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Government warning:

I work at a National Lab and do not teach classes 
for a living.  Therefore, I made a lot of new slides 
for this Summer School.  Probably, there are some 

errors or typos.  Failure to check primary sources 
before applying formulae could result in confusion 

or other mental health problems. 
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Inorganic	  nanocrystals

2-‐30	  nm

Surfactant

Organic	  
Ligands

Synthetic apparatus for colloidal 
inorganic nanocrystals

Up to ~ 350 °C

Air-free

Various organic ligands 
stabilize during and after 
growth

Inorganic	  
Core

Surfactant
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Transmission electron microscopy 

(TEM) of colloidal nanocrystals
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Transmission electron microscopy 

(TEM) of colloidal nanocrystals
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X-ray diffraction (XRD) of colloidal 
nanocrystals

!
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X-ray diffraction (XRD) of colloidal 
nanocrystals

!

X-ray diffraction of MgO nanocrystals
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X-ray diffraction (XRD) of colloidal 
nanocrystals

!

size

X-ray diffraction of MgO nanocrystals

d � λ

βcorr cos θ

Debye-Scherrer broadening
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Optical spectroscopy of semiconductor 
nanocrystals (Quantum Dots)

size
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Optical spectroscopy of semiconductor 
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Optical spectroscopy of semiconductor 
nanocrystals

size

A350 ➔ 
concentration

λmax ➔ 
diameter hwhm ➔ 

size dist.
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Vial Gripper & 
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Insert new WANDA movie here

Workstation for Automated 

Nanomaterials Discovery and Analysis
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High-throughput characterization

CdSe nanocrystal aliquots

96-well X-ray diffraction microplateCdSe and CdTe nanocrystal PL in quartz microplate

Absorption, Emission
Size, size distribution, concentration, doping

X-ray diffraction
Crystal structure, size, shape
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Classical model for colloidal nucleation 

and growth

review by: Hyeon, et al. Angew. Chem. (2007)

originally: LaMer (1950)
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Classical model for colloidal nucleation 

and growth

review by: Hyeon, et al. Angew. Chem. (2007)

“burst”
nucleation

originally: LaMer (1950)
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Classical model for colloidal nucleation 

and growth

review by: Hyeon, et al. Angew. Chem. (2007)

“burst”
nucleation

growth

originally: LaMer (1950)

Wednesday, August 11, 2010



MOLECULAR 
FOUNDRY 

Free energy for formation of a crystal 
from supersaturated growth solution

∆G = 4πr2γ − 4

3
πr3RT ln S

Vm

Surface
Energy

Bulk
Energy

r

0

ΔG

ΔGc

rc

- r 3

+ r 2
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What is the critical supersaturation (Sc)?
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What is the critical supersaturation (Sc)?

rc =
2γVm

RT ln S

Critical radius must be small 
enough for stable nuclei to form

r

0

ΔG

ΔGc

rc

- r 3

+ r 2
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What is the critical supersaturation (Sc)?

rc =
2γVm

RT ln S

dN

dt
= A exp

�
−∆Gc

kT

�

dN

dt
= A exp

�
− 16πγ3V 2

m

3k3T 3N2
A(ln S)2

�

Critical radius must be small 
enough for stable nuclei to form

Nucleation rate must exceed 

dissolution rate
r

0

ΔG

ΔGc

rc

- r 3

+ r 2
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Separation of nucleation and growth 

due to ppt rate dependence on S
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Diffusion controlled growth and the 

“focusing” effect

monomer
diffusion

D

kp

review by: Hyeon, et al. Angew. Chem. (2007)

originally: Reiss (1951)

dr

dt

Arrival rate of monomers goes as r2

Volume goes as r3
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Diffusion controlled growth and the 

“focusing” effect

monomer
diffusion

D

kp

review by: Hyeon, et al. Angew. Chem. (2007)

originally: Reiss (1951)

dr

dt

D

r
∝

Arrival rate of monomers goes as r2

Volume goes as r3
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Diffusion controlled growth and the 

“focusing” effect

monomer
diffusion

D

kp

review by: Hyeon, et al. Angew. Chem. (2007)

originally: Reiss (1951)

dr

dt

D

r
∝

Arrival rate of monomers goes as r2

Volume goes as r3

Size distribution becomes 
narrower under diffusion-

controlled growth 
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Gibbs-Thomson effect and Ostwald 

ripening

kp kd Δμ
ɣ
r

∝

review by: Hyeon, et al. Angew. Chem. (2007)

originally: Ostwald (1901)

monomer
diffusion

D
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Gibbs-Thomson effect and Ostwald 

ripening

kp kd Δμ
ɣ
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review by: Hyeon, et al. Angew. Chem. (2007)

originally: Ostwald (1901)
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Gibbs-Thomson effect and Ostwald 

ripening
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review by: Hyeon, et al. Angew. Chem. (2007)
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Gibbs-Thomson effect and Ostwald 

ripening

kp kd Δμ
ɣ
r

∝

Size distribution becomes 
broader due to Ostwald ripening 

review by: Hyeon, et al. Angew. Chem. (2007)

originally: Ostwald (1901)

monomer
diffusion

D
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Diffusion-controlled growth 

considering Gibbs-Thomson effect

Case of diffusion-

controlled growth with 

size-dependent 
solubility

Curve shape is modified 

when considering 

reaction rates, but 
qualitatively holdsRipening effect

Focusing effect

r

dr

dt

0

rc
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Competing growth regimes for colloidal 
particles

r/rc

dr

dt

0

review by: Hyeon, et al. Angew. Chem. (2007)
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Competing growth regimes for colloidal 
particles

r/rc

dr

dt

0

“Focusing” and Ostwald 

ripening can coexist

review by: Hyeon, et al. Angew. Chem. (2007)
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Competing growth regimes for colloidal 
particles

r/rc

dr

dt

0

small D, high kp “Focusing” and Ostwald 

ripening can coexist

review by: Hyeon, et al. Angew. Chem. (2007)
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Competing growth regimes for colloidal 
particles

r/rc

dr

dt

0

small D, high kp

large D, small kp

“Focusing” and Ostwald 

ripening can coexist

review by: Hyeon, et al. Angew. Chem. (2007)
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Competing growth regimes for colloidal 
particles

r/rc

dr

dt

0

small D, high kp

large D, small kp

“Focusing” and Ostwald 

ripening can coexist

Diffusion-limited growth 

favors focusing

review by: Hyeon, et al. Angew. Chem. (2007)
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Competing growth regimes for colloidal 
particles

r/rc

dr

dt

0
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small D, high kp

large D, small kp

high [monomer]

“Focusing” and Ostwald 

ripening can coexist

Diffusion-limited growth 

favors focusing
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Competing growth regimes for colloidal 
particles

r/rc

dr

dt
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dr

dt

0

small D, high kp

large D, small kp

high [monomer]

low [monomer]

“Focusing” and Ostwald 

ripening can coexist

Diffusion-limited growth 

favors focusing
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Competing growth regimes for colloidal 
particles

r/rc

dr

dt

0

dr

dt

0

small D, high kp

large D, small kp

high [monomer]

low [monomer]

“Focusing” and Ostwald 

ripening can coexist

Diffusion-limited growth 

favors focusing

High supersaturation 

favors focusing 

review by: Hyeon, et al. Angew. Chem. (2007)
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Control strategies: Achieve burst 
nucleation by “hot injection”

Thermocouple 

Precursors 

Ar or N2 

Heating Mantle 

Solvent + surfactant 

Cd(CH3)2    + 

350 °C

50 nm

CdSe via “hot injection”

(TOP-Se)

Bawendi, et al. (1993); Alivisatos, et al.
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Control strategies: “Delayed” burst 
nucleation

Iron Oxide via “delayed 
nucleation” Fe(COOR)3 

Time

C
o

nc
en

tr
at

io
n

nucleation

Hyeon, et al. Acc. Chem. Res. (2006)

Δ
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crystal
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In situ monitoring of monomer 
formation and nucleation

Iron Oxide via “delayed 
nucleation”

Alivisatos, et al. J. Am. Chem. Soc. (2006)
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Control strategies: “Focusing” by 

multiple injections 

Focusing by multiple 
hot injections

25 nm

Alivisatos, et al. JACS (1998)
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Control strategies: “Focusing” by 

multiple injections 

Focusing by multiple 
hot injections

25 nm

Alivisatos, et al. JACS (1998)
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Control strategies: “Focusing” by 

multiple injections 

Focusing by multiple 
hot injections

25 nm

Alivisatos, et al. JACS (1998)

BUT... growth rates 
are orders of 

magnitudes slower 
than the expected 
diffusion limit?!?
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Sustained focusing without multiple 

injections
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E. Chan, et al 
Nano Lett (2010).
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Growth by Ostwald ripening

nucleation and NP growth, which can be realized, e.g., by the
“hot injection” method.7 The characteristics of the starting NP
ensemble (mean radius of NPs 1.0 nm with standard deviation
of 20%) used for the simulation were similar to the ones
experimentally observed in the synthesis of CdSe nanocrystals
from organometallic precursors at 360 °C.17 An ensemble with
similar parameters also forms at initial stages of the synthesis
of CdTe nanocrystals in aqueous medium.37
Figure 3a shows temporal evolution of the particle size

distribution during diffusion-controlled Ostwald ripening (K )
0.001). It is clearly seen that initially symmetric normal particle
radius distribution evolves in time toward the asymmetric
negatively skived one. Similar results were obtained when we
varied the standard deviation of the initial normal distribution
or even used nonGaussian, e.g., log-normal distributions. After
a rather short transient period where the drastic changes in shape
of the size distribution occurred, only minor changes were
evidenced for later stages of the NP growth. A set of size
distribution curves calculated at different instants of time during
the reaction-controlled Ostwald ripening (K) 1000) is presented
in Figure 3b. In the case of reaction-controlled coarsening the
particle size distributions were systematically broader as
compared to those observed for diffusion-controlled growth.
This observation can be explained with the size dependence of
the NP growth rate presented in Figure 2a. The difference
between rcr and the radius of NP with maximal growth rate (rmax)
increases gradually with K. Particles smaller than rcr dissolve
rapidly, at the same time particles larger than rmax have growth
rates decreasing with r, and thus, their size distribution narrows
down in time.
The temporal evolution of the mean particle radius !r" and

the standard deviation σ (in %) of the particle size distribution
are presented in Figure 4a. The !r"3 Vs τ curve shows a nonlinear
behavior during the particle growth in the whole studied range
of !r" (1.0-3.0 nm), and the growth rate is much higher
compared to that predicted by the LSW theory (Figure 4a). This
is a result of both the nonstationary regime of coarsening and
intrinsic nonvalidity of eq 24 for the nanoscale systems. The
value of σ (%) tends to a steady-state value of 18.7 ( 1.0%
after a short transient behavior being strongly dependent on the
initial conditions. The temporal changes of the oversaturation
S and the particle concentration N are presented in Figure 4b.
It is worth to mention that the temporal behavior of both S and
N is very difficult to determine experimentally with reasonable
accuracy.

To simulate Ostwald ripening under different contributions
of diffusion and surface reaction, we varied the coefficient K
in eq 18. For all values of K tested, the initial standard deviation
of particle size distribution (20%) changed drastically during
initial stages of the nanocrystals growth. This transient behavior
depended strongly on the parameters of the initial particle size
distribution. After an increase of the mean radius from 1.0 nm
(starting value) to ca. 1.5 nm, some saturation level of σ(%)
was reached which was rather stable during further growth,
especially in the case of small and large values of K (K < 0.1
or K > 1). The value of σ corresponding to the saturation level
was strongly dependent on K, from 18% for K < 0.01 to 35%
for K > 100. When the regime of the stationary growth was
attended, the further coarsening became self-similar with very
slow change of the shape of distribution curve keeping σ almost
constant. Figure 5 shows nearly stationary particle size distribu-
tion curves observed at later stages of Ostwald ripening under
different contributions of diffusion and surface reaction as
expressed by the coefficient K. The most pronounced difference
was observed for 0.01 < K < 10, whereas below and above
this range the influence of K on the shape of the σ(%) vs !r"
curve was minimal.
The limiting size distributions predicted by the LSW theory

for the pure diffusion-limited and reaction-limited cases are
shown as dashed lines in Figure 5 for comparison. In the case
of diffusion-limited NP coarsening the size distribution is more
symmetric and more narrow as compared to the predicted one.
Thus, the value of σ inherent to the LSW distribution is∼21.5%.
The simulations of Ostwald ripening of the NP ensembles
presented in Figurs 3-5 started from σ ) 20% and led to the
stationary values of σ of 18 ( 1.5%. This fact is of interest
because all previous corrections of the LSW resulted in
broadening of the size distributions.24,27 In fact, many experi-
ments performed for ensembles of large colloidal particles or
droplets showed the size distributions being generally broader
than predicted by LSW theory for these systems.27 On the other
hand, semiconductor NPs synthesized in colloidal solutions
whose growth occurs probably via the Ostwald ripening often
showed the particle size distributions markedly below 20%.7,8,10-12
However, it is worth mentioning that the narrow particle size

Figure 3. Temporal evolution of size distribution of the NP ensemble
during the Ostwald ripening under (a) diffusion (K ) 10-3) and (b)
reaction (K ) 103) control. Figure 4. Diffusion-controlled Ostwald ripening (S0 ) 15, K ) 10-3)

of the NP ensemble. (a) Evolution of the mean particle radius and
standard deviation of particle size distribution in time. Dashed lines
correspond to LSW predicted ripening. (b) Change of the number of
particles (N) and monomer oversaturation (S) during the ensemble
evolution.

12282 J. Phys. Chem. B, Vol. 105, No. 49, 2001 Talapin et al.
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Talapin, Weller, et al. J. Phys. Chem. B (2001)

Bawendi, et al. J. Am. Chem. Soc. (1993)
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nucleation and NP growth, which can be realized, e.g., by the
“hot injection” method.7 The characteristics of the starting NP
ensemble (mean radius of NPs 1.0 nm with standard deviation
of 20%) used for the simulation were similar to the ones
experimentally observed in the synthesis of CdSe nanocrystals
from organometallic precursors at 360 °C.17 An ensemble with
similar parameters also forms at initial stages of the synthesis
of CdTe nanocrystals in aqueous medium.37
Figure 3a shows temporal evolution of the particle size

distribution during diffusion-controlled Ostwald ripening (K )
0.001). It is clearly seen that initially symmetric normal particle
radius distribution evolves in time toward the asymmetric
negatively skived one. Similar results were obtained when we
varied the standard deviation of the initial normal distribution
or even used nonGaussian, e.g., log-normal distributions. After
a rather short transient period where the drastic changes in shape
of the size distribution occurred, only minor changes were
evidenced for later stages of the NP growth. A set of size
distribution curves calculated at different instants of time during
the reaction-controlled Ostwald ripening (K) 1000) is presented
in Figure 3b. In the case of reaction-controlled coarsening the
particle size distributions were systematically broader as
compared to those observed for diffusion-controlled growth.
This observation can be explained with the size dependence of
the NP growth rate presented in Figure 2a. The difference
between rcr and the radius of NP with maximal growth rate (rmax)
increases gradually with K. Particles smaller than rcr dissolve
rapidly, at the same time particles larger than rmax have growth
rates decreasing with r, and thus, their size distribution narrows
down in time.
The temporal evolution of the mean particle radius !r" and

the standard deviation σ (in %) of the particle size distribution
are presented in Figure 4a. The !r"3 Vs τ curve shows a nonlinear
behavior during the particle growth in the whole studied range
of !r" (1.0-3.0 nm), and the growth rate is much higher
compared to that predicted by the LSW theory (Figure 4a). This
is a result of both the nonstationary regime of coarsening and
intrinsic nonvalidity of eq 24 for the nanoscale systems. The
value of σ (%) tends to a steady-state value of 18.7 ( 1.0%
after a short transient behavior being strongly dependent on the
initial conditions. The temporal changes of the oversaturation
S and the particle concentration N are presented in Figure 4b.
It is worth to mention that the temporal behavior of both S and
N is very difficult to determine experimentally with reasonable
accuracy.

To simulate Ostwald ripening under different contributions
of diffusion and surface reaction, we varied the coefficient K
in eq 18. For all values of K tested, the initial standard deviation
of particle size distribution (20%) changed drastically during
initial stages of the nanocrystals growth. This transient behavior
depended strongly on the parameters of the initial particle size
distribution. After an increase of the mean radius from 1.0 nm
(starting value) to ca. 1.5 nm, some saturation level of σ(%)
was reached which was rather stable during further growth,
especially in the case of small and large values of K (K < 0.1
or K > 1). The value of σ corresponding to the saturation level
was strongly dependent on K, from 18% for K < 0.01 to 35%
for K > 100. When the regime of the stationary growth was
attended, the further coarsening became self-similar with very
slow change of the shape of distribution curve keeping σ almost
constant. Figure 5 shows nearly stationary particle size distribu-
tion curves observed at later stages of Ostwald ripening under
different contributions of diffusion and surface reaction as
expressed by the coefficient K. The most pronounced difference
was observed for 0.01 < K < 10, whereas below and above
this range the influence of K on the shape of the σ(%) vs !r"
curve was minimal.
The limiting size distributions predicted by the LSW theory

for the pure diffusion-limited and reaction-limited cases are
shown as dashed lines in Figure 5 for comparison. In the case
of diffusion-limited NP coarsening the size distribution is more
symmetric and more narrow as compared to the predicted one.
Thus, the value of σ inherent to the LSW distribution is∼21.5%.
The simulations of Ostwald ripening of the NP ensembles
presented in Figurs 3-5 started from σ ) 20% and led to the
stationary values of σ of 18 ( 1.5%. This fact is of interest
because all previous corrections of the LSW resulted in
broadening of the size distributions.24,27 In fact, many experi-
ments performed for ensembles of large colloidal particles or
droplets showed the size distributions being generally broader
than predicted by LSW theory for these systems.27 On the other
hand, semiconductor NPs synthesized in colloidal solutions
whose growth occurs probably via the Ostwald ripening often
showed the particle size distributions markedly below 20%.7,8,10-12
However, it is worth mentioning that the narrow particle size

Figure 3. Temporal evolution of size distribution of the NP ensemble
during the Ostwald ripening under (a) diffusion (K ) 10-3) and (b)
reaction (K ) 103) control. Figure 4. Diffusion-controlled Ostwald ripening (S0 ) 15, K ) 10-3)

of the NP ensemble. (a) Evolution of the mean particle radius and
standard deviation of particle size distribution in time. Dashed lines
correspond to LSW predicted ripening. (b) Change of the number of
particles (N) and monomer oversaturation (S) during the ensemble
evolution.

12282 J. Phys. Chem. B, Vol. 105, No. 49, 2001 Talapin et al.
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nucleation and NP growth, which can be realized, e.g., by the
“hot injection” method.7 The characteristics of the starting NP
ensemble (mean radius of NPs 1.0 nm with standard deviation
of 20%) used for the simulation were similar to the ones
experimentally observed in the synthesis of CdSe nanocrystals
from organometallic precursors at 360 °C.17 An ensemble with
similar parameters also forms at initial stages of the synthesis
of CdTe nanocrystals in aqueous medium.37
Figure 3a shows temporal evolution of the particle size

distribution during diffusion-controlled Ostwald ripening (K )
0.001). It is clearly seen that initially symmetric normal particle
radius distribution evolves in time toward the asymmetric
negatively skived one. Similar results were obtained when we
varied the standard deviation of the initial normal distribution
or even used nonGaussian, e.g., log-normal distributions. After
a rather short transient period where the drastic changes in shape
of the size distribution occurred, only minor changes were
evidenced for later stages of the NP growth. A set of size
distribution curves calculated at different instants of time during
the reaction-controlled Ostwald ripening (K) 1000) is presented
in Figure 3b. In the case of reaction-controlled coarsening the
particle size distributions were systematically broader as
compared to those observed for diffusion-controlled growth.
This observation can be explained with the size dependence of
the NP growth rate presented in Figure 2a. The difference
between rcr and the radius of NP with maximal growth rate (rmax)
increases gradually with K. Particles smaller than rcr dissolve
rapidly, at the same time particles larger than rmax have growth
rates decreasing with r, and thus, their size distribution narrows
down in time.
The temporal evolution of the mean particle radius !r" and

the standard deviation σ (in %) of the particle size distribution
are presented in Figure 4a. The !r"3 Vs τ curve shows a nonlinear
behavior during the particle growth in the whole studied range
of !r" (1.0-3.0 nm), and the growth rate is much higher
compared to that predicted by the LSW theory (Figure 4a). This
is a result of both the nonstationary regime of coarsening and
intrinsic nonvalidity of eq 24 for the nanoscale systems. The
value of σ (%) tends to a steady-state value of 18.7 ( 1.0%
after a short transient behavior being strongly dependent on the
initial conditions. The temporal changes of the oversaturation
S and the particle concentration N are presented in Figure 4b.
It is worth to mention that the temporal behavior of both S and
N is very difficult to determine experimentally with reasonable
accuracy.

To simulate Ostwald ripening under different contributions
of diffusion and surface reaction, we varied the coefficient K
in eq 18. For all values of K tested, the initial standard deviation
of particle size distribution (20%) changed drastically during
initial stages of the nanocrystals growth. This transient behavior
depended strongly on the parameters of the initial particle size
distribution. After an increase of the mean radius from 1.0 nm
(starting value) to ca. 1.5 nm, some saturation level of σ(%)
was reached which was rather stable during further growth,
especially in the case of small and large values of K (K < 0.1
or K > 1). The value of σ corresponding to the saturation level
was strongly dependent on K, from 18% for K < 0.01 to 35%
for K > 100. When the regime of the stationary growth was
attended, the further coarsening became self-similar with very
slow change of the shape of distribution curve keeping σ almost
constant. Figure 5 shows nearly stationary particle size distribu-
tion curves observed at later stages of Ostwald ripening under
different contributions of diffusion and surface reaction as
expressed by the coefficient K. The most pronounced difference
was observed for 0.01 < K < 10, whereas below and above
this range the influence of K on the shape of the σ(%) vs !r"
curve was minimal.
The limiting size distributions predicted by the LSW theory

for the pure diffusion-limited and reaction-limited cases are
shown as dashed lines in Figure 5 for comparison. In the case
of diffusion-limited NP coarsening the size distribution is more
symmetric and more narrow as compared to the predicted one.
Thus, the value of σ inherent to the LSW distribution is∼21.5%.
The simulations of Ostwald ripening of the NP ensembles
presented in Figurs 3-5 started from σ ) 20% and led to the
stationary values of σ of 18 ( 1.5%. This fact is of interest
because all previous corrections of the LSW resulted in
broadening of the size distributions.24,27 In fact, many experi-
ments performed for ensembles of large colloidal particles or
droplets showed the size distributions being generally broader
than predicted by LSW theory for these systems.27 On the other
hand, semiconductor NPs synthesized in colloidal solutions
whose growth occurs probably via the Ostwald ripening often
showed the particle size distributions markedly below 20%.7,8,10-12
However, it is worth mentioning that the narrow particle size

Figure 3. Temporal evolution of size distribution of the NP ensemble
during the Ostwald ripening under (a) diffusion (K ) 10-3) and (b)
reaction (K ) 103) control. Figure 4. Diffusion-controlled Ostwald ripening (S0 ) 15, K ) 10-3)

of the NP ensemble. (a) Evolution of the mean particle radius and
standard deviation of particle size distribution in time. Dashed lines
correspond to LSW predicted ripening. (b) Change of the number of
particles (N) and monomer oversaturation (S) during the ensemble
evolution.
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The depletion of reagents through nucleation and the sudden 
temperature drop associated with the introduction of room 
temperature reagents prevents further nucleation. Gently re- 
heating allows slow growth and annealing of the crystallites. 
Crystallite growth appears consistent with “Ostwald ripening”, 
where the higher surface free energy of small crystallites makes 
them less stable with respect to dissolution in the solvent than 
larger crystallites. The net result of this stability gradient within 
a dispersion is slow diffusion of material from small particles to 
the surface of larger partic1es.I’ Reiss has shown how growth by 
this kind of transport can result in the production of highly 
monodisperse colloidal dispersions from systems that may initially 
be polydisperse.I2 

Both the average size and the size distribution of crystallites 
in a sample are dependent on the growth temperature, consistent 
with surface free energy considerations. The growth temperature 
necessary to maintain steady growth increases with increasing 
average crystallite size. As the size distribution sharpens, the 
reaction temperature must be raised to maintain steady growth. 
Conversely, if the size distribution begins to spread, the tem- 
perature necessary for slow steady growth drops. Size distri- 
butions during growth are crudely estimated from absorption 
line widths (typically 50 nm fwhm). Modulation of the reaction 
temperature in response to changes in the absorption spectrum 
allows the maintenance of a sharp size distribution as the sample 
grows. 

The Ostwald ripening process accentuates any kinetic or 
thermodynamic ‘bottleneck” in the growth of crystallites. As a 
bottleneck is approached (e.g. a closed structural shell), sharpening 
of the sample size distribution reduces the thermodynamic driving 
force for further growth. Sharpening in the absorption features 
as the average particle size approaches 12,20,35,45, and 51 A 
in diameter may point to the presence of such bottlenecks. 

Capping groups present a significant steric barrier to the 
addition of material to the surface of a growing crystallite, slowing 
the growth kinetics. The TOP/TOPO solvent coordinates the 
surface of the crystallites and permits slow steady growth at 
temperatures above 280 OC. Replacing the octyl chains with 
shorter groups reduces the temperature for controlled growth. 
Mixed alkylphosphine/alkylphosphine oxide solvents with butyl, 
ethyl, and methyl groups show uncontrolled growth at 230, 100, 
and 50 OC, respectively. Steady controlled growth resultsin highly 
monodisperse particles of consistent crystal structure and allows 
size selection by extracting samples periodically from the reaction 
vessel. 

A wealth of potential organometallic precursors and high boiling 
point coordinating solvents exist. Although phosphine/phosphine 
oxide have been found to provide the most controlled growth 
conditions, injections of reagents into hot pyridines, tertiary 
amines, and furans all allow production of nanocrystallites. 

We are beginning the extension of this synthetic method to the 
production of ZnE and HgE materials using diethylzinc and 
dibenzylmercury as group I1 sources. Growth conditions have 
not yet been optimized to provide sample quality comparable to 
that of CdE materials. 

Colloid Stabilization and Size-Selective Precipitation. Lyo- 
phobic colloidal particles attract each other by van der Waals 
forces. The attraction is strong due to the near additivity of 
forces between pairs of unit cells in different particles.13 Colloids 
remain stable with respect to aggregation only if there exists a 
repulsive force of sufficient strength and range to counteract the 
van der Waals attraction. Chemisorption of ambiphylic species 
on the surface of the particles gives rise to a steric barrier to 
aggregation. The dispersions of CdSe nanocrystallites are 

(1 1)  Smith,A. L. ParticleGr0wthinSuspensions;AcademicPress: London, 
1983; pp 3-15. 

(12) Reiss, H. J.  Chem. Phys. 1951, 19, 482. 
(1 3) Sato, T.; Ruch, R. Stabilization of Colloidal Dispersions by Polymer 

J .  Am. Chem. SOC., Vol. 115, No. 19, 1993 

Absorption; Marcel Dekker: New York, 1980; pp 46-51. 

Murray et al. 

350 400 450 500 550 600 
Wavelength (nm) 

Figure 1. Example of the effect of size-selective precipitation on the 
absorption spectrum of - 37 A diameter CdSe nanocrystallites. (a) Room 
temperature optical absorption spectrum of the nanocrystallites in the 
growth solution before size-selective precipitation. (b) Spectrum after 
one size-selective precipitation from the growth solution wit 5 methanol. 
(c) Spectrum after dispersion in 1 -butanol and size-selective precipitation 
with methanol. (d) Spectrum after a final size-selective precipitation 
from I-butanol/methanol. 

sterically stabilized by a lyophylic coat of alkyl groups anchored 
to the crystallite surface by phosphine oxide/chalconide moieties. 
The efficiency of the steric stabilization is strongly dependent on 
the interaction of the alkyl groups with the solvent. Gradual 
addition of a nonsolvent can produce size-dependent flocculation 
of the nanocrystallite dispersion. This phenomenon is exploited 
in further narrowing the particle size distribution. 

The addition of methanol increases the average polarity of the 
solvent and reduces the energetic barrier to flocculation. The 
largest particles in a dispersion experience the greatest attractive 
forces. These large particles have a higher probability of 
overcoming the reduced barrier and are thus enriched in the 
flocculate produced. The removal of a specific subset of particles 
from the initial size distribution narrows the size distribution of 
both supernatant and precipitate. Depending on the cap molecule, 
a number of solvent/nonsolvent systems can be used for size- 
selective precipitation (e.g. hexane/ethanol, chloroform/meth- 
anol, pyridinefhexane, etc .... ). 

Figure 1 illustrates the result of size-selective precipitation. 
Spectrum a shows the optical absorption of the initial growth 
solution. The broad absorption features correspond to a sample 
with an average size of 35 A f 10% (sized by TEM). Slow 
addition of methanol results in the flocculation of the larger 
particles in the distribution which give spectrum b after dispersing 
in 1-butanol. Titration of methanol in sample b again produces 
flocculation of the larger particles, giving spectrum c upon 
dispersion in 1-butanol. A final size-selective precipitation from 
1-butanol yields a sample with optical absorption d and with an 
average size of -37 A f 5%. Spectrum d is dramatically 
sharpened relative to that of the initial growth solution and reveals 
transitions at 530 and -400 nm which were previously cloaked 
by polydispersity. For the fractionation process to work well it 
is crucially important that the shape and surface derivatization 
of the initial crystallites be uniform and that the initial poly- 
dispersity in size be relatively small. 
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nucleation and NP growth, which can be realized, e.g., by the
“hot injection” method.7 The characteristics of the starting NP
ensemble (mean radius of NPs 1.0 nm with standard deviation
of 20%) used for the simulation were similar to the ones
experimentally observed in the synthesis of CdSe nanocrystals
from organometallic precursors at 360 °C.17 An ensemble with
similar parameters also forms at initial stages of the synthesis
of CdTe nanocrystals in aqueous medium.37
Figure 3a shows temporal evolution of the particle size

distribution during diffusion-controlled Ostwald ripening (K )
0.001). It is clearly seen that initially symmetric normal particle
radius distribution evolves in time toward the asymmetric
negatively skived one. Similar results were obtained when we
varied the standard deviation of the initial normal distribution
or even used nonGaussian, e.g., log-normal distributions. After
a rather short transient period where the drastic changes in shape
of the size distribution occurred, only minor changes were
evidenced for later stages of the NP growth. A set of size
distribution curves calculated at different instants of time during
the reaction-controlled Ostwald ripening (K) 1000) is presented
in Figure 3b. In the case of reaction-controlled coarsening the
particle size distributions were systematically broader as
compared to those observed for diffusion-controlled growth.
This observation can be explained with the size dependence of
the NP growth rate presented in Figure 2a. The difference
between rcr and the radius of NP with maximal growth rate (rmax)
increases gradually with K. Particles smaller than rcr dissolve
rapidly, at the same time particles larger than rmax have growth
rates decreasing with r, and thus, their size distribution narrows
down in time.
The temporal evolution of the mean particle radius !r" and

the standard deviation σ (in %) of the particle size distribution
are presented in Figure 4a. The !r"3 Vs τ curve shows a nonlinear
behavior during the particle growth in the whole studied range
of !r" (1.0-3.0 nm), and the growth rate is much higher
compared to that predicted by the LSW theory (Figure 4a). This
is a result of both the nonstationary regime of coarsening and
intrinsic nonvalidity of eq 24 for the nanoscale systems. The
value of σ (%) tends to a steady-state value of 18.7 ( 1.0%
after a short transient behavior being strongly dependent on the
initial conditions. The temporal changes of the oversaturation
S and the particle concentration N are presented in Figure 4b.
It is worth to mention that the temporal behavior of both S and
N is very difficult to determine experimentally with reasonable
accuracy.

To simulate Ostwald ripening under different contributions
of diffusion and surface reaction, we varied the coefficient K
in eq 18. For all values of K tested, the initial standard deviation
of particle size distribution (20%) changed drastically during
initial stages of the nanocrystals growth. This transient behavior
depended strongly on the parameters of the initial particle size
distribution. After an increase of the mean radius from 1.0 nm
(starting value) to ca. 1.5 nm, some saturation level of σ(%)
was reached which was rather stable during further growth,
especially in the case of small and large values of K (K < 0.1
or K > 1). The value of σ corresponding to the saturation level
was strongly dependent on K, from 18% for K < 0.01 to 35%
for K > 100. When the regime of the stationary growth was
attended, the further coarsening became self-similar with very
slow change of the shape of distribution curve keeping σ almost
constant. Figure 5 shows nearly stationary particle size distribu-
tion curves observed at later stages of Ostwald ripening under
different contributions of diffusion and surface reaction as
expressed by the coefficient K. The most pronounced difference
was observed for 0.01 < K < 10, whereas below and above
this range the influence of K on the shape of the σ(%) vs !r"
curve was minimal.
The limiting size distributions predicted by the LSW theory

for the pure diffusion-limited and reaction-limited cases are
shown as dashed lines in Figure 5 for comparison. In the case
of diffusion-limited NP coarsening the size distribution is more
symmetric and more narrow as compared to the predicted one.
Thus, the value of σ inherent to the LSW distribution is∼21.5%.
The simulations of Ostwald ripening of the NP ensembles
presented in Figurs 3-5 started from σ ) 20% and led to the
stationary values of σ of 18 ( 1.5%. This fact is of interest
because all previous corrections of the LSW resulted in
broadening of the size distributions.24,27 In fact, many experi-
ments performed for ensembles of large colloidal particles or
droplets showed the size distributions being generally broader
than predicted by LSW theory for these systems.27 On the other
hand, semiconductor NPs synthesized in colloidal solutions
whose growth occurs probably via the Ostwald ripening often
showed the particle size distributions markedly below 20%.7,8,10-12
However, it is worth mentioning that the narrow particle size

Figure 3. Temporal evolution of size distribution of the NP ensemble
during the Ostwald ripening under (a) diffusion (K ) 10-3) and (b)
reaction (K ) 103) control. Figure 4. Diffusion-controlled Ostwald ripening (S0 ) 15, K ) 10-3)

of the NP ensemble. (a) Evolution of the mean particle radius and
standard deviation of particle size distribution in time. Dashed lines
correspond to LSW predicted ripening. (b) Change of the number of
particles (N) and monomer oversaturation (S) during the ensemble
evolution.
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The depletion of reagents through nucleation and the sudden 
temperature drop associated with the introduction of room 
temperature reagents prevents further nucleation. Gently re- 
heating allows slow growth and annealing of the crystallites. 
Crystallite growth appears consistent with “Ostwald ripening”, 
where the higher surface free energy of small crystallites makes 
them less stable with respect to dissolution in the solvent than 
larger crystallites. The net result of this stability gradient within 
a dispersion is slow diffusion of material from small particles to 
the surface of larger partic1es.I’ Reiss has shown how growth by 
this kind of transport can result in the production of highly 
monodisperse colloidal dispersions from systems that may initially 
be polydisperse.I2 

Both the average size and the size distribution of crystallites 
in a sample are dependent on the growth temperature, consistent 
with surface free energy considerations. The growth temperature 
necessary to maintain steady growth increases with increasing 
average crystallite size. As the size distribution sharpens, the 
reaction temperature must be raised to maintain steady growth. 
Conversely, if the size distribution begins to spread, the tem- 
perature necessary for slow steady growth drops. Size distri- 
butions during growth are crudely estimated from absorption 
line widths (typically 50 nm fwhm). Modulation of the reaction 
temperature in response to changes in the absorption spectrum 
allows the maintenance of a sharp size distribution as the sample 
grows. 

The Ostwald ripening process accentuates any kinetic or 
thermodynamic ‘bottleneck” in the growth of crystallites. As a 
bottleneck is approached (e.g. a closed structural shell), sharpening 
of the sample size distribution reduces the thermodynamic driving 
force for further growth. Sharpening in the absorption features 
as the average particle size approaches 12,20,35,45, and 51 A 
in diameter may point to the presence of such bottlenecks. 

Capping groups present a significant steric barrier to the 
addition of material to the surface of a growing crystallite, slowing 
the growth kinetics. The TOP/TOPO solvent coordinates the 
surface of the crystallites and permits slow steady growth at 
temperatures above 280 OC. Replacing the octyl chains with 
shorter groups reduces the temperature for controlled growth. 
Mixed alkylphosphine/alkylphosphine oxide solvents with butyl, 
ethyl, and methyl groups show uncontrolled growth at 230, 100, 
and 50 OC, respectively. Steady controlled growth resultsin highly 
monodisperse particles of consistent crystal structure and allows 
size selection by extracting samples periodically from the reaction 
vessel. 

A wealth of potential organometallic precursors and high boiling 
point coordinating solvents exist. Although phosphine/phosphine 
oxide have been found to provide the most controlled growth 
conditions, injections of reagents into hot pyridines, tertiary 
amines, and furans all allow production of nanocrystallites. 

We are beginning the extension of this synthetic method to the 
production of ZnE and HgE materials using diethylzinc and 
dibenzylmercury as group I1 sources. Growth conditions have 
not yet been optimized to provide sample quality comparable to 
that of CdE materials. 

Colloid Stabilization and Size-Selective Precipitation. Lyo- 
phobic colloidal particles attract each other by van der Waals 
forces. The attraction is strong due to the near additivity of 
forces between pairs of unit cells in different particles.13 Colloids 
remain stable with respect to aggregation only if there exists a 
repulsive force of sufficient strength and range to counteract the 
van der Waals attraction. Chemisorption of ambiphylic species 
on the surface of the particles gives rise to a steric barrier to 
aggregation. The dispersions of CdSe nanocrystallites are 

(1 1)  Smith,A. L. ParticleGr0wthinSuspensions;AcademicPress: London, 
1983; pp 3-15. 

(12) Reiss, H. J.  Chem. Phys. 1951, 19, 482. 
(1 3) Sato, T.; Ruch, R. Stabilization of Colloidal Dispersions by Polymer 
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Figure 1. Example of the effect of size-selective precipitation on the 
absorption spectrum of - 37 A diameter CdSe nanocrystallites. (a) Room 
temperature optical absorption spectrum of the nanocrystallites in the 
growth solution before size-selective precipitation. (b) Spectrum after 
one size-selective precipitation from the growth solution wit 5 methanol. 
(c) Spectrum after dispersion in 1 -butanol and size-selective precipitation 
with methanol. (d) Spectrum after a final size-selective precipitation 
from I-butanol/methanol. 

sterically stabilized by a lyophylic coat of alkyl groups anchored 
to the crystallite surface by phosphine oxide/chalconide moieties. 
The efficiency of the steric stabilization is strongly dependent on 
the interaction of the alkyl groups with the solvent. Gradual 
addition of a nonsolvent can produce size-dependent flocculation 
of the nanocrystallite dispersion. This phenomenon is exploited 
in further narrowing the particle size distribution. 

The addition of methanol increases the average polarity of the 
solvent and reduces the energetic barrier to flocculation. The 
largest particles in a dispersion experience the greatest attractive 
forces. These large particles have a higher probability of 
overcoming the reduced barrier and are thus enriched in the 
flocculate produced. The removal of a specific subset of particles 
from the initial size distribution narrows the size distribution of 
both supernatant and precipitate. Depending on the cap molecule, 
a number of solvent/nonsolvent systems can be used for size- 
selective precipitation (e.g. hexane/ethanol, chloroform/meth- 
anol, pyridinefhexane, etc .... ). 

Figure 1 illustrates the result of size-selective precipitation. 
Spectrum a shows the optical absorption of the initial growth 
solution. The broad absorption features correspond to a sample 
with an average size of 35 A f 10% (sized by TEM). Slow 
addition of methanol results in the flocculation of the larger 
particles in the distribution which give spectrum b after dispersing 
in 1-butanol. Titration of methanol in sample b again produces 
flocculation of the larger particles, giving spectrum c upon 
dispersion in 1-butanol. A final size-selective precipitation from 
1-butanol yields a sample with optical absorption d and with an 
average size of -37 A f 5%. Spectrum d is dramatically 
sharpened relative to that of the initial growth solution and reveals 
transitions at 530 and -400 nm which were previously cloaked 
by polydispersity. For the fractionation process to work well it 
is crucially important that the shape and surface derivatization 
of the initial crystallites be uniform and that the initial poly- 
dispersity in size be relatively small. 
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if the solution initially contains comparatively large amount of
monomer. To treat this situation we simulated evolution of NP
ensembles with high initial oversaturations, where almost all
particles were larger than rcr. Figure 7 shows σ(%) vs !r" curves
for the diffusion-controlled growth with different initial over-
saturations S. The excess of monomer affected strongly the
evolution of the size distribution during the initial stages of NP
growth. A fast increase of !r" accompanied by a strong
narrowing of the size distribution is observed, followed by
subsequent broadening almost without changes in !r" (Figure
7). The position and depth of the minimum of σ(%) depends
on the initial oversaturation of monomer. The reaction conditions
influencing this parameter can be optimized to produce NPs of
desirable size with very narrow size distributions. The temporal
evolutions of shape of the size distribution in ensemble of
growing NPs are shown in Figures 8a and 8b for the diffusion-
controlled and reaction-controlled growth, respectively. In both
cases a stable growth regime, more than 102 times longer than
the previous stage of rapid particle growth, with slow broadening
of the particle size distribution at the mean particle size being
kept nearly constant was observed. For diffusion-controlled
growth the mean radius !r" and σ(%) change with time as shown
in Figure 9a; the evolution of the number of NPs N and the
oversaturation S are given in Figure 9b. In all cases, the
nanocrystals have initially positive growth rates and smaller
nanocrystals grow faster than the larger ones. The number of
particles remains nearly constant during the stage of “focusing”
of the size distribution. During the “focusing” stage the size
distribution remains nearly symmetric, and it fits well by a
normal distribution. The defocusing is accompanied with a
transition from symmetric toward asymmetric stationary size
distribution. During the focusing stage the oversaturation drops
down to some equilibrium value, and the number of nanocrystals
starts to decrease due to the dissolution of smallest particles.
The Ostwald ripening mechanism governs the further evolution
of the NP ensemble.

5. Summary and Outlook

The model has been developed for the evolution of a single
NP taking in to account the size dependence of the activation
energies of the growth and dissolution processes as well as the
mass transport of monomer toward the particle surface. The
performed Monte Carlo simulations of the evolution of an

ensemble of growing NPs allowed to establish conditions leading
to either “focusing” or “defocusing” of the particle size
distribution. The stationary particle size distribution inherent
to the Ostwald ripening process in ensembles of NPs is narrower
and more symmetric than that predicted by the LSW theory.
The growth of NPs in the diffusion-controlled regime results
in better final size distributions as compared with those grown
in the reaction-controlled regime.
We hope that the results of our calculations provide a deeper

insight into the processes occurring in the colloidal solutions
during the growth of NPs. Of course, the behavior of the real
NPs in colloidal solutions may differ from the idealized model
we used in this paper, e.g., because of the masking the simple
statistics by chemical processes which were outside of our
consideration. However, the model may allow the optimization
of synthetic routes toward monodisperse NP colloids. Two
general strategies to improve the NP size distributions may be
proposed. The first is to carry out the process of the NP growth
in the diffusion controlled regime, presumably by decreasing
the diffusion or mass transfer coefficient of the system. The

Figure 7. Dependence of the standard deviation of particle size
distribution on the mean particle size for different initial oversaturations
of monomer in the solution. Arrows show focusing, defocusing, and
equilibrium of the size distribution. K ) 10-2.

Figure 8. Temporal evolution of the size distribution of the NP
ensemble at high initial oversaturation of monomer (S0 ) 900) under
(a) diffusion (K ) 10-3) and (b) reaction (K ) 103) control.

Figure 9. Temporal evolution of the NP ensemble with high initial
monomer oversaturation (S0 ) 900, K ) 10-3). (a) Evolution of the
mean particle radius and standard deviation of their size distribution
in time. (b) Changes of the number of particles (N) and monomer
oversaturation (S) during the ensemble evolution.
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if the solution initially contains comparatively large amount of
monomer. To treat this situation we simulated evolution of NP
ensembles with high initial oversaturations, where almost all
particles were larger than rcr. Figure 7 shows σ(%) vs !r" curves
for the diffusion-controlled growth with different initial over-
saturations S. The excess of monomer affected strongly the
evolution of the size distribution during the initial stages of NP
growth. A fast increase of !r" accompanied by a strong
narrowing of the size distribution is observed, followed by
subsequent broadening almost without changes in !r" (Figure
7). The position and depth of the minimum of σ(%) depends
on the initial oversaturation of monomer. The reaction conditions
influencing this parameter can be optimized to produce NPs of
desirable size with very narrow size distributions. The temporal
evolutions of shape of the size distribution in ensemble of
growing NPs are shown in Figures 8a and 8b for the diffusion-
controlled and reaction-controlled growth, respectively. In both
cases a stable growth regime, more than 102 times longer than
the previous stage of rapid particle growth, with slow broadening
of the particle size distribution at the mean particle size being
kept nearly constant was observed. For diffusion-controlled
growth the mean radius !r" and σ(%) change with time as shown
in Figure 9a; the evolution of the number of NPs N and the
oversaturation S are given in Figure 9b. In all cases, the
nanocrystals have initially positive growth rates and smaller
nanocrystals grow faster than the larger ones. The number of
particles remains nearly constant during the stage of “focusing”
of the size distribution. During the “focusing” stage the size
distribution remains nearly symmetric, and it fits well by a
normal distribution. The defocusing is accompanied with a
transition from symmetric toward asymmetric stationary size
distribution. During the focusing stage the oversaturation drops
down to some equilibrium value, and the number of nanocrystals
starts to decrease due to the dissolution of smallest particles.
The Ostwald ripening mechanism governs the further evolution
of the NP ensemble.

5. Summary and Outlook

The model has been developed for the evolution of a single
NP taking in to account the size dependence of the activation
energies of the growth and dissolution processes as well as the
mass transport of monomer toward the particle surface. The
performed Monte Carlo simulations of the evolution of an

ensemble of growing NPs allowed to establish conditions leading
to either “focusing” or “defocusing” of the particle size
distribution. The stationary particle size distribution inherent
to the Ostwald ripening process in ensembles of NPs is narrower
and more symmetric than that predicted by the LSW theory.
The growth of NPs in the diffusion-controlled regime results
in better final size distributions as compared with those grown
in the reaction-controlled regime.
We hope that the results of our calculations provide a deeper

insight into the processes occurring in the colloidal solutions
during the growth of NPs. Of course, the behavior of the real
NPs in colloidal solutions may differ from the idealized model
we used in this paper, e.g., because of the masking the simple
statistics by chemical processes which were outside of our
consideration. However, the model may allow the optimization
of synthetic routes toward monodisperse NP colloids. Two
general strategies to improve the NP size distributions may be
proposed. The first is to carry out the process of the NP growth
in the diffusion controlled regime, presumably by decreasing
the diffusion or mass transfer coefficient of the system. The

Figure 7. Dependence of the standard deviation of particle size
distribution on the mean particle size for different initial oversaturations
of monomer in the solution. Arrows show focusing, defocusing, and
equilibrium of the size distribution. K ) 10-2.

Figure 8. Temporal evolution of the size distribution of the NP
ensemble at high initial oversaturation of monomer (S0 ) 900) under
(a) diffusion (K ) 10-3) and (b) reaction (K ) 103) control.

Figure 9. Temporal evolution of the NP ensemble with high initial
monomer oversaturation (S0 ) 900, K ) 10-3). (a) Evolution of the
mean particle radius and standard deviation of their size distribution
in time. (b) Changes of the number of particles (N) and monomer
oversaturation (S) during the ensemble evolution.
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particles nearly constant in time
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Wednesday, August 11, 2010



MOLECULAR 
FOUNDRY 
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supply rate of monomers

N - total number of 
particles nucleated

Q - monomer supply rate

N ∝ QVm

ν
∝ QRT

DγCeq

Sugimoto (1991, 2000).
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Y ield [LimitingReagent]0

[Particle]

E. Chan, et al 
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Fundamentals of nanoparticle synthesis
Basic apparatus & techniques

Hot solution with surfactant, precursors

TEM complemented by optical spectroscopy and XRD

Minimizing polydispersity

Separation of nucleation and growth

Focusing size distribution by diffusion-controlled growth, high 

supersaturation

Size control

Post-synthetic separation or arrested growth possible, not ideal

Controlling number of particles nucleated most effective
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Outline

Lecture I: Fundamentals of nanoparticle synthesis

Basic apparatus & techniques

Minimizing polydispersity

Size control

Crystal phase control

Lecture 2: Complex structures

Shape control

Heterostructures & chemical conversion
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CdTe: Wurtzite vs. Zinc Blende

Both are tetrahedrally-

bonded, 4-coordinate

Differ only in stacking 

(hcp vs. fcc)

Wurtzite stable at higher 
temperatures

zinc blende:

wurtzite:
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illustrates the peak fitting results for the two represen-
tative diffraction patterns, the 300 °C reaction using OA
as the ligands (top left, Figure 4), and the 240 °C
reaction using ODPA as the ligands (bottom right,
Figure 4). The results revealed that the top pattern in
Figure 5 fits well with a wurtzite structure with one
stacking fault perpendicular to the c-axis. This single
stacking fault significantly varied the diffraction pattern
of the sample from a standard pattern. For example,
the (103) diffraction peak is significantly broader than
that of the adjacent (110) and (112) peaks, although the
integrated area of (103) matches reasonably well the
expected intensity.2 The fitting of the bottom diffraction
pattern in Figure 5 to a zinc blende structure was
acceptable. The average crystal domain sizes calculated
from the fitting parameters of all diffraction peaks were
about 6.1 nm for the sample shown in the top plot of
Figure 5 by assuming one stacking fault perpendicular
to the (001) axis for this specific sample and 5.3 nm for
the one shown in the bottom plot. The sizes of the
nanocrystals determined by TEM were 5.8 nm for the
wurtzite particle and 5.0 nm for the nanocrystals with
zinc blende structure. The average sizes obtained from
XRD and TEM matched each other reasonably well.

OverallOptical Properties, PL, and Absorption.
The overall optical properties, PL, and absorption of the
CdTe nanocrystals grown in the noncoordinating solvent

are significantly better than those reported previously.
The PL QY of CdTe nanocrystals synthesized using
organometallic precursors reached about 50-70%, but
the peak width was quite broad, with a fwhm of about
40-50 nm.31,32 The PL of the CdTe nanocrystals syn-
thesized in aqueous solutions also had a similar peak
width.33 The CdTe dots synthesized using alternative
approaches in coordinating solvents can possess narrow
emission lines, with a fwhm as narrow as 30 nm.
However, the emission efficiency was only up to between
20% and 30%.3

PL QY of the CdTe dots synthesized through the
schemes described here can reach as high as 70%. PL
bright points observed in the growth of CdSe nanocrys-
tals were also observed in this case.11 Different from the
CdSe nanocrystal system,11,35 the difference in the
maximum PL QY of CdTe nanocrystals coated with
different ligands was insignificant. Although the crystal
structures of the dot-shaped CdTe nanocrystals were
found to be either zinc blende or wurtzite, a difference
in optical properties between these two types of CdTe
nanocrystals was not noticed. If multiple injections were
involved, the PL QY of the samples was typically lower
than the ones grown by a single injection. The PL QY
of elongated nanocrystals was generally lower, 20-30%
as the maximum. Although this is low in comparison
with the values of the CdTe dots, it is at least compa-
rable to the best values for CdSe rods, which were
overcoated by CdS and ZnS shells.36

The difference in optical properties between semi-
conductor dots and elongated shapes has attracted
significant attention recently.37-40 Using existing elon-
gated CdSe nanostructures, it is only possible to clearly
identify the lowest absorption state because of the
quality of the available samples. As shown in Figure 6,
many absorption states can be clearly observed with the

(35) Kuno, M.; Lee, J. K.; Dabbousi, B. O.; Mikulec, F. V.; Bawendi,
M. G. J. Chem. Phys. 1997, 106, 9869-9882.

(36) Manna, L.; Scher, E. C.; Li, L.-S.; Alivisatos, A. P. J. Am. Chem.
Soc. 2002, 124, 7136-7145.

(37) Hu, J.; Li, L.-s.; Yang, W.; Manna, L.; Wang, L.-w.; Alivisatos,
A. P. Science 2001, 292, 2060-2063.

(38) Li, L.-s.; Hu, J.; Yang, W.; Alivisatos, A. P. Nano Lett. 2001,
1, 349-351.

(39) Chen, X.; Nazzal, A.; Goorskey, D.; Xiao, M.; Peng, Z. A.; Peng,
X. Phys. Rev. B 2001, 64, 245301-245304.

(40) Hu, J.; Wang, L.-w.; Li, L.-s.; Yang, W.; Alivisatos, A. P. J.
Phys. Chem. B 2002, 106, 2447-2452.

Figure 4. XRD patterns of CdTe dots formed with different
ligands at different temperatures.

Figure 5. Simulation of XRD patterns (see text for details).

Figure 6. PL and UV-vis spectra of dots and elongated
nanocrystals (tetrapods as an example).

4304 Chem. Mater., Vol. 15, No. 22, 2003 Yu et al.

300 °C

240 °C

Peng, et al Chem. Mater. (2003).
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From such experiments [5], the enthalpy relative to pure
coarse, rutile as the zero of energy, as a function of surface
area, is shown in figure 4a. Rutile, which has the lowest
enthalpy for bulk material, has the highest slope, that is,
the highest surface enthalpy. Anatase, which has the high-
est enthalpy relative to bulk material, has the lowest slope,
and brookite is intermediate. Therefore if one looks at the
energetically most stable material, one gets a series of
crossovers. At small surface area, rutile is stable. At inter-
mediate surface area, brookite is energetically stable.
Finally at large surface area, anatase is stable.

These crossovers solve some of the dilemmas observed
in the transformation of particles on heating [6–8]. Some-
times anatase transforms directly to rutile. Sometimes ana-
tase transforms to brookite and then to rutile. Sometimes
brookite transforms to anatase and then to rutile. Thus
one might envision a violation of the laws of thermody-
namics in a perpetual motion machine based on these
transformations. But the reality is that one has a competi-
tion between rates of coarsening and phase transformation,
so that one can follow various paths in energy-particle-size
space, always decreasing the (free) energy of the system,
but encountering a different sequence of phases.

The calorimetric study had three weaknesses. The sam-
ples were obtained by an international cooperation. I think
we had samples from every continent except Antarctica. It

was hard to control impurity contents and characterize all
the materials. The second weakness was the issue of water
adsorption energies. The work that we had done earlier on
alumina, including calorimetry of water adsorption done in
France [9], showed some very strongly bound water, but we
were not able to do such work in our own laboratory until
recently [10]. Furthermore, one should not be using the
enthalpy as the measure of stability. Rather, one needs to
use the free energy, which means that one needs the
entropy of the coarse polymorphs, and one needs to char-
acterize the effect of particle size on the heat capacity and
on the entropy.

There has been a general belief in the community, based
on some early measurements, that nanoparticles have lar-
ger heat capacities and larger vibrational entropies than
coarse materials, but the systems studied were not charac-
terized fully. So we embarked, together with the BYU
group, on the synthesis of a set of samples of anatase
and rutile of different particle sizes and the measurement
by adiabatic calorimetry of their heat capacities as well as
the measurement of enthalpies of adsorption of water to
get a much more comprehensive picture of these materials.

In order to measure the water adsorption enthalpy, we
needed a calorimetric technique that was sensitive and
rapid, and that, in particular, did not measure just the total
heat of adsorption of water, which one can do by immers-
ing a dry sample in water, but which measured the differen-
tial heat of adsorption. The difficultly with these materials
is that one cannot remove all the water without coarsening
and phase-transforming the material. But one can get rid of
most of the water by repeated de-gassing at slightly ele-
vated temperatures under conditions where the particles
do not coarsen.

Sergey Ushakov, a research scientist in our group, had
the idea of combining a room-temperature calorimeter, in
this case, an old Setaram DSC 111, which is a Calvet-type
tiny microcalorimeter, with a Micromeritics 2020ASAP
commercial gas adsorption system (see figure 5) [10]. This
has the advantage of being able to control, very accurately,
the doses of water on the particles, and which is used to
measure the water content as a function of water vapor
pressure, i.e., the adsorption isotherm. This gives the chem-
ical potential of water on the particles as a function of
water content.

So we now have a thermodynamicist’s delight: simulta-
neously, a free energy measurement from the water vapor
pressure as a function of water content, and an enthalpy
measurement from the heat of adsorption of water. We
are then able to extract DG, DH, and DS for the water
adsorption process. In fact, the only thing that we had to
build to make this apparatus work was one forked tube
(see figure 5) to hold the samples that took our glassblower
a half hour. So this was a very fortuitous and fortunate
breakthrough in putting existing equipment together.

The water content of anatase and rutile is shown as a
function of surface area in figure 6. The finer anatase par-
ticles have higher H2O content than that extrapolated from

FIGURE 4. Plot of the enthalpies of nanophase rutile, anatase, and
brookite relative to coarse rutile against surface area. - - - - rutile; . . .
brookite; —- anatase. The lines are least-square fits to the data; the darker
segments show the energetically most stable polymorph. (a) The effect of
water was corrected assuming adsorbed H2O has the energetics of bulk
liquid water [5]. (b) The effect of water was corrected using the water
adsorption calorimetric data [11].
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coarse materials, but the systems studied were not charac-
terized fully. So we embarked, together with the BYU
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and rutile of different particle sizes and the measurement
by adiabatic calorimetry of their heat capacities as well as
the measurement of enthalpies of adsorption of water to
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neously, a free energy measurement from the water vapor
pressure as a function of water content, and an enthalpy
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are then able to extract DG, DH, and DS for the water
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From such experiments [5], the enthalpy relative to pure
coarse, rutile as the zero of energy, as a function of surface
area, is shown in figure 4a. Rutile, which has the lowest
enthalpy for bulk material, has the highest slope, that is,
the highest surface enthalpy. Anatase, which has the high-
est enthalpy relative to bulk material, has the lowest slope,
and brookite is intermediate. Therefore if one looks at the
energetically most stable material, one gets a series of
crossovers. At small surface area, rutile is stable. At inter-
mediate surface area, brookite is energetically stable.
Finally at large surface area, anatase is stable.

These crossovers solve some of the dilemmas observed
in the transformation of particles on heating [6–8]. Some-
times anatase transforms directly to rutile. Sometimes ana-
tase transforms to brookite and then to rutile. Sometimes
brookite transforms to anatase and then to rutile. Thus
one might envision a violation of the laws of thermody-
namics in a perpetual motion machine based on these
transformations. But the reality is that one has a competi-
tion between rates of coarsening and phase transformation,
so that one can follow various paths in energy-particle-size
space, always decreasing the (free) energy of the system,
but encountering a different sequence of phases.

The calorimetric study had three weaknesses. The sam-
ples were obtained by an international cooperation. I think
we had samples from every continent except Antarctica. It

was hard to control impurity contents and characterize all
the materials. The second weakness was the issue of water
adsorption energies. The work that we had done earlier on
alumina, including calorimetry of water adsorption done in
France [9], showed some very strongly bound water, but we
were not able to do such work in our own laboratory until
recently [10]. Furthermore, one should not be using the
enthalpy as the measure of stability. Rather, one needs to
use the free energy, which means that one needs the
entropy of the coarse polymorphs, and one needs to char-
acterize the effect of particle size on the heat capacity and
on the entropy.

There has been a general belief in the community, based
on some early measurements, that nanoparticles have lar-
ger heat capacities and larger vibrational entropies than
coarse materials, but the systems studied were not charac-
terized fully. So we embarked, together with the BYU
group, on the synthesis of a set of samples of anatase
and rutile of different particle sizes and the measurement
by adiabatic calorimetry of their heat capacities as well as
the measurement of enthalpies of adsorption of water to
get a much more comprehensive picture of these materials.

In order to measure the water adsorption enthalpy, we
needed a calorimetric technique that was sensitive and
rapid, and that, in particular, did not measure just the total
heat of adsorption of water, which one can do by immers-
ing a dry sample in water, but which measured the differen-
tial heat of adsorption. The difficultly with these materials
is that one cannot remove all the water without coarsening
and phase-transforming the material. But one can get rid of
most of the water by repeated de-gassing at slightly ele-
vated temperatures under conditions where the particles
do not coarsen.

Sergey Ushakov, a research scientist in our group, had
the idea of combining a room-temperature calorimeter, in
this case, an old Setaram DSC 111, which is a Calvet-type
tiny microcalorimeter, with a Micromeritics 2020ASAP
commercial gas adsorption system (see figure 5) [10]. This
has the advantage of being able to control, very accurately,
the doses of water on the particles, and which is used to
measure the water content as a function of water vapor
pressure, i.e., the adsorption isotherm. This gives the chem-
ical potential of water on the particles as a function of
water content.

So we now have a thermodynamicist’s delight: simulta-
neously, a free energy measurement from the water vapor
pressure as a function of water content, and an enthalpy
measurement from the heat of adsorption of water. We
are then able to extract DG, DH, and DS for the water
adsorption process. In fact, the only thing that we had to
build to make this apparatus work was one forked tube
(see figure 5) to hold the samples that took our glassblower
a half hour. So this was a very fortuitous and fortunate
breakthrough in putting existing equipment together.

The water content of anatase and rutile is shown as a
function of surface area in figure 6. The finer anatase par-
ticles have higher H2O content than that extrapolated from

FIGURE 4. Plot of the enthalpies of nanophase rutile, anatase, and
brookite relative to coarse rutile against surface area. - - - - rutile; . . .
brookite; —- anatase. The lines are least-square fits to the data; the darker
segments show the energetically most stable polymorph. (a) The effect of
water was corrected assuming adsorbed H2O has the energetics of bulk
liquid water [5]. (b) The effect of water was corrected using the water
adsorption calorimetric data [11].
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has the advantage of being able to control, very accurately,
the doses of water on the particles, and which is used to
measure the water content as a function of water vapor
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Peng, et al Chem. Mater. (2003).

illustrates the peak fitting results for the two represen-
tative diffraction patterns, the 300 °C reaction using OA
as the ligands (top left, Figure 4), and the 240 °C
reaction using ODPA as the ligands (bottom right,
Figure 4). The results revealed that the top pattern in
Figure 5 fits well with a wurtzite structure with one
stacking fault perpendicular to the c-axis. This single
stacking fault significantly varied the diffraction pattern
of the sample from a standard pattern. For example,
the (103) diffraction peak is significantly broader than
that of the adjacent (110) and (112) peaks, although the
integrated area of (103) matches reasonably well the
expected intensity.2 The fitting of the bottom diffraction
pattern in Figure 5 to a zinc blende structure was
acceptable. The average crystal domain sizes calculated
from the fitting parameters of all diffraction peaks were
about 6.1 nm for the sample shown in the top plot of
Figure 5 by assuming one stacking fault perpendicular
to the (001) axis for this specific sample and 5.3 nm for
the one shown in the bottom plot. The sizes of the
nanocrystals determined by TEM were 5.8 nm for the
wurtzite particle and 5.0 nm for the nanocrystals with
zinc blende structure. The average sizes obtained from
XRD and TEM matched each other reasonably well.
OverallOptical Properties, PL, and Absorption.

The overall optical properties, PL, and absorption of the
CdTe nanocrystals grown in the noncoordinating solvent

are significantly better than those reported previously.
The PL QY of CdTe nanocrystals synthesized using
organometallic precursors reached about 50-70%, but
the peak width was quite broad, with a fwhm of about
40-50 nm.31,32 The PL of the CdTe nanocrystals syn-
thesized in aqueous solutions also had a similar peak
width.33 The CdTe dots synthesized using alternative
approaches in coordinating solvents can possess narrow
emission lines, with a fwhm as narrow as 30 nm.
However, the emission efficiency was only up to between
20% and 30%.3

PL QY of the CdTe dots synthesized through the
schemes described here can reach as high as 70%. PL
bright points observed in the growth of CdSe nanocrys-
tals were also observed in this case.11 Different from the
CdSe nanocrystal system,11,35 the difference in the
maximum PL QY of CdTe nanocrystals coated with
different ligands was insignificant. Although the crystal
structures of the dot-shaped CdTe nanocrystals were
found to be either zinc blende or wurtzite, a difference
in optical properties between these two types of CdTe
nanocrystals was not noticed. If multiple injections were
involved, the PL QY of the samples was typically lower
than the ones grown by a single injection. The PL QY
of elongated nanocrystals was generally lower, 20-30%
as the maximum. Although this is low in comparison
with the values of the CdTe dots, it is at least compa-
rable to the best values for CdSe rods, which were
overcoated by CdS and ZnS shells.36

The difference in optical properties between semi-
conductor dots and elongated shapes has attracted
significant attention recently.37-40 Using existing elon-
gated CdSe nanostructures, it is only possible to clearly
identify the lowest absorption state because of the
quality of the available samples. As shown in Figure 6,
many absorption states can be clearly observed with the

(35) Kuno, M.; Lee, J. K.; Dabbousi, B. O.; Mikulec, F. V.; Bawendi,
M. G. J. Chem. Phys. 1997, 106, 9869-9882.

(36) Manna, L.; Scher, E. C.; Li, L.-S.; Alivisatos, A. P. J. Am. Chem.
Soc. 2002, 124, 7136-7145.

(37) Hu, J.; Li, L.-s.; Yang, W.; Manna, L.; Wang, L.-w.; Alivisatos,
A. P. Science 2001, 292, 2060-2063.

(38) Li, L.-s.; Hu, J.; Yang, W.; Alivisatos, A. P. Nano Lett. 2001,
1, 349-351.

(39) Chen, X.; Nazzal, A.; Goorskey, D.; Xiao, M.; Peng, Z. A.; Peng,
X. Phys. Rev. B 2001, 64, 245301-245304.

(40) Hu, J.; Wang, L.-w.; Li, L.-s.; Yang, W.; Alivisatos, A. P. J.
Phys. Chem. B 2002, 106, 2447-2452.

Figure 4. XRD patterns of CdTe dots formed with different
ligands at different temperatures.

Figure 5. Simulation of XRD patterns (see text for details).

Figure 6. PL and UV-vis spectra of dots and elongated
nanocrystals (tetrapods as an example).
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The PL QY of CdTe nanocrystals synthesized using
organometallic precursors reached about 50-70%, but
the peak width was quite broad, with a fwhm of about
40-50 nm.31,32 The PL of the CdTe nanocrystals syn-
thesized in aqueous solutions also had a similar peak
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Figure S6. TEM and HRTEM (inset: taken from the highlighted square) images of -NaYF4 hexagonal 
nanoplates standing via the side face. 
 
 
 
 

Figure S7. Crystal structures of -NaREF4 and -NaREF4 built by CERIUS2 software (Ref.: 
Http://www.accelrys.com/cerius2). In the structure of -NaREF4, Na+ and RE3+ cations are randomly 
distributed in the cationic sublattice; while, in the structure of -NaREF4, the cation sites are of three types: a 
onefold site occupied by RE3+, a onefold site occupied randomly by 1/2Na+ and 1/2RE3+, and a twofold site 
occupied randomly by Na+ and vacancies (Ref. Thoma, R. E.; Insley, H.; Hebert. G. M.; Inorg. Chem. 1966, 5, 
1222). 
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Effect of oleic acid on NaYF4 crystal 
phase
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Crystal phase control in summary

Temperature

Bulk phase diagrams provide guidance, but exclude surface energy 

contributions

Size

Phases with lower surface energy (ɣ) favored at smaller sizes

Ligands

Reduce surface energy of specific facets, can stabilize specific phases
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