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ABSTRACT: We established the dual role played by
oleylamine (OAm) during the synthesis of CdSe nanocrystals
(NCs) by the hot injection method. Earlier reports suggest its
role either as nucleating or as passivating agent in controlling
the growth of CdSe NCs. Remarkably, by exploring four
different synthesis routes, in which the reactant addition,
timing, and concentration were varied, we found that both
these two phenomena coexist and control synthesis. While
examining if there is any effect of concentration of OAm on
this synthesis, we found that at lower contents of OAm (<0.5 mmol) it prominently acts as an agent acting on nucleation,
increasing the number of nuclei, reducing the nuclei (initial monomer units) size, and thereby increasing the NCs concentration
resulting in a small NCs size, down to 2.7 nm. Whereas at higher contents (>1.0 mmol), it served more as a passivating agent by
deterring both nucleation and growth processes, so generating fewer NCs with larger size up to 3.6 nm. Thus, adjusting the
influence between nucleation and passivation, we can better control the final NCs size and so tune their size-dependent optical
properties.

■ INTRODUCTION

Cadmium selenide NCs (CdSe NCs), in recent years, emerged
in a wide range of electrical and optical applications.1,2

Synthesis via the hot injection technique led to formation of
NCs having better luminescent performance,3−5 which was
further augmented with the exploration and understanding of a
diversity of surface ligands to effectively control size, shape,
crystal structure, and luminescent performance of the NCs.6−9

One class of surface ligand of special interest are alkylamines,
which weakly bond to the surface of NCs, forming a high
packing density, effectively eliminating the unsatisfied dangling
bonds, tuning the NCs size and size distribution, and therefore
resulting in an adjustment of the ultraviolet−visible (UV−vis)
absorbance, photoluminescence (PL), and an enhancement of
the photoluminescence quantum yield (PLQY).10−14 However,
the role of the amine, particularly oleylamine (OAm),
commonly used owing to the same structural units as found
in the oleate group of cadmium oleate, is not understood to the
extent that contradictory explanations for both NCs nucleation
and passivation stages were reported. Few authors have
reported that its addition would activate the cadmium precursor
and thus promote the nucleation of NCs.15−17 These results
were based upon the evidence that a smaller nuclei size can be
observed at an earlier time and higher nanocrystal concen-
tration as well as growth rate were found when primary amines
were used, whereas others have reasoned a delayed nucleation
in the amine-containing reaction, which was proposed to result
from formation of low-activity Cd−amine complexes by the
coordination strength or steric hindrance effect.18,19 Recently, it
was demonstrated that alkylamines restrained monomer activity

by inhibiting the cleavage of the PSe bond in the Se
precursor while increasing the growth rate of CdSe NCs and
reducing the NCs concentration.12,20 These contradictory
research results make it obvious that more in-depth studies
are necessary to establish the role of OAm in NCs synthesis.

■ EXPERIMENTAL SECTION
Materials. Commercially available chemicals, cadmium oxide

(CdO, 99.5% purity), 1-octadecene (ODE), oleic acid (OA),
oleylamine (>98% purity, OAm), trioctylphosphine (TOP, 97%
purity), selenium powder (Se), hexane, chloroform, and ethanol
were purchased from Sigma-Aldrich.

Synthesis of the CdSe NCs. To minimize the influence of air and
water, we used the Schlenk line to create an inert environment for the
reaction. Before the synthesis of the CdSe NCs, the precursors were
prepared in advance. A clear cadmium oleate (Cd(OA)2) precursor
solution (0.1 M) was obtained by dissolving 3 mmol of CdO in 12
mmol of OA at 200 °C for more than 6 h under the protection of
argon atmosphere, followed by diluting in 25.8 mL of degassed ODE.
For TOP-Se precursor, TOP solution and Se powder in a molar ratio
of 1:1 were mixed and stirred at room temperature overnight in a
glovebox and then diluted in ODE to acquire a concentration of 0.5 M.
The OAm should also be degassed and heated to 50 °C to get fully
clear solution just before addition.

The synthesis of CdSe NCs was performed based on classical hot
injection methods with a modification. As discussed in Figure 1 (see
article), four routes were designed to study the influence of amine on
CdSe NCs. In route 1, 0.5 mL of Cd precursor was mixed with 4 mL

Received: April 18, 2017
Revised: February 23, 2018
Published: May 10, 2018

Article

pubs.acs.org/LangmuirCite This: Langmuir 2018, 34, 6070−6076

© 2018 American Chemical Society 6070 DOI: 10.1021/acs.langmuir.7b01337
Langmuir 2018, 34, 6070−6076

D
ow

nl
oa

de
d 

vi
a 

E
C

O
L

E
 P

O
L

Y
T

E
C

H
N

IC
 F

E
D

 L
A

U
SA

N
N

E
 o

n 
Ja

nu
ar

y 
7,

 2
02

1 
at

 1
4:

18
:5

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/Langmuir
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.7b01337
http://dx.doi.org/10.1021/acs.langmuir.7b01337


of ODE, degassed for more than 20 min, and stirred under 210 °C for
more than 10 min. 0.5 mL of Se precursor was then quickly injected,
and timing started right at the moment. Aliquot volumes of the
solution were fetched at different time interval for further analysis. In
route 2, a certain amount of OAm was added with Cd precursor and
kept stirring for 10 min at 210 °C before the Se precursor injection. In
contrast, in route 3, OAm was first mixed with Se precursor before the
Cd precursor injection. In route 4, cold Se precursor was first injected
into hot Cd precursor, and 32 s later, OAm was injected. The first
aliquot sample was extracted before the amine injection. In all the
amine-containing reaction, the amine contents include 0.1, 0.5, 1.0,
and 2.5 mmol. Specially, for the amine injection solutions of 0.1, 0.5,
and 1.0 mmol in route 4, a certain amount of ODE was added to keep
them same volume as that of 2.5 mmol in the case of the influence of
different volumes.
Characterization. 50 μL of as-synthesized CdSe NCs in ODE was

diluted in 1450 μL of hexane for the UV and fluorescence
measurement without any purification. UV−vis absorbance spectros-
copy was performed on a Varian Cary 100 Scan UV−vis
spectrophotometer. Fluorescence spectra were measured by a two-
fiber system attached with a USB2000 spectrometer (Ocean Optics).
The CdSe NCs were purified by repeated centrifugation and
redispersion in a mixture of chloroform and ethanol (1:2) for 4
times and finally dissolved in hexane. TEM graphs and HRTEM
graphs were captured by a Talos transmission electron microscope
(FEI Co.), before which the CdSe NCs in hexane were dropped and
dried in ultrathin carbon-supported copper grids.
NC Size, Growth Rate, and Concentration Calculation. The

average sizes (D) of the CdSe NCs were calculated based on the
absorbance peak (λ) of the as-prepared products and the empirical
fitting function reported by Peng et al.,21 given as

λ λ

λ λ

= × − × − × − ×

+ × − × − × +

D (1.6122 10 9) (2.6575 10 6)

(1.6242 10 3) (0.4277) (41.57)

4 3

2

The corresponding growth rates were obtained by the derivative of
nanocrystal volumes with respect to time, that is

π= =R
V
t

D
t

d
d 6

d
dGrowth

3

The concentrations of the resulting CdSe NCs were estimated
according to the method proposed by Bawendi et al.22 through
counting the extinction coefficient at the wavelength of 350 nm

ε
= =

×
A

L
A

D
[NCs]

8
1.438 10

350 350
26 3

where A350, ε, L, and D are the absorbance intensity at the wavelength
of 350 nm, extinction coefficient per mole of NCs (M−1 cm−1), path
length of the radiation beam (cm), and the corresponding average size
of the CdSe NCs (cm), respectively.

To calculate the total CdSe concentration in the form of NC, we
can combine the known NC number and size by the following
equation:

= N[CdSe] [NCs]

in which N is the number of CdSe units in each particle. If we assume
all the CdSe NC have a spherical shape and the solution has an
extremely monodisperse population, then we can calculate N as

π=N D
V6

23

unit

where Vunit is the volume of the unit cell containing two CdSe units,
which is equal to 0.112 nm3 in the case of the bulk wurtzite CdSe
materials.22 The corresponding rate of CdSe formation (Figure S3)
and the rate of nanocrystal number (Figure S4) were obtained by the
derivative of the CdSe concentration and NCs concentration,
respectively.

■ RESULTS AND DISCUSSION
To interpret the influence of OAm on the nucleation and
growth behavior of NCs, different synthetic NCs routes were
studied, by altering the time and sequence of addition of
various reactants. Four reaction routes were designed, as
schematically presented in Figure 1. Route 1 (classical amine-
free route): Cd oleate precursor (Cd(OA)2) in octadecene
(ODE) solution is prepared, and thereafter the Se precursor
trioctylphosphine−selenium (TOP-Se) is injected. Route 2:
various concentrations of OAm are added to the Cd(OA)2 in

Figure 1. Schematic of designed four reaction routes to investigate the influence of oleylamine (OAm) on the synthesis of CdSe NCs at a reaction
temperature of 210 °C. Route 1: Cd oleate precursor (Cd(OA)2) in octadecene (ODE) solution is prepared, and then the Se precursor (TOP-Se) is
injected. Route 2: various concentrations of OAm are added to the Cd(OA)2 in ODE solution, after which TOP-Se is injected. Route 3: various
concentrations of OAm and TOP-Se are mixed together in ODE, after which Cd(OA)2 is injected to induce the reaction. Route 4: Cd(OA)2 in ODE
solution is prepared and then the TOP-Se is injected. After 32 s, OAm is injected into this reaction. X represents no reaction; {CdSe} represents the
CdSe molecular building blocks (“monomers”), prepared without amine; {CdSe}OAm represents the CdSe monomers surrounded by OAm
molecules; {CdSe NCs} represents finally formed CdSe NCs without use of OAm, and {CdSe NCs}OAm represents finally formed CdSe NCs
surrounded by OAm molecules.
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ODE solution, after which Se precursor is injected. Route 3:
various concentrations of OAm and Se precursor are mixed
together in ODE, after which Cd(OA)2 is injected to induce the
reaction. Route 4: Cd(OA)2 in ODE solution is prepared, and
then the Se precursor (TOP-Se) is injected. After 32 s, OAm is
injected into this reaction mixture.
In route 2, synthesis starts by reacting OAm with the

cadmium precursor, followed by the addition of the selenium
precursor. Accordingly, the influence of OAm starts already
prior to the nucleation process, resulting in the difficulty of
distinguishing the respective influence on nucleation and NC
growth stage. Both routes 2 and 3 divulge the amine adduct
formation with the cadmium precursor prior to the nucleation
stage, whereas route 4 concentrates on the OAm influence on
the NC growth stage, avoiding its influence in both initial
precursor and nucleation stages. We benchmarked all results
with respect to route 1, which is the standard synthesis process.
The reaction products from all the four routes were extracted at
different times during the reaction to perform UV−vis
absorbance and PL measurements. Figure 2 shows UV−vis

absorbance spectra obtained for the four different routes
(routes 1−4). Reactions of routes 2−4 were done in the
presence of 2.5 mmol of OAm. Curves i, ii, iii, iv, v, vi, and vii in
each graph correspond to CdSe NCs extracted after a reaction
time of 0.5, 1, 2, 4, 6, 10, and 15 min, respectively. Figures 2a−d
are the results of NCs obtained from routes 1−4, respectively.
It is evident that all the first excitonic peaks in the four reaction
routes present red-shifts with time evolution, signifying a time-
dependent growth behavior of the NCs. Absorbance spectra of
route 1 (Figure 2a) and route 4 (Figure 2d) look similar, having
higher intensity (Figure S1a) and sharper peaks (Figure S1b) of
the first excitonic peaks than those in route 2 (Figure 2b) and
route 3 (Figure 2c). This implies a difference in growth
behavior due to the presence of OAm at the beginning of the
reaction. In order to obtain comprehensive knowledge of the
OAm influence, the reaction was carried out under various

concentrations of OAm, namely 0.1 mmol (i.e., a molar ratio of
1:2 between Cd precursor and OAm), 0.5 mmol (1:10), 1
mmol (1:20), and 2.5 mmol (1:50).
Figure 3 shows the temporal evolution of the NCs size (a, d,

g), the volumetric growth rate (b, e, h), and concentration (c, f,
i) of CdSe NCs, prepared by route 2 (a, b, c), route 3 (d, e, f),
and route 4 (g, h, i), respectively. In general, the CdSe NCs size
increases with time, and a higher OAm concentration results in
a larger size. Also, a higher growth rate is obtained for higher
OAm concentrations. Moreover, the time dependence of the
NC concentration shows saturation for the longer reaction
times with higher OAm concentrations resulting in lower
concentrations. We also find results obtained using route 2 and
3 are comparable. At low OAm concentration (<0.5 mmol),
both routes show a smaller final NC size, lower initial growth
rate, and higher final NC concentration compared to the
standard route 1 (Figure S2). When amine content was above 1
mmol, however, an opposite result was obtained, namely, a
larger final NC size, higher initial growth rate, and lower final
NC concentration than obtained using route 1. Most distinct
information is the smaller initial size in route 2 with respect to
route 3. The OAm influence at the growth stage was examined
using route 4, in which OAm was injected 32 s after the
reaction of Cd and Se precursors. At the time of injecting OAm,
nucleation has already started (around 20 out of 30 μM CdSe
nuclei were already formed at 32 s), and NCs of about 2.2 nm
were formed and continued to grow (Figure 3g). It was seen
that the final NC concentration was almost the same as with
route 1, i.e., it was around 30 μM (Figure S2c and Figure 3i),
while in the case that OAm was fully mixed with Cd(OA)2
before the reaction (route 2), the NC concentration increased
from ∼10 to 42 μM (Figure 3c). This means the promotion of
the NC nucleation at lower amine concentration (like 0.5
mmol) is closely related to the injection of OAm. We also
observed a sharp decline of the growth rate in the first minutes
after injection of OAm. At lower OAm concentration, the
growth rate is smaller but, for longer reaction times, similar to
the other routes (Figure 3h). Therefore, NCs size in the final
stage is smallest for route 4. Growth rate evolution curves
transform from an exponential-like decrease to a linear-like
increase as a function of OAm concentration, which is clearly
distinct from routes 2 and 3.
Furthermore, we calculate the temporal evolution of the

CdSe concentration in the form of NC, as shown in Figure 4. In
general, the conversion of the precursor to CdSe NCs, no
matter in which injection route, displays a decline with the
increase of OAm amount. From routes 2 and 3, we can see that
the addition of a little amount of OAm (like 0.5 mmol, or a
molar ratio of 1:2 between Cd and OAm) has little effect on the
CdSe formation. This is because the nucleation-promoting
effect compensates for the reduction on the growth of the NCs.
The nucleation-enhanced effect is weak in route 4, therefore
resulting in an obvious reduced number of CdSe units even
when only 0.5 mmol OAm was injected (Figure 4d). At higher
OAm concentration (above 1.0 mmol), although an enhance-
ment on the NC growth rate is observed, the decreased
production of new nuclei leads to a substantial reduction of the
conversion to CdSe NCs. We also find the rate of CdSe
formation (Figure S3) and the rate of nanocrystal number
(Figure S4) have very similar trends with the increase of OAm
concentration. These observations imply that for the
conversion of precursors to CdSe units, the concentration of
NC plays the dominant role rather than the size of the NC. At

Figure 2. UV−vis absorbance spectra of CdSe NCs prepared using
different routes: (a) route 1 in which no OAm was added; (b) route 2
in which TOP-Se was injected into a mixture of Cd(OA)2 and OAm;
(c) route 3 in which Cd(OA)2 was injected into a mixture of TOP-Se
and OAm; (d) route 4 in which TOP-Se was injected into Cd(OA)2,
followed by the injection of OAm. Curves i, ii, iii, iv, v, vi, and vii in
each graph are spectra of the reaction products extracted at a reaction
time of 0.5, 1, 2, 4, 6, 10, and 15 min, respectively. OAm amount used
in reaction routes 2−4 is 2.5 mmol.
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lower concentration, amine is mainly used to coordinate to the
Cd center to form Cd−amine complex precursor, thereby

leading to the formation of high amounts of nuclei and CdSe
units. At higher concentration, excess amine acts as the
passivating agent, slowing down the nucleation process and
thus resulting in reduced conversion of the precursors into
CdSe products.
The full width at half-maximum (fwhm) of the PL is an

indicator of size distribution of CdSe NCs. Figures 5a−c
demonstrate fwhm of CdSe NCs obtained by (a) route 2, (b)
route 3, and (c) route 4 at a reaction time of 15 min with a
OAm content of 2.5 mmol. Figures 5d−f show fwhm as a
function of reaction times for routes 2, 3, and 4, respectively.
During onset of NC growth, a rapid decline in fwhm during the
first 2 min of the reaction happens, while for routes 2 and 3, a
slow rise takes place at the later growth stage. Contrarily, route
4 shows a continuous fall of fwhm with time, suggesting the size
focusing. Our results here demonstrate the impact of amine on
the size distribution depends not only on the ligand amount but
also on the way it is added. The increase of the amine amount is
related to enhancement of the passivating effect, leading to the
decrease of the NCs numbers and increase of the monomer
supply for each NC during the growth stage. According to the
size-focusing theory, when there are enough monomers in the
solution, smaller particles can grow faster than the larger ones,
eventually resulting in the size focusing. This is why we can see
the fwhm decline with the increase of amine concentration in
routes 2, 3, and 4. Otherwise, in routes 2 and 3, the emergence
of a gradual nucleation stage of around 4 min leads to an
increase of the PL width of the NCs with time, while that has

Figure 3. Temporal evolution of the size (a, d, g), volumetric growth rate (b, e, h), and NC concentration (c, f, i) of CdSe NCs prepared using route
2 (a, b, c), in which TOP-Se was injected into a mixture of Cd(OA)2 and OAm, using route 3 (d, e, f), in which Cd(OA)2 was injected into a mixture
of TOP-Se and OAm, and using route 4 (g, h, i), in which TOP-Se is injected into Cd(OA)2, followed by the injection of OAm after 32 s of reaction.
All these reaction routes employed various amounts of OAm, namely, 0.1 (●), 0.5 (▲), 1.0 (▼), and 2.5 mmol (⧫).

Figure 4. Temporal evolution of the CdSe concentration in the form
of NC synthesized from route 1 (a) without amine addition, route 2
(b) in which TOP-Se was injected into a mixture of Cd(OA)2 and
OAm, route 3 (c) in which Cd(OA)2 was injected into a mixture of
TOP-Se and OAm, and route 4 (d) in which TOP-Se is injected into
Cd(OA)2, followed by the injection of OAm after 32 s of reaction. All
these reaction routes employed various amounts of OAm, namely, 0.1
(●), 0.5 (▲), 1.0 (▼), and 2.5 mmol (⧫).
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been minimized in route 4, resulting in a continuous decrease
of the fwhm and better focusing of the NC size.
High-resolution transmission electron microscopy (HR-

TEM) graphs apprise the size, shape, size distribution, and
crystal structure of CdSe NCs. Figure 6 shows TEM graphs (a−
d) and size distribution profiles (e−h) of the CdSe NCs
obtained from route 1 (a, e), route 2 (b, f), route 3 (c, g), and
route 4(d, h). The OAm amount used in routes 2−4 is 0.5
mmol. The insets in (a−d) are the corresponding HRTEM
graphs with lattice fringes. CdSe NCs obtained from all the
routes possess a well-defined spherical shape. The average size
of NCs based on the TEM graphs are 2.98, 2.83, 2.85, and 3.04
nm for routes 1−4, respectively, well corresponding to the 3.00,
2.79, 2.89, and 3.00 nm as calculated from the UV−vis
absorbance data (Figure S1a and Figure 3a−c). At higher OAm
concentration like 2.5 mmol, the average NC sizes calculated
from TEM are 3.59, 3.62, and 3.12 nm for routes 2−4,
respectively (Figure S5), which is also in good agreement with
those obtained from the absorbance spectra (3.60, 3.57, and
3.06 nm in Figures 3a−c, respectively). Very good crystallinity
of these NCs is seen from the lattice fringe in HRTEM graphs.
The calculated spacing is 0.36 nm, which matches the (100)
plane of a wurtzite CdSe NCs.23

All of these results suggest the following mechanism of OAm
on the nucleation and growth processes of the NCs. In terms of
precursor conversion, the addition of OAm would gradually
decrease the formation of CdSe NCs, leading to about 30% loss
of CdSe units the in the presence of 2.5 mmol of OAm (Figure
4). However, with respect to the NC concentration and size,
the tendency varies oppositely depending on the amount of
OAm. At lower OAm concentration (below 0.5 mmol), the NC
number is increased while the corresponding NC size reduce. It
is worth mentioning this phenomenon is different from the
surface activation effect of alkylamine as reported by Peng et
al.15−17 They claimed alkylamine would produce ZnSe NCs
with smaller starting size, higher NC concentration, and higher

growth rate, therefore contrary to the results we obtained here.
They further proposed amine was responsible for accelerating
the CdSe NCs growth when the amine was used above its
boiling temperature (quasi-gas window), while in our case the
reaction was performed at 210 °C, far below the boiling
temperature of OAm (364 °C). We believe OAm here acts as a
“nucleating agent”, which was considered to strongly bind to
the NC surface, forming insoluble surface precipitates and
kinetically delaying both dissolution and growth of nuclei.24

Two observations are found to demonstrate the role of amine
as nucleating agent. First, enhanced NC concentrations are
found when the amine content is relatively low (below 0.5
mmol). Second, the dissolution of unstable nuclei, which
happens in route 1, disappears after the addition of alkylamine,
indicating the unstable NC becomes more stable under the
protection of amine.
The interaction of amine with precursors reduces the

solubility of the monomer in the solution, forming a less stable
monomer that is easier to precipitate and nucleate. We focus
now on the temporal evolution of NC concentration for route
1, as shown in Figure S2c, and routes 2 and 3, as shown in
Figure 3c,f. Standard route 1, where amine is absent, shows a
prolonged nucleation period of 4 min, followed by partly
dissolution of NCs.20−22 Critical NC radius dynamically grows
larger at the cost of redissolution of unstable smaller NCs. In
the presence of amine, the rapid increase of NC concentration
is directly followed by a saturated plateau, and the final NC
concentrations are increased (routes 2 and 3). Therefore, OAm
addition is proved to be beneficial to the nucleation process by
effectively protecting the formed NCs and greatly extending the
nucleation period. As a consequence, the final NC size becomes
smaller (Figure 3a,d), but the size uniformity becomes inferior
(Figure 5d,e).
We found that application of a higher OAm concentration in

routes 2 and 3 slowed down nucleation, as shown in Figure 3c,f.
The increase of OAm content results in a decrease of the

Figure 5. Photoluminescence (PL) spectra of CdSe NCs extracted after 15 min of reaction(a) using route 2, in which TOP-Se was injected into a
mixture of Cd(OA)2 and OAm, (b) using route 3, in which Cd(OA)2 was injected into a mixture of TOP-Se and OAm, and (c) using route 4, in
which TOP-Se was injected into Cd(OA)2, followed by the injection of OAm. Temporal evolution of fwhm of the PL peaks of CdSe NCs obtained
using (d) route 2, (e) route 3, and (f) route 4. All these reaction routes employed various amounts of OAm, namely, 0.1 (●), 0.5 (▲), 1.0 (▼), and
2.5 mmol (⧫).
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collision frequency among nuclei, thereby suggesting OAm as a
passivating agent. We know that the formation of nuclei
comprised the binding of TOP-Se to the Cd center and
cleavage of the PSe bond. In the absence of amine, cadmium
oleate exists as a tetradentate complex. During the reaction,
TOP-Se coordinates to the Cd center and forms an activated
metal−phosphine complex at the expense of removing a
carboxylate ion. Afterward, nucleophilic attack by the free
carboxylate ion breaks the PSe bond and forms a CdSe bond
(Figure 1a).27,28

When OAm is used prior to the nucleation, it would
coordinate to the Cd center and form a hexadentate complex.
Thereafter, this complex is bound to TOP-Se by substituting
the amine ligand to form an alkylaminophosphonium
intermediate, which is subsequently attacked by the carboxylate
and finally reacts with CdSe monomer (Figure 1b).20

Compared to the tetradentate precursor, the hexadentate
metal−amine complex would create stronger resistance for
the binding of the Cd center with TOP-Se and thus deactivate
the precursor reaction. Furthermore, excess amines are inclined
to dynamically cover the nuclei, producing a steric hindrance,
deterring the contact, collision, and agglomeration of the free
monomers. This looks like an “isolation sphere” with nucleus as
the core and OAm at the surface. Because of the excess of
OAm, nucleation is impeded, subsequently resulting in higher
NC growth rate. In route 4, OAm was injected 32 s after the
reaction of Cd and Se precursors, thus ensuring enough time
for first nucleation to happen. However, subsequent nucleation
slows down due to the addition of OAm, and this effect is more
pronounced for the higher OAm concentrations. Further on in
the process, growth rate and NC concentration have less
dependence on OAm concentration, but the growth is slowed
down with respect to the classical route 1. This points to the
main role of OAm as a passivating agent at the nucleation/
growth stage. In this way, an increase of the amine
concentration would facilitate both the nucleation and growth.

■ CONCLUSION
We have established that OAm plays a dual role, acting on both
nucleation and growth during synthesis of CdSe NCs by the
hot injection method. The OAm concentration in the reaction
mixture plays a key role. We found that at lower contents of
OAm (<0.5 mmol) it prominently acts as an agent affecting
nucleation, thereby increasing the number of nuclei, increasing
the NCs concentration, and thus decreasing the NCs size to 2.6
nm, whereas at higher concentrations (>1.0 mmol), it leads to
passivation of nucleation as well as growth processes, so
generating fewer NCs with larger size up to 3.7 nm.
Accordingly, adjusting degree of nucleation and passivation
by OAm concentration, we can better control the final NCs size
and so tune their size-dependent optical properties.
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Figure 6. TEM graphs (a−d) and size distribution profiles (e−h) of
the CdSe NCs. (a, e) CdSe NCs synthesized using route 1, (b, f) CdSe
NCs synthesized using route 2, (c, g) CdSe NCs synthesized using
route 3, and (d, h) CdSe NCs synthesized using route 4. The OAm
concentration in routes 2−4 is 0.5 mmol. The insets in (a−d) are the
corresponding HRTEM graphs with lattice fringes. Scale bars
correspond to 2 nm for the insets.
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