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ABSTRACT: Impurities in trioctylphophine (TOP) strongly
affect nanocrystal synthesis. 1-Octanol among other contaminants
in TOP is identified for the first time as a functional impurity by 'H
NMR. The deliberate addition of 1-octanol into trioctylphosphine
reduced particle size and modified photophysical properties of
ZnCdSSe/ZnS colloidal nanocrystals. NMR analysis furthermore
revealed that 1-octanol is bonded to the nanocrystal surfaces. The
ratio of integrals for the O—CH, protons of 1-octanol, which is the
lowest compared to the other ligands, suggests that 1-octanol plays
a critical role to tune the particle size of nanocrystals. The increased
amount of 1-octanol added into TOP reduces the particle size from
9.8 to 7.2 nm, causing a progressive blue shift in the UV—vis and
PL spectra but leaving the alloy composition unaffected. The rate
of nonradiative processes is enhanced with the amount of 1-octanol
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added into TOP, correlating with higher dislocation density observed in the nanocrystals. As a conclusion, 1-octanol is proposed as a
functional impurity that varies particle size and nonradiative photophysical processes in the ZnCdSSe/ZnS colloidal nanocrystals.

B INTRODUCTION

Colloidal nanocrystals (quantum dots) are mostly synthesized
by the hot injection method."”” Rapid injection of organo-
metallic precursors in the presence of organic ligands is
preferred because it promotes faster nucleation of nanocrystals
and prevents their agglomeration. Ligands regulate nucleation
and growth processes.’” Phosphines bind strongly to nano-
crystal surfaces and reduce nucleation and enhance growth
rates while weakly binding ligands conversely operate on the
rates. The nucleation and growth rates can be regulated by
adjusting the molar ratio of ligands." Some impurities in
ligands were varying nanocrystal synthesis as well.” Compo-
sition® and structure” of nanocrystals and some photophysical
properties® are controlled by the amount and type of ligands
and impurities.

Impurities in trioctylphophine (TOP) and trioctylphophine
oxide (TOPO) strongly changed synthesis and markedly
modified the size, shape, and structure of nanocrystals.s’g The
amount of impurity furthermore had an impact on the
synthesis and the size and shape of nanocrystals.”'” Ligands
having the same purity level but purchased from different
vendors altered nucleation and growth rates and crystal
morphologies.” Ligands with higher purity produce better
morphology by slowing down reaction kinetics."'

Many phosphorus impurities in TOPO were identified and
exploited to control the synthesis of colloidal CdSe quantum
dots, rods, and wires.'” Syntheses of nanocrystals in the
presence of alkyl phosphonic acids arrange cadmium-rich
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surfaces due to stronger binding of phosphonate to cadmium.’
Similarly, n-octylphosphonic acid and P,P’-(di-n-octyl) dihy-
drogen pyrophosphonic acid regulate the surface content of
nanocrystals because they have a stronger affinity to cadmium
atoms compared to TOPO.'” Nuclear magnetic resonance
(NMR) spectroscopy has been employed to identify
impurities'* ™' and to distinguish the surface-bound ligands
from the unreacted ones remaining in the medium.'”'®
Alcohols that are used to purify nanocrystals reduce photo-
luminescence (PL) quantum yields because alcohols are
adsorbed to the nanocrystal surfaces.'” Phenyldithiocarbamate
creating a confinement barrier'” changed the radiative decay
rate.”” Very recently, diphenylphosphine (DPP) was identified
as a functional impurity regulating CdSe synthesis and doping
level of manganese ions.”' The controlled addition of DPP into
TOP created a strong coupling between magnetic spins and
excitons because a higher level of manganese doping was
achieved in Mn,Cd,_,Se by the DPP addition.

While working on the synthesis of quaternary colloidal
ZnCdSSe/ZnS nanocrystals, we noticed that TOP purchased
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from two different vendors with different purity levels (97%
and 90%) controlled the synthesis. Photoluminescent color
and the particle size of the quaternary nanocrystals were tuned
by the purity level of TOP used. "H NMR spectroscopy is
employed to identify impurity in TOP that strongly adjusted
the particle size and emission color. 1-Octanol is identified
among the other contaminants as the functional impurity that
modified the nanocrystal synthesis. The controlled addition of
1-octanol into TOP (having 97% purity) regulated the particle
size and altered the photophysical properties of the nanocryst-
als.

B METHODS

Materials. Cadmium acetate dihydrate (Cd(Ac),2H,0,
98%), selenium powder (Se, 99.5%), sulfur powder (S,
99.98%), oleic acid (OA, 90%), 1-octadecene (ODE, 90%),
trioctylphosphine (TOP, 97%), 1-octanol (99%), and solvents
were purchased from Sigma-Aldrich. Zinc acetate dihydrate
(Zn(Ac),2H,0), zinc oxide (ZnO, 99.9%), and TOP (90%)
were obtained from Alfa Aesar. Low and high purity TOP
ligands are hereinafter referred to as TOP-LP and TOP-HP,
respectively.

Synthesis of ZnCdSSe/ZnS. Colloidal ZnCdSSe/ZnS
nanocrystals were synthesized by adopting a hot injection
method.”” Briefly, 0.14 mmol of Cd(Ac), and 3.41 mmol of
ZnO were dissolved in 7.0 mL of oleic acid (OA) at 150 °C in
an inert atmosphere. The reaction temperature was increased
to 300 °C after the addition of 15.0 mL of octadecene (ODE).
Se-TOP and S-TOP were prepared by dissolving 2.20 mmol of
Se and 2.20 mmol of S in 2.2 mL of TOP-HP individually at
300 °C. Predetermined amount (by keeping the total mole of
ligands constant) of l-octanol was added into S(Se)-TOP
mixture to have different fractions of 1-octanol. S(Se)-TOP
complexes were then rapidly injected into the cationic mixture
at 300 °C to obtain the ZnCdSSe core nanoparticle. After 10
min, 1.6 mmol of S dissolved in 2.4 mL of ODE was added
rapidly to the nanoparticle dispersion to form the ZnS shell
layer on top of the core. Subsequently, the reaction
temperature was reduced to 270 °C, and 2.86 mmol of
Zn(Ac), dissolved in 4.0 mL of OA and 1.0 mL of ODE, and
10.0 mmol of S dissolved in 5.0 mL of TOP-HP with 1-octanol
were slowly and consecutively injected into the dispersion of
core nanocrystals to form an additional ZnS layer. The reaction
was quenched after 10 min of the latest injection by reducing
the reactor temperature. For purification, the nanocrystal
dispersions were diluted by hexane and precipitated by ethanol
addition. The precipitated nanocrystals were separated by
centrifugation at 6000 rpm for 20 min. The supernatant was
emptied and the nanocrystals were redispersed in hexane to
repeat the purification step. The particle synthesis with TOP-
LP was the same except for 1-octanol addition.

Instrumentation. Absorption and photoluminescence
spectra of the ZnCdSSe/ZnS nanocrystals were obtained by
Edinburgh Instruments FSS spectrophotometer. Absolute
quantum yield measurements were carried out by using an
integrated sphere accessory of the FS5 spectrophotometer. The
time-correlated single-photon counting (TCSPC) technique
was used to measure fluorescent lifetimes, using a laser at 365
nm. The particle size was measured by small-angle X-ray
scattering (SAXS- Rigaku Ultima IV X-ray diffractometer) and
verified by JEOL 2100F FEG high-resolution transmission
electron microscope (HR-TEM). High-resolution TEM was
used to image atomic arrangements. Compositional analysis of

the particles was made by Philips XL 30S FEG scanning
electron microscope equipped with energy dispersive X-ray
spectroscopic (SEM-EDS) analyzer. XRD diffractograms were
collected by Panalytical X'Pert Pro materials research
diffractometer with Cu Ka radiation (1 = 1.5406 A). 'H
NMR spectra were measured by Varian VNMRJ 400 nuclear
magnetic resonance spectrometer, and chemical shifts were
calibrated by using the signal of CDCl; (6(H) = 7.26).

B RESULTS AND DISCUSSION

We noticed that the brand and purity level of TOP strongly
influenced the absorption and emission wavelengths and
consequently the photophysical properties of ZnCdSSe/ZnS
nanocrystals. Although all the experimental parameters and the
amounts of precursors were kept constant, TOP-LP resulted in
nanocrystals having a blue emission at 470 nm, while TOP-HP
led nanocrystals emitted at 518 nm (Figure 1). Since the purity
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Figure 1. UV—vis absorption and photoluminescence (PL) spectra of
ZnCdSSe/ZnS nanocrystals synthesized by using two different
trioctylphosphine (TOP) brands having different purity levels. The
blue-colored spectra belong to nanocrystals prepared in TOP-LP and
the green-colored spectra obtained from nanocrystals synthesized in
TOP-HP. All other experimental parameters and concentrations of
precursors were kept constant. The powdery samples under daylight
and UV light are shown on the right side of the figure.

level (proclaimed by the manufacturer) of TOP was different,
NMR was used to verify purity levels of TOP and to identify
impurities affecting the nanocrystal synthesis (Figure 2).
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Figure 2. 'H NMR spectra of commercial trioctylphosphine with
different levels of purities represented by black and red colors. The
inset shows the impurity signals belonging to 1-octanol at 3.58 ppm
and di-n-octylphosphinic acid at 3.92 ppm.
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The 'H NMR spectra seen in Figure 2 display signals
between 0.7 and 1.4 ppm originating from the protons of CHj
and CH, groups of TOP and impurities with long carbon
chains such as n-octyl-di-n-octylphosphinate (ODOP).®
Furthermore, triplet and quartet signals were observed that
may be originating from impurities in the TOP. The quartet at
3.92 ppm (J = 6.7 Hz) indicates the presence of the P—O—
CH, group of ODOP.” The triplet at 3.58 ppm (J = 6.7 Hz)
indicates the presence of the O—CH, group of 1-octanol. The
signal intensities are correlated with the purity levels of TOPs.
The 'H NMR spectra of TOP-HP/1-octanol mixtures with 1:1
and 10:1 mole ratios are given in Figure S1 as control analysis,
which proves that the triplet signals stem from 1-octanol and
varies with the fraction of 1-octanol. There are two likely
explanations for the presence of l-octanol: (i) hydrolysis of
ODOP can release 1-octanol and di-n-octylphosphinic acid
(DOPA) as side products, and (ii) poorer purification
processes can favor the presence of 1-octanol as a side product
formed by a radicalic reaction between 1-octene and water
during the synthesis of TOP.® Despite ODOP, 1-octanol is not
identified or mentioned in the literature as an impurity (except
its impurity level) in TOP.” The integrated areas of 'H NMR
spectra showed that TOP-LP contains 1.4-fold more 1-octanol
and 1.8-fold more ODOP as impurity compared to TOP-HP
for the same amount of TOP sample used.

NMR spectroscopy is frequently used to characterize the
nature and structure of organic ligands as capping agents
coating nanocrystal surfaces.’® Figure 3 shows the "H NMR
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Figure 3. "H NMR spectra of ZnCdSSe/ZnS nanocrystals prepared in
the maximum amount (1:1 mol) of 1-octanol (black) and without 1-
octanol (red) in the ligand mixture. Green and blue circled areas are
enlarged to display the signals and their broadenings clearly. The
broad signals indicate 1-octanols and oleic acid are bonded to the
surfaces. The sharp triplet signal infers the remnant 1-octanols in the
1:1 mixture. The amount of 1-octanol remnant in the mixture is 20
times less compared to the bound ones.

spectra of the nanocrystals prepared with and without 1-
octanol that is deliberately added into TOP-HP up to 1:1 mole
ratio of samples prepared by 100 mg of purified nanocrystals
dispersed in 700 uL of deuterated chloroform. Because the
same amount of CDCl; was used in both samples, the relative
intensity of protons belonging to CHCIl; should be the same
and can be used as the reference for quantitative analysis.
Although the amounts of the nanocrystal samples were the
same, the signal intensities in the 1:1 TOP/1-octanol mixture
were higher compared to those in prepared TOP-only. The
signal enhancement can be explained by the higher amount of
1-octanol bound to the increased surface area of the smaller
nanocrystals. A higher amount of 1-octanol is required in the
ligand mixture.

The ligands we used in the synthesis are TOP, TOPO, oleic
acid, and impurities like 1-octanol and DOPA that display 'H
NMR signals in the aliphatic region (0.66—2.10 ppm).
Therefore, the identification of these ligands bound to the
surface of nanocrystals is arguable. However, the signals at
more downfield regions are unique to identify ligands. The
origin of broad signals in the '"H NMR spectrum is assigned to
the surface bonded ligands since they slowly tumble on the
surface of the nanocrystals. Broader signals appear in the
downfield rather than the free ligands.”® A comparison of the
integrated peak areas provides the ratio of the CH, and CH;
groups in the structure.”* In both TOP-LP and TOP-HP
samples, the ratio of Iy, /Icy; was almost the same as 4.83 and
4.66, respectively. Integrals of the main peaks of the '"H NMR
spectra are listed in Table 1. As mentioned above, the relative
intensities of protons belonging to CHCl; impurity should be
the same and can be used as a reference for the comparison of
both spectra. The peaks at 0.96—0.76 ppm and 1.71—0.98 ppm
were assigned to the protons in CH; and (CH,),,_, in the alkyl
chain of the ligands bonded to the nanocrystal. Similarly, the
ratios of the integrals belonging to CH, to the integrals of CH;
protons were calculated as 4.43 and 4.57 for the green- and
blue-emitting nanocrystals, respectively. In both nanocrystals,
ratios of integrals belonging to CH, and CHj; groups were
decreased compared to that of the commercially available TOP
resources. The decreases in the integral ratios can be explained
by the presence of 1-octanol, octadecene, and oleic acid on the
surface of the nanocrystals.

As discussed above, Figure 3 clearly shows increased signal
amplitudes originated by ligands around the surfaces of smaller
nanocrystals. The integrals and their relative amount of change
that belongs to these functional groups can be seen in Table 1.
Interestingly the highest increment was observed for CH, and
CHj; groups that are present in the structures of almost all of
our ligands. The amount of increase for the signals of oleic acid

Table 1. Integrals of "H NMR Spectra of the Blue- and Green-Emitting ZnCdSSe/ZnS Nanocrystals

compd ppm
chloroform 7.27-7.25
octadecene (ODE) 5.87—5.75
oleic acid (H-CR=CR~-H) 5.46—5.22
octadecene (ODE) 5.03—4.88
1-octanol (O—CH,) 3.95-3.53
oleic acid (CH,—C=X) 2.10—1.81
CH, 1.71-0.98
CH, 0.96-0.76

“Area(TOP/1-octanol)/area(TOP).

TOP

14403

only (green) TOP/1-octanol (blue) ratio”
1.00 1.00 1.00
1.13 1.57 1.39
4.68 7.17 1.53
1.67 2.24 1.34
6.56 8.00 1.22
10.72 16.70 1.56
7391 128.76 1.74
14.26 23.90 1.68
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was consistent (1.53 and 1.56) and greater compared to the
increase of octadecene incorporation (1.39 and 1.34). The
presence of a well-resolved "H NMR signal and the absence of
a broader peak for octadecene imply that it does not directly
bind to the nanocrystal surfaces; instead, it was dissolved in the
hydrophilic parts of the ligands around the nanocrystals.
Because of the higher boiling point, it is difficult to remove
octadecene by evaporation. Although it was stirred first with
hexane which can dissolve octadecene better than ethanol (the
precipitating agent in the purification step), and even after
being purified twice, octadecene still existed in the samples.
Finally, the broad signal at 3.95—3.53 ppm was interpreted as
O—CH, protons for 1-octanol bonded to nanocrystal surfaces
because a downfield chemical shift was expected for the ligands
connected to nanocrystal structure as discussed in the
literature.”” The triplet signal, which comes from the 1-
octanol, shifted to the downfield region compared to the 'H
NMR spectrum of the TOP sample given in Figure 2. On the
other hand, it is expected to observe a triplet signal rather than
a broadened signal.”® These 1-octanols are not directly bonded
to the surface of the nanocrystals, but they are in the vicinity of
the nanocrystal surface. The ratio of the integrals for O—CH,
protons of 1-octanol is the lowest compared to those of other
ligands which implies that 1-octanol plays a significant role to
tune the particle size of the nanocrystals. Relative integrals
belonging to O—CH, and CH,—C=X protons indicated the
presence of comparable amounts of 1-octanol and oleic acid
bound to the nanocrystal surfaces.

On the basis of these findings, a set of experiments were
conducted to explore the amount of 1-octanol addition to
control the particle size and photophysical properties of the
nanocrystals. For this purpose, the predetermined amount of 1-
octanol (Sigma-Aldrich, 99%) was purposefully added into
TOP-HP to increase the mole fraction of 1-octanol in the
ligand mixture (as 1-octanol/TOP ratio varied 1.00, 0.28, 0.03,
and 0.00 by keeping the total mole of ligands constant).

Absorption and photoluminescence (PL) spectra of
ZnCdSSe/ZnS nanocrystals were shifted to blue more than
65 nm as the mole ratio of 1-octanol in TOP-HP was increased
from 0.00 to 1.00 (Figure 4a). The PL maximum of the
nanocrystal prepared in 0.28 mole ratio of TOP-HP/1-octanol
matches the PL maximum of the nanocrystals synthesized in
TOP-LP without 1-octanol addition (Figure 1). The fwhm
values of PL spectra were approximately the same, 28 nm for
all the samples. Furthermore, the Stokes shift is increased with
a higher amount of 1-octanol added into TOP-HP (Table 2).
But the quantum efficiency was decreased with a higher
amount of l-octanol added (Table 2 and Figure 4b inset).
These findings suggest that 1-octanol acts as a functional
additive/impurity that varies the photophysical properties of
the ZnCdSSe/ZnS nanocrystals. The bandgap and the
photophysical properties of nanocrystals can be modified by
the particle size or chemical composition. The particle size is
inversely proportional with the bandgap energy: (bandgap =~
(1/mass of alloy) X particle size).””>’ The composition
analysis of the nanocrystals by SEM-EDS (Figure 5) validated
that the chemical compositions of the alloyed nanocrystals
were not varied with the amount of 1-octanol added into TOP-
HP. The ratios of Zn—S—Cd—Se remained fixed. The
nanocrystals had higher amounts of zinc and sulfur because
substantial amounts of zinc and sulfur precursors were initially
used to synthesize the core and to form the shell layers. As the
amounts of 1-octanol added to TOP-HP were increased, the
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Figure 4. (a) UV—vis absorption and PL spectra of ZnCdSSe/ZnS
nanocrystals prepared by increasing 1-octanol/TOP mole ratio while
keeping other precursors and reaction parameters constant. From
bottom to top 1-octanol/TOP mole ratio values are 1.00, 0.28, 0.03,
and 0.00. (b) Blue shifting in PL wavelengths and the reduction of the
particle size are correlated and controlled by the mole ratio of 1-
octanol/TOP. The particle size data were obtained by SAXS
measurements provided in Figure S2. The decrease in PL quantum
efficiency (QE %) shown as an inset was proportional to the mole
ratio of 1-octanol.

particle size was steadily decreased from 9.8 to 7.2 nm (Figure
4b). By combination of these findings, the blue-shift observed
in the UV—vis and PL spectra is explained by the reduction in
the particle size of the nanocrystal and suggests that I-octanol
controls the particle size and the bandgap of colloidal ZnCdSSe/
ZnS nanocrystals.

1-Octanol is identified and validated as a functional impurity
to tune the particle size. Depending on the binding strength of
the ligands, the particle size can be adjusted. The strong
binding ligands like trioctylphosphine oxide (TOPO), TOP,
and hexadecylamine (HDA) establish stable coordination
complexes with Cd(OOCR),. It is called an “inhibited
complex” that prevents the nucleation of the nanocrystals.”®
Especially at relatively lower reaction temperatures, below 200
°C, nanocrystals could not be formed because the inhibited
complexes are present. Thiols, which are also classified as
strong ligands, inhibit the nucleation process as well.”” We
used 1-octanethiol instead of 1-octanol to check this
hypothesis, all other chemicals and reaction parameters were
kept constant. The UV—vis absorption and PL spectra are
given in Figure S3 and showed that there was a significant
reduction in terms of PL intensity by 1-octanethiol addition.
On the other hand, in the presence of relatively weaker ligands
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Table 2. Photophysical Properties of ZnCdSSe/ZnS Nanocrystals with Respect to the Amount of 1-Octanol Added into TOP-

HP, as a Mole Ratio in the Ligand Mixture®

sample 1-octanol/TOP Aabs App fwhm
name (mole ratio) nm nm) (nm)
Oc-0 0.00 502 509 28
Oc-1 0.03 480 492 28
Oc-2 0.28 464 474 27
Oc-3 1.00 425 442 29

“The average lifetimes, T,y

Stokes shift particle size by SAXS QE (%) lifetime,
(nm) (nm (Int.Sph) Taverage (1S)
7 9.8 £ 198 15.7 15.6
12 8.8 + 2.04 12.2 16.1
10 79 + 1.79 2.6 12.0
17 7.2 + 1.56 0.3 9.3

- were calculated according to the equation given in Supporting information.
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Figure 5. Elemental compositions of ZnCdSSe/ZnS alloyed nano-
crystals prepared in TOP-HP with an increased amount of 1-octanol
added. The atomic percent of each element is determined by SEM-
EDS as the amount of 1-octanol increases. The red lines are guides for
the eyes.

like fatty alcohols as in our case, the reaction prefers to form an
“activated complex” of Cd(OOCR), which could decompose
into cadmium-complex monomers easily. In our case, 1-
octanol as fatty alcohol is considered as a weaker ligand
compared to TOP.

Besides cationic precursors as Cd(OOCR),, chalcogenide
complexes like TOP-S and TOP-Se also affect the nucleation
rate of the nanocrystals. Increasing the purity of TOP
reinforces the bonds between phosphine and sulfur (selenium)
in TOP-S (TOP-Se) complexes which decrease the reactivity
of these reagents. No reaction occurs in the nucleation phase
of the nanocrystals in ultrapure reagents because of the strong
ligand interactions.”® Strong binding complexes such as TOP-S
and TOP-Se reduce the nucleation rate and delay particle
formation. According to the LaMer model of the burst
nucleation theory, the longer nucleation process results in the
broad size distribution of the nanocrystals because some nuclei
are already formed and grown while others are at the beginning
to form seeds. If the nucleation process occurs rapidly, the
faster nucleation and growth of nanocrystals may lead to a
narrower size distribution.>**" In our case, when 1-octanol as a
weak ligand was added, a shorter nucleation time leads to
smaller nanocrystals formed, as demonstrated by the narrower
size distribution provided in Figure S2.

Due to the fast nucleation time of the hot injection
procedure, it is rather difficult to monitor the exact size of
nuclei at higher reaction temperatures. However, regardless of
the effect of the nucleation process on the particle size, a
notable difference in the particle size was observed during the
growth processes. Ostwald ripening theory which explains the
growth mechanism of nanoparticles suggests that the large
particles grow while the small ones dissolve. The key

parameters are the reaction temperature, precursor ratio, and
ligands. While higher reaction temperature provides higher
activation energy for particle nucleation, the ligands facilitate
the growth of the nanocrystals by altering the reaction
environment.”” In our system, the reaction temperature and
the precursor ratio were kept constant. The only parameter
varied is the ligand concentration which is effective in the
Ostwald ripening mechanism. The 1-octanol/TOP mole ratio
was adjusted, but the total mole of these ligands was kept
constant. Since the Ostwald ripening mechanism results in
broad size distribution, it is a challenge to have narrow particle
size distributions.” In general, Ostwald ripening controls the
growth of nanoparticles in a dispersion. The SAXS (Figure S2)
and TEM (Figure 6) measurements suggest that the addition

Figure 6. A high-resolution TEM image and detailed HRTEM image
of the green squared (a) green-emitting nanocrystals prepared in
TOP-HP without octanol addition and (b) blue-emitting nanocrystals
prepared in TOP-HP with the ligand mixture of 1:1 TOP/1-octanol.

of 1l-octanol keeps the particles smaller by slowing down
nucleation and growth processes combined. The blue-emitting
nanocrystals prepared in the presence of a higher amount of 1-
octanol have a narrower size distribution compared to the
green-emitting ones, prepared without Il-octanol addition.
Convincingly, 1-octanol plays a significant role in both
nucleation and growth phases to control the particle size and
size distributions.

Table 2 summarizes the photophysical properties of colloidal
ZnCdSSe/ZnS nanocrystals modified by the amount of 1-
octanol added into TOP-HP. The PL lifetimes were fit to a

14405 https://doi.org/10.1021/acs.jpcc.1c01676
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three-component exponential decay model in which the y*
value was no longer reduced, and no systematic deviation was
observed in the residuals. The slowest decay component (75 in
Table S1) is assigned to exciton recombination on the
nanocrystal surfaces. On the other hand, the faster process
(7, in Table S1) is mainly attributed to the intrinsic exciton
recombination in the core structure.** As shown in Table S1,
the contribution of the slower process is reduced by the
addition of 1-octanol as the exciton recombination on the
nanocrystal surface was decreased. The radiative and non-
radiative rate constants are determined by the equations

provided in Supporting Information.”>*® Figure 7 shows how
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Figure 7. Radiative (black) and nonradiative (red) rate constants are

varied by the mole ratio of 1-octanol/TOP. All the numerical values
are given in Table S1.

the radiative and nonradiative rate constants varied with the 1-
octanol added into TOP (Table S1). The nonradiative rate
constants are increased with the amount of 1-octanol added;
however, the radiative rate constants are almost unchanged.
Understanding the exact photophysical mechanism related to
the regulation of the rate constants is considerably
complicated.”” Therefore, we presume that the decrease in
the quantum yield of the blue-emitting ZnCdSSe/ZnS
nanocrystals is due to the significant increase in the
nonradiative relaxations. The increased number of empty
atomic spaces pointed out in Figure S4 suggested the
formation of structural defects by the deliberate addition of
1-octanol. We inferred that the nonradiative processes are
initiated by these structural defects formed by 1-octanol
addition.”® However, the radiative processes are not modulated
by 1-octanol addition.

All these findings agree with NMR analysis that suggests that
1-octanols are adsorbed on the nanocrystal surface. Moreover,
a significant decrease in the quantum yield and shortening of
the lifetime (Table 2) indicate that the defects stimulate the
nonradiative processes.

Dislocations in nanocrystal structures may enhance non-
radiative recombinations.”® Dislocation density (estimated by
the equations given in Supporting Information) is related to
the crystallite size.”” The crystallite sizes were determined by
the Scherrer equation using the XRD diffractograms (Figure
8).*" The calculated crystallite sizes (the particle core size) for
blue- and green-emitting nanocrystals are respectively 3.09 and
3.45 nm and agreed with TEM measurement that displays the
whole nanocrystal but not able to distinguish the shell layer
from the core crystallite. The dislocation densities for the blue-
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Figure 8. XRD diffractograms of ZnCdSSe/ZnS nanocrystals
prepared in TOP-HP with and without 1-octanol addition. Reference
lines for zinc blende bulk structures of CdSe and ZnS are given at the
bottom of the patterns as green and blue vertical markers,
respectively.

-
o

and green-emitting nanocrystals were calculated as 1.05 X 10"
cm™ and 0.84 X 10" cm™!, respectively. This calculation
estimates about 20% increase in defect density and infers that
the blue-emitting nanocrystals prepared in TOP-HP by the 1-
octanol addition have higher dislocation density. HR-TEM
images given in Figure S4 verify the increased number of void
atomic spaces.

Figure 8 shows the XRD diffractograms of the nanocrystals
prepared in TOP-HP with and without 1-octanol addition.
Both samples displayed the same diffraction patterns having
the same peak intensities. These diffractograms suggest that
colloidal ZnCdSSe/ZnS nanocrystals possess the zinc blende
cubic structure having three dominant diffraction peaks at
Bragg angles of 30°, 48°, and 56°. These peaks are assigned to
diffractions coming from the hkl facets of 111, 220, and 311
planes of the zinc blende structure. The XRD peak positions
are between the CdSe and ZnS structural reference lines of
bulk zinc blende crystal, indicating an alloyed crystalline
structure. The XRD patterns validate the compositional
analysis by SEM-EDX that showing the chemical composition
of the nanocrystals prepared with and without 1-octanol
addition is not changing. The diffraction peaks are closer to the
ZnS lines which are consistent with a thicker ZnS layer formed
on the nanocrystal surfaces (Figure S, SEM_EDX analysis).

B CONCLUSION

We synthesized colloidal ZnCdSSe/ZnS nanocrystals by using
two different TOPs with different purity levels (90% and 97%
reported by the vendors Alfa Aesar and Sigma-Aldrich,
respectively). 1-Octanol is identified as a functional impurity
among other contaminants in TOP. The particle size is
reduced as the amount of 1-octanol is deliberately increased,
resulting in blue shifting in the UV—vis and PL spectra, but the
chemical composition remained unchanged. NMR analysis
suggested that 1-octanols are bonded to the nanocrystal
surfaces. The increased amount of l-octanol in TOP-HP
created higher dislocation density, which led to enhanced
nonradiative processes. The alloyed nanocrystals are rich in
terms of zinc and sulfur but have very low cadmium content,
less than 1%. Thus, this colloidal alloy may be considered as a
low-toxic compound, alleviating the restriction on cadmium-
containing materials that may be employed in display
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technologies demanding high color purity (narrow fwhm). In
conclusion, 1-octanol, a green chemical already used in food
and perfume industries, is suggested as a functional additive to
tune the particle size and to adjust spectral properties of the
colloidal quaternary ZnCdSSe/ZnS nanocrystals.
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