications. With future work, we
expect this method to become potentially applicable to other
semiconductor materials providing a general pathway for
achieving the narrow spectral line widths.

■ METHODS
Materials. The following materials were used: cadmium oxide

(CdO, 99% STREM), 1-octadecene (ODE, 90% Sigma-Aldrich), n-
octadecylphosphonic acid (ODPA, PCI), octadecylamine (ODA,
90%, Acros), oleic acid (OA, 90% Sigma-Aldrich), sulfur (S, 99.99%
Acros), Chloroform (anhydrous, 99% Sigma-Aldrich), oleylamine
(OLAM, Tech., 70% Sigma-Aldrich), hexane (anhydrous, 95% Sigma-
Aldrich), ethanol (anhydrous, 95% Sigma-Aldrich), tri-n-octylphos-
phine (TOP, 97% STREM), tri-n-octylphosphine oxide (TOPO,
99.0% Sigma-Aldrich), selenium powder (Se, 200 mesh, Acros),
acetone (anhydrous, Amresco, ACS grade), stearic acid (97% Sigma-
Aldrich), and tributylphosphine (TBP, 97% Sigma-Aldrich). All
reactions were performed under argon atmosphere using the standard
Schlenk technique. The VWR Clinical 100 centrifuge used for
precipitation operated at 6500 rpm.
Synthesis of CdS NCs. CdS NCs were fabricated according to the

previously reported procedure.120 A mixture of 0.0768 g (0.6 mmol)
of CdO, 3.6 mL of OA, and 24 mL of ODE in a 50 mL three-neck
flask was heated to 240 °C until the solution turned optically clear and
colorless. Then, the mixture was allowed to stir at this temperature at
which point all of the sulfur precursor solution made by dissolving
0.02 g (0.625 mmol) of sulfur powder at 200 °C in ODE (10 mL) was
quickly injected. The reaction was stopped by removing the flask from
the heating mantle after 4−5 min. CdS NCs were separated from the
solution by precipitating with methanol and redissolving the product
in chloroform.
Synthesis of CdSe NCs. CdSe NCs were fabricated by adapting a

previously reported procedure.121 Briefly, TOPO (3.0 g), ODPA
(0.025 g), OA (2.0 mL), and CdO (0.060 g) were mixed in a 50 mL
flask, heated to 120 °C and exposed to vacuum for 1 h. Then, under

argon, the solution was heated to 300 °C to dissolve CdO until the
mixture turned optically clear and colorless. At this point, 1.5 g of
TOP (that had been degassed at 120 °C for 30 min) was injected into
the flask and the temperature was adjusted to 270 °C. The reaction
flask with the Cd precursor was raised up from the heating mantle
right before the injection of the Se precursor to get small-diameter
nanoparticles. A selenium precursor prepared by dissolving 0.060 g of
Se in 1 mL of TOP through heating to 150 °C under argon and
cooling to room temperature was injected all at once into the raised
flask (at 270 °C). The reaction temperature dropped to approximately
250 °C and was left stirring for 30 s before being quenched in a water
bath, this yielded CdSe nanocrystals with a first exciton peak around
520 nm. After the synthesis, nanocrystals were precipitated with
ethanol and washed by repeated redissolution in chloroform and
precipitation with the addition of ethanol. Finally, the product was
stored in chloroform (3 mL).

Cd(OA)2 Stock Solution Synthesis. A 0.2 M Cd(OA)2 stock
solution was prepared by combining 15 mL of OA (47 mmol), 1.845
g of CdO (14 mmol), and 60 mL of ODE in a 100 mL three-neck
round bottom flask. Under argon, the flask was heated to 240 °C until
the solution turned clear. The final mixture was stored under argon
and heated to 50 °C before being used.

Postsynthetic Treatment (Coalescence Growth). In a typical
treatment, CdSe NCs, ODE, OLAM, and Cd(OA)2 were degassed in
a 25 mL round bottom flask at 80 °C for approximately 20 min. The
flask was then switched over to argon using a Schlenk line, and the
sample was heated to the desired temperature, typically 180−260 °C,
for the remainder of the treatment. The concentration of NCs ranged
6−350 μmol/L, which was found to have a significant effect on the
critical size and overall emission line width. To obtain monodisperse
samples with approximately 72−80 meV PL line width, a 5 mL of
solution of 12 μmol/L CdSe NCs (520 nm first absorption peak),
with 70% by volume OLAM (4.2 mL), 0.6 mL of Cd(OA)2 stock
solution, and 1.2 mL of ODE, was degassed at 80 °C for 20 min; the
mixture was then heated to 230 °C for 45−60 min before being
quenched in a water bath.

Alternatively, narrow-line-width CdSe NCs could also be produced
via coalescence of larger nanocrystals with a first absorbance peak at
577 nm and a concentration of 9 μmol/L (all other parameters were
kept the same). When using solutions that were too concentrated, it
was observed that the emission line width could not be reduced to
below 90 meV.

To determine the concentration of our nanocrystal solutions, we
used the work of Yu et al.122 Briefly, for the less concentrated samples,
the optical density of a small aliquot was placed into a cuvette and
measured. Based on the first absorbance peak (size of the
nanocrystal), the concentration could be calculated using the Beer−
Lambert law. Alternatively, for the more concentrated samples, a small
aliquot of the reaction mixture was diluted in chloroform and the
optical density was then measured. The concentration was then
calculated as above, but then the original concentration of the reaction
mixture was determined via the dilution equation.

After the reaction mixture had cooled to room temperature, equal
amounts of solution (approximately 3 mL) were placed in two 15 mL
centrifuge tubes. To precipitate the product, 2 mL of chloroform and
6 mL of ethanol were added to each tube, which were then inverted
several times and centrifuged for 5 min at 6500 rpm. The clear
supernate was discarded and the remaining precipitate was dissolved
in 2 mL of chloroform, 6 mL of ethanol was added, the centrifuge
tubes were inverted several times, and then centrifuged 5 min at 6500
rpm. Finally, the precipitate was dissolved in hexane (5 mL) and
centrifuged 30 s at 6500 rpm to remove any insoluble products. The
final hexane solution was stored under ambient conditions and was
stable for months.

Characterization. UV−vis absorption spectra were recorded
using a CARY 60 scan spectrophotometer. High-resolution trans-
mission electron microscopy (TEM) measurements were carried out
using JEOL 311UHR operated at 300 kV and all other TEM images
were acquired using a JEOL 2010F analytical electron microscope
operating at 200 kV. Specimens were prepared by depositing a drop of
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the NP solution in an organic solvent onto a carbon-coated copper
grid and allowing it to dry in air. Powder X-ray diffraction (PXRD)
measurements were carried out with a Bruker D8 Advance PXRD.
Energy dispersive X-ray (EDX) analysis was performed using Hitachi
2700 operated at 20 kV. Emission spectra were acquired using a 405
nm PicoQuant PDL 800-D pulsed laser and measured with an Andor
newtonEM SR-303i-A spectrograph. Time-resolved emission lifetime
spectra were acquired using the same 405 nm pulsed laser, and
photons were collected using ID Quantique’s id100-50 single-photon
detector and processed using a SPC-130 TCSPC module from
Beckler & Hickl. Relative quantum yield measurements were acquired
using a GS32 Intelite 532 nm CW DPSS laser (Cyanine3 NHS ester
dye obtained from Lumiprobe was used as the reference).
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