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The manuscript addresses the synthesis and characterization of one colloidal CdSe single-sized nanocrystal
ensemble exhibiting bandgap absorption and emission peaking at 463 and 465 nm, respectively, with full
width at half-maximum of ca. 8 nm. This ensemble is called Family 463; also, these single-sized quantum
dots (QDs) are termed as magic-sized quantum dots (MSQDs). A magic-sized quantum dot (MSQD) ensemble
is similar to a regular quantum dot (RQD) ensemble but consisting of single-sized nanocrystals; meanwhile,
MSQDs do not grow in size any more with longer reaction periods or higher temperature, after their well
development during synthesis. The CdSe MSQDs were synthesized via a noninjection one-pot approach with
long reaction periods at elevated temperature, with cadmium acetate dihydrate (Cd(OAc),*2H,0) and elemental
selenium as Cd and Se sources, respectively, one long-chain fatty acid as ligands, and 1-octadecene (ODE)
as a reaction medium. Different carboxylic acids with the carbon-chain length ranging from C2 to C24, the
number of which refers to the total number of carbons, were investigated. Deficient acid feed amount with
respect to Cd is crucial for the formation of the CdSe MSQDs, leading to the resulting Cd precursor
Cd(OAc),(OOC—(CH;),—CHj3),., (with tunable activity). It was also found that the fatty acids of C12—C18,
with low acid-to-Cd and high Cd-to-Se feed molar ratios and the growth temperature of 200—240 °C, are
optimum for MSQD Family 463, regarding the yield, purity, and their bandgap photoluminescent (PL)
efficiency. Interestingly, in the initial stage of the formation at the growth temperature of 140—160 °C, there
may be an “isomer competing” process. '*C solid-state cross-polarization magic-angle spinning (CP/MAS)
nuclear magnetic resonance (NMR) indicates that the capping carboxylate groups are firmly attached to the
nanocrystals, which allows cross-polarization from 'H of the alkyl chains to ''*Cd. Thus ''*Cd NMR is able
to distinguish surface (422 ppm) bonding to both —COO and Se and bulk (680 ppm) Cd species bonding to
Se only. The CdSe MSQD Family 463 possesses long shelf-storage stability. The synthetic approach introduced
here is ready and reproducible, featuring large-scale production. The present study on the growth kinetics of
CdSe MSQD Family 463 brings insights for rational design strategies toward various MSQD ensembles with
different sizes, via the choice of acids and their feed amount affecting the activity of the resulting Cd precursor.

1. Introduction

Colloidal photoluminescent (PL) semiconductor nanocrystals
are of great appeal for both fundamental and application-oriented
research, initiating significant attention for their potential in
various areas including bioassociated imaging/labeling, light-
emitting diodes (LED), and sensing.? Among them, CdSe
nanocrstyals provide an excellent opportunity to investigate the
evolution of the materials properties from molecules to the bulk,
due to the bulk bandgap energy of ~1.7 eV (ca. 730 nm),? the
value of which is much smaller than the transition energy of
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their capping ligands. Accordingly, as the nanocrystal sizes
decrease, a large range of energy shifts is possible, prior to
mixing between the bandgap transition and the intraligand
transition; the CdSe nanocrstals exhibit bandgap energy in the
full visible spectral range (from ca. 400 nm to ca. 700 nm).
Thus, it is practical to study the quantum confinement effect of
the nanometer-sized colloidal CdSe crystallites. Several research
groups have developed various wet-chemistry synthetic routes
to PL CdSe nanocrystals; via the control of synthetic parameters,
the resulting CdSe nanocrystals are usually in the size range of
2—7 nm, exhibiting bandgap photoemission from blue to red,
with the full width at half-maximum (fwhm) in the range of
25—40 nm.*" To date, each of the ensembles is made up of
nanocrystals with various numbers of atoms; thus, the nano-
crystal ensemble has a certain size distribution. On the other
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hand, it has been known that cluster materials possess control-
lable assembly with particular atomic arrangements, leading to
“magic” structures with the precision on both the atomic and
molecular levels.”?

In the field of materials chemistry, it is important to precisely
control the size and size distribution of the nanocrystals in one
colloidal ensemble; for the biolabeling and LED applications,
single-sized nanocrystal ensembles exhibiting single-dot band-
gap absorption and emission are in demand.’ Recently, time-
of-flight mass spectrometry (TOF-MS) revealed the presence
of several (CdSe), nanoclusters termed as magic-sized nano-
clusters;'? also, CdSe magic-sized nanocrystal (MSN) ensembles
exhibiting narrow bandgap absorption without bandgap emission
were reported.!®™!3 In the present manuscript, both MSQDs and
MSNss are used to refer to single-sized nanocrystal ensembles.
For a long time, it has been a significant challenge to synthesize
MSQDs exhibiting bandgap photoemission. The research group
of Manna reported a Se-injection approach, with both the
injection and growth at 80 °C, leading to the coexistence of a
series of CdSe MSN ensembles, with the largest ensemble
exhibiting its bandgap absorption at 432 nm.!? Therefore, it is
easy to understand that it is also a challenge to produce a single
MSQD family without the coexistence of other families from
one synthetic batch.

Our laboratories recently developed a noninjection one-pot
approach to three CdSe MSQD families, in pure form, exhibiting
“bright” bandgap emission.'* Such an approach is believed to
be the first to produce single-sized nanocrystal ensembles with
bandgap emission and is a breakthrough from the absence to
the presence of bandgap emission in CdSe single-sized en-
sembles with fwhm of ca. 10 nm and quantum yield (QY) of
1—5% in toluene. The fwhm of the CdSe single-sized ensembles
is similar to that of single CdSe QD, without inhomogeneous
spectra broadening but only homogeneous broadening.!> Due
to the narrow bandwidth, the emission is bright, even with
relatively low QY as compared to that of regular QDs with
relatively wide fwhm. The three families synthesized are referred
to as Family 395, 463, and 513, due to their bandgap absorption
peaking at 395, 463, and 513 nm, respectively. This synthetic
approach is the simplest, using cadmium acetate dihydrate
(Cd(OACc),°2H,0) as the Cd source, elemental selenium as the
Se source, a fatty acid as a surface capping agent, and
1-octadecene (ODE) as the reaction medium. With low acid-
to-Cd and high Cd-to Se feed molar ratios, all of these chemicals
were loaded into a reaction flask at room temperature. Depend-
ing on the synthetic condition, a growth at 120—240 °C led to
the presence of one CdSe MSQD family exhibiting strong
bandgap PL or the coexistence of several MSN families. This
synthetic approach allows long growth/annealing periods at high
temperature, featuring highly synthetic reproducibility and large-
scale capability.

It is necessary to point out that the research group of Cao
reported a noninjection approach to regular CdSe nanocrystal
ensembles with certain size distribution (PL fwhm ~ 25 nm).'¢
With ODE as the reaction medium and myristic acid (MA) as
the ligand, this approach used CdNO; as a Cd source compound
and purified cadmium myristate as the Cd precursor. Compared
to the present approach, the nature of the Cd precursor plays
an important role in the formation of regular QD ensembles vs
single-sized QD ensembles.

With ODE as the reaction medium and a long-chain fatty
acid, such as myristic acid, as the capping agent, the present
noninjection approach used Cd(OAc), as a Cd source compound
and in situ formed Cd(OAc) (OOC—(CH,),—CHs),., as the Cd
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precursor.'* With acid-to-Cd feed molar ratios smaller than two,
the Cd precursor was developed in the form of Cd(OAc) (OOC—
(CH,),—CH3),.,, as shown in eq 1, where Cd** represents the
monomers available for the formation of final nanocrystals
(CdSe);. Our Cd precursor releases the Cd** monomers slowly
in ODE, with the nature of the acid and reaction temperature
playing a role.

Cd(OAc), + HOOC—(CH,),—CH, — Cd(OAc),
(O0OC—(CH,),—CH,),_,— Cd*" —(CdSe), (1)

In the present study, we report the growth kinetics of CdSe
MSQD Family 463 affected by the acid feed amount and its
chain length. Due to the fact that the acid amount is deficient,
namely the acid-to-Cd feed molar ratio is less than two, the
release of the Cd*" monomers by the Cd precursor, which is in
the form of Cd(OAc)(OOC—(CH,),—CHs;),., rather than
Cd(OOC—(CH,),—CHs;),, plays an essential role in the forma-
tion of Family 463. It is straightforward that the former releases
Cd*" more slowly than the latter, due to their solubility in ODE;
meanwhile, the activity of the Cd*" monomers is related to the
steric effect of the acid used and its bonding strength. Tuning
the activity of the Cd precursor as well as the monomer, we
successfully synthesized high-quality CdSe MSQD Family 463
in pure form. Also, we address an “isomer competing” process
in the initial stage of the formation of Family 463. For the size
characterization of Family 463, TEM proved to be challenging
due to the significant aggregation during the TEM sample
preparation; diffusion ordered spectroscopy nuclear magnetic
resonance (DOSY-NMR) suggests 2.1 nm for the size of Family
463. '13Cd solid-state magic-angle spinning (MAS) NMR is able
to distinguish surface (at a chemical shift of 422 ppm) and bulk
(680 ppm) Cd species bonding to both —COO and Se, or to Se
only, respectively.

2. Experimental Section

2.1. Chemicals and Synthesis. All chemicals used are
commercial available and were used as received. Cadmium
acetate dihydrate (Cd(OAc),*2H,0, 99.999%) and selenium
powder (325 mesh, 99.5%) were from Alfa Aeser. The straight-
chain carboxylic acids used were from Aldrich with highest
purities (=99%); they were butyric acid (C4), hexanoic acid
(C6), caprylic acid (C8), capric acid (C10), lauric acid (C12),
myristic acid (C14, MA), stearic acid (C18, SA), arachidic acid
(C20), behenic acid (C22), and liginoceric acid (C24). 1-Oc-
tadecene (ODE, tech. 90%) was from Aldrich.

For the preparation of CdSe nanocrystals (MSNs), a nonin-
jection one-pot approach in ODE was used. Typically, selenium
powder (0.05 mmol), cadmium acetate dihydrate (with varied
mmols according to the Cd-to-Se feed molar ratio), a carboxylic
acid (with varied mmols according to the acid-to-Cd feed molar
ratio), and ODE (5.0 g) were loaded in a 50 mL three-necked
round-bottom reaction flask at room temperature. The two feed
molar ratios of Cd-to-Se and acid-to-Cd were investigated,
ranging from 1Cd-to-2Se to 8Cd-to-1Se and from 4acid-to-1Cd
to lacid-to-4Cd. In the examination of the acid alkyl chain length
affecting the formation of Family 463, selenium powder (0.05
mmol), cadmium acetate dihydrate (0.2 mmol), a carboxylic
acid (0.133 mmol), and ODE (5.0 g) were loaded, with the fixed
1.5acid-to-1Cd and 4Cd-to-1Se feed molar ratios; the acids used
were from C2 to C24, with the number referring to the total
number of carbon.

The growth was at elevated temperature, with two protocols
to increase the reaction temperature from room temperature,
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namely nonstop heating and stepwise heating. The mixture in
the flask was degassed under vacuum (~50 mTorr) for 20 min
while stirring, and then, the flask was heated to 120 °C and
kept at this temperature for two hours, in order to form the Cd
precursor and to remove acetic acid and moisture. Afterward,
under a flow of purified nitrogen for the nonstop-heating
reaction, the reaction flask was heated to its reaction temperature
(200 °C—240 °C) at a rate of ca. 20 °C/min. To monitor the
formation of the nanocrystals, a small amount of aliquots (~0.2
mL) were taken from the reaction mixture at 200 °C/0 min,
220 °C/0 min, and 240 °C with the growth periods of 0—90
min. For the stepwise-heating reaction, one sample was taken
at 120 °C before increasing the reaction temperature. When the
temperature was kept for 30—120 min at certain intervals
between 140 and 265 °C, aliquots were taken from the reaction
mixture to monitor the growth of the nanocrystals.

2.2. Optical Measurements together with Mass, TEM, and
NMR Characterization. For the as-synthesized samples (with-
out purification, namely reaction crude samples) dispersed in
toluene at room temperature, optical measurements were
performed. Ultraviolet—visible (UV—vis) absorption spectra
were collected using a 1-nm data collection interval (Perkin-
Elmer Lambda 45 spectrometer). Photoemission spectra were
collected with the excitation wavelengths of 350, 400, and/or
430 nm, an increment of data collection of 1 nm, and the slits
of 3 nm (Fluoromax-3 spectrometer, Jobin Yvon Horiba,
Instruments SA, with a 450-W Xe lamp as the excitation source).
For the emission analysis, Gaussian-fitted and baseline-
subtracted integration was performed using built-in Fluoromax3
software functions to yield emission peak, fwhm, and area
(intensity). PL quantum yield (QY) was estimated by comparing
with that of quinine sulfate in 0.05 M H,SO; (Lit. QY of 0.546).
Corrections were made for the difference of the refractive index
of the two solvents.

Laser desorption ionization (LDI) mass spectra were acquired
in the linear mode in either positive or negative ion mode
without the use of a matrix (Voyager DE-STR instrument, AB/
MDS-Sciex, Concord, ON). One raw reaction product from a
synthetic batch with the IMA-to-1Cd and 4Cd-to-1Se feed molar
ratios and the growth of 120 min/240 °C was centrifuged to
remove ODE. The CdSe MSQD sample dispersed in toluene
was spotted on a steel target and allowed to air-dry. No additives
were used, since no positive effects on ionization were obtained
with the addition of salts. The MS spectrum was acquired by
adjusting the laser power until peaks became apparent, with an
average of 400 laser shots per spectrum. Instrument calibration
was performed in the MALDI-MS mode with peptides as
calibrates.

The transmission electron microscopy (TEM) sample was
prepared by depositing diluted purified nanocrystal dispersion
in toluene onto a 300-mesh carbon-coated TEM copper grid
and allowed to air-dry. TEM images were collected on a JEOL
JEM-2100F electron microscope operating at 200 kV and
equipped with a Gatan UltraScan 1000 CCD camera. The
powder X-ray diffraction (XRD) sample was prepared by
depositing the purified nanocrystals on a low-background quartz
plate. The XRD patterns were recorded at room temperature
on a Bruker AXS D8 X-ray diffractometer using Cu Ka
radiation in a 6-0 mode. The generator was operated at 40 kV
and 40 mA, with data collected between 5° and 80° in 26 mode,
a step size of 0.1°, and a counting time of 5 s per step.

Solution NMR was carried out to characterize the size of the
CdSe MSNs dispersed in toluene, with diffusion ordered
spectroscopy (DOSY) NMR. CdSe Family 463 (with two rounds
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of purification in toluene/methanol followed by drying in air)
was dissolved in toluene-dg. Diffusion coefficients were mea-
sured using standard Bruker pulse sequences, together with an
internal standard of heptakis(2,3,6-trio-methyl)-S-cyclodextrin,
which has an average diameter of 1.4 nm. According to the
Stokes—Einstein equation, the diffusion coefficient of a particle
is inversely proportional to its diameter; thus, the size of one
nanocrystal ensemble was calculated from the ratio of its
diffusion coefficient to that of the internal standard. The use of
an internal standard eliminates the need for parameters such as
the sample viscosity and the temperature. The NMR study was
performed with a Bruker DRX-400 spectrometer equipped with
an inverse detected Z-gradient probe.

Solid-state NMR spectra of Family 463 were obtained on a
Bruker AMX300 spectrometer with a Doty Scientific Inc. 5 mm
probe using silicon nitride rotors. ''*Cd NMR magic angle
spinning (MAS) spectra were obtained at 66.58 MHz, both with
and without 'H cross-polarization (CP). For spectra without CP,
a simple one pulse sequence with phase cycling was used, with
a 90° pulse length of 4.0 ms and spin rates from 6.3 to 7.3
kHz. A recycle time of 120 s was used and collection times
were of the order of 1.5—2.75 days. ''*Cd CP/MAS spectra were
obtained with CP times of 5—15 ms, recycle times of 1—2 s,
and collection times of 7—44 h. Chemical shifts were referenced
to Cd(NO3),*4H,0 (powdered, under MAS). Standard '*C CP/
MAS spectra at 75.43 MHz were obtained with a CP time of 3
ms and 4 s recycle times, and dipolar dephasing spectra were
obtained with an interruption of 'H decoupling of 40 us before
data acquisition (referenced to TMS via external hexamethyl-
benzene). The sample for solid state NMR was synthesized from
a batch with the 1C14-to-4Cd and 4Cd-to-1Se feed molar ratios
and with 60-min growth at 220 °C.

3. Results and Discussion

The synthesis—structure—property relationship has always
been highlighted in our laboratories, with our efforts on
monitoring the growth kinetics via the temporal evolution of
the optical properties of the growing nanocrystals and on the
characterization with various techniques including nuclear
magnetic resonance (NMR).!”'® With our noninjection one-pot
approach, various synthetic parameters and the interplay between
them affect the formation of the single-sized ensemble. Thus,
there are three parts in this section. Part one (section 3.1)
addresses the growth kinetics of CdSe MSN Family 463,
focusing on the Cd-to-Se (section 3.1.1) and acid-to-Cd (section
3.1.2) feed molar ratios and the nature of the acids (section 3.1.3)
used affecting the formation of the nanocrystals and their thermal
stability. Part two (section 3.2) deals with the structural and
compositional characterization of the resulting Family 463, in
the order of MS, TEM, solution NMR, and solid-state NMR.
Part three (section 3.3) presents the shelf-storage stability of
the resulting colloidal nanocrystals.

3.1. Growth Kinetics of CdSe MSN Family 463. The
MSNs are different from regular nanocystals, regarding their
thermal stability during synthesis: they do not grow in size after
they are well established, but decompose with longer growth
periods or higher reaction temperature. In the order of decreasing
the MA-to-Cd feed molar ratios, we demonstrate that the low
acid-to-Cd and high Cd-to-Se feed molar ratios are crucial to
obtain CdSe MSNs in pure form with our synthetic approach.'*
Also, we reveal that C12—C18 acids are optimum for the growth
of Family 463, with respect to the yield, purity, and PL
efficiency.
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Figure 1. Temporal evolution of the UV —vis absorption spectra (offset) of the growing CdSe nanocrystals from the two synthetic batches with
the fixed feed molar ratio of 2MA-to-1Cd but different Cd-to-Se feed molar ratios of 2Cd-to-1Se (a) and 4Cd-to-1Se (b). The nanocrystals sampled
with the different growth periods/temperature were indicated. The UV —vis absorption spectra are presented with 40 4L crude product in 3 mL
toluene (a, the y axis maximum of 0.4) and 20 uL crude product in 3 mL toluene (b, the y axis maximum of 0.3). Batch 1b produced relatively high
yield of Family 463, as compared to batch la. Figure S1 shows the example of emission of the two samples with 30-min growth at 200 °C and

30-min growth at 265 °C from batch 1la.

3.1.1. 2MA (C14)-to-1Cd and (2~8) Cd-to-1Se Feed Molar
Ratios. Figure 1 shows the temporal evolution of the absorption
spectra of the nanocrystals from two synthetic batches with the
fixed feed molar ratio of 2MA-to-1Cd but different Cd-to-Se
feed molar ratios of 2Cd-to-1Se (1a) and 4Cd-to-1Se (1b). With
the acid-to-Cd feed molar ratios larger than two, only regular
QDs were synthesized;'* thus, the present study only deals with
the acid-to-Cd feed molar ratios not larger than two. For batch
1a, the coexistence of CdSe MSN Family 463 and regular CdSe
QDs is significant. Under the present experimental setup, the
thermal stability of Family 463 was up to 245 °C and that of
the regular CdSe QDs was at least 265 °C. For Family 463,
when the reaction temperature increased from 150 to 245 °C, a
redshift of about 13 nm was observed from 448 to 461 nm; for
the regular QDs, when the reaction temperature increased from
200 to 265 °C, a redshift of about 30 nm was observed from
ca. 570 nm to ca. 600 nm. It is clear that the regular QDs (with
absorption from ca. 520 nm at 160 °C to ca. 600 nm at 265 °C)
are larger than Family 463, implying that the thermal stability
increases with the nanocrystal size. Family 463 exhibited much
narrower bandgap PL emission than the regular QDs (see the
Supporting Information, Figure S1).

Surprisingly, Family 463 exhibited its “growth” process,
via the continuous redshift of it absorption peak positions as
monitored during the increase of the reaction temperature
from 150 to 245 °C. It is clear that the “growth” was so
slow that such a redshift was monitored. With other MA-
to-Cd feed molar ratios smaller than two, the “growth”
seemed to be faster (as shown in Figure 2). It seems that
with the 2MA-to-1Cd feed molar ratio there was a coexistence
of the two Cd precursors, Cd(OAc)(MA) and Cd(MA),, as
shown in eq 2a. When the acid-to-Cd feed molar ratio is
larger than two, the Cd precursor is Cd(OOC-(CH,),-CH3),
(as shown in eq 2b); when the acid-to-Cd feed molar ratio is
smaller than two, the Cd precursor is Cd(OAc),(OOC—(CH,),—
CH3),., (as shown in eq 2a). Cd(OAc)(MA) released Cd**
relatively slowly in ODE, as compared to Cd(MA), in the
temperature range studied. The slow release of Cd>" meets
the requirement of the thermodynamic growth of MSNs; due
to the presence of regular QDs which consumed Cd>**, the
available Cd*" for the “growth” of Family 463 might be
further limited. Therefore, the formation of Family 463 in
batch la was so slow that the redshift from 448 to 461 nm
was readily monitored.
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Figure 2. Temporal evolution of the UV —vis absorption spectra (offset) of the growing CdSe nanocrystals from the two synthetic batches with
the same feed molar ratios of IMA-to-1Cd and 4Cd-to-1Se but different temperature increase pattern of stepwise (a) and nonstop (b). The nanocrystals
sampled with the different growth periods/temperature were indicated. Sample 2a-7 was after the reaction flask stored overnight at room temperature
and reheated to 160 °C. The UV—vis absorption spectra are presented with 20 uL of crude product in 3 mL of toluene for both a (the y axis
maximum of 0.79) and b (the y axis maximum of 0.9). Figure S2 shows the summary of the optical properties of the nanocrystals from batch 2b.
Also, Figure S3 shows the temporal evolution of the UV —vis absorption spectra of the growing CdSe nanocrystals from the synthetic batch with
the feed molar ratios of 1MA-to-2Cd and 4Cd-to-1Se and the nonstop temperature increase pattern from 120 to 240 °C at a rate of 20 °C/min. The
growth similarity of the nanocrystals from batches 2b and S3 is worthy of notice.

Cd(OAc), + MA — Cd(OAc)(MA) — Cd*" — (CdSe), (2a)
Cd(OAc)(MA) + MA — Cd(MA), — Cd*" — (CdSe), (2b)

For batch 1b with the feed molar ratio of 4Cd-to-1Se instead
of 2Cd-to-1Se, the presence of regular QDs was very much
suppressed. When the Cd-to-Se feed molar ratio was further
increased to 8Cd-to-1Se (data not shown), the thermal stability
of Family 463 increased at 240 °C, together with much more
inhibition of the presence of regular QDs.!* Therefore, with the
feed molar ratio of 2MA-to-1Cd, Family 463 coexisted with
regular QDs; large Cd-to-Se feed molar ratios favor the
formation of Family 463 with enhanced thermal stability during
synthesis, while restraining the formation of regular QDs.

3.1.2. IMA (C14)-to-(1 ~ 4) Cd and 4Cd-to-1Se Feed Molar
Ratios. With the fixed 4Cd-to-1Se feed molar ratio, the MA-
to-Cd feed molar ratio was reduced to promote Family 463.
Figure 2 shows the temporal evolution of the absorption spectra
of the nanocrystals from two synthetic batches with the 1IMA-
to-1Cd and 4Cd-to-1Se feed molar ratios; the reaction temper-

ature was increase from room temperature via stepwise heating
(2a) and nonstop heating (2b). There were little regular QDs
from both batches. The presence of Family 395 was detected
in batch 2a, and the disappearance was after 30 min at 160 °C.
Family 463 in pure form was achieved afterward, namely after
the decomposition of Family 395 which is smaller in size than
Family 463. The formation of Family 463 continued after the
decomposition of Family 395 into monomers beyond 160 °C.

With our noninjection experimental setup in batch 2a, CdSe
MSN Family 395 and Family 463 were formed simultaneously.
There was no sign of the development of Family 395 into Family
463; instead, the dissolution of Family 395 due to limited
thermal stability provided monomers to the formation of more
Family 463. Meanwhile, it is clear that the MA-to-Cd feed molar
ratios are crucial: excess acid (more than equivalent) leads to
the formation of regular QDs, while deficient acid promotes
the formation of CdSe MSNs.!'* The deficient amount of acid
results in the different Cd precursors as addressed in eq 2a.
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Figure 3. Absorption (thin dashed line) and photoemission (thick black
line, excited at 350 nm) spectra of the CdSe MSQDs, Family 463 from
the synthetic batch with the 1MA-to-4Cd and 4Cd-to-1Se feed molar
ratios and 50-min growth at 220 °C.

The coexistence of Family 395 and Family 463 below 160
°C encouraged us to perform nonstop heating, as shown in
Figure 2b. The formation of Family 463 was in pure form from
batch 2b; therefore, nonstop heating was used to study the nature
of acids affecting the formation of Family 463 presented in
section 3.1.3. Figure S2 in the Supporting Information shows
that Family 463 exhibits an absorption doublet peaking at 435
and 463 nm.

Further reduction of the acid amount to the 1IMA-to-2Cd feed
molar ratio resulted in the very much similar outcome shown
in Figure 2; the temporal evolution of the absorption spectra of
the nanocrystals from the synthetic batch with the IMA-to-2Cd
and 4Cd-to-1Se feed molar ratios is shown in the Supporting
Information, Figure S3. Also, the growth of Family 463 in pure
form with an increase in number went on for 60 min at 240 °C,
similar to that shown in Figure 2b. Such similarity in the growth
kinetics of the nanocrystals from the batches with the fixed 4Cd-
to-1Se feed molar ratio but lacid-to-1Cd (batch 2b) and lacid-
to-2Cd (batch S3) led us to use the fixed lacid-to-1.5Cd and
4Cd-to-1Se feed molar ratios to study the nature of acids
affecting the formation of Family 463 presented in section 3.1.3.
Figure 3 shows the optical spectra of Family 463 from the batch
with the 1MA-to-4Cd and 4Cd-to-1Se feed molar ratios and
the growth/annealing temperature at 220 °C.

3.1.3. Various Acids with 1Acid-to-1.5Cd and 4Cd-to-1Se
Feed Molar Ratios. Acids HOOC—(CH,),—CHs;, with different
carbon chain length, have different solubility, mobility, and
binding strength to Cd in ODE. Thus, the nature of acids
affecting the formation of Family 463 was investigated, with
the fixed lacid-to-1.5Cd and 4Cd-to-1Se feed molar ratios and
the nonstop heating approach to increase the reaction temper-
ature from 120 to 240 °C at a heating rate of 20 °C/min. The
effect of the ligand length on the growth of nanocrystals has
been acknowledged in other systems, such as CdS RQDs'" and
InP RQDs.?

Figure 4 shows the absorption spectra of the nanocrystals
from the 10 synthetic batches with the use of C2—24 acids; the
reaction temperature was at 240 °C with the growth period of
8 min. As addressed in the Experimental Section, for the batches
with the nonstop heating from 120 up to 240 °C, small amount
of aliquots were taken at 0 min/200 °C, Omin/220 °C, and at
240 °C with the growth periods of 0—90 min. Figure S4 in the
Supporting Information summarizes the optical density at 463
nm of the growing nanocrystals sampled from the ten batches.

It is clear that Family 463 was produced with the 10 batches.
The C2—10 and C22—24 acids bestowed relatively low yields
of Family 463, as compared with the C12—20 acids. The
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Figure 4. UV—vis absorption spectra (offset) of the growing CdSe
nanocrystals from the 10 synthetic batches with the same feed molar
ratios of lacid-to-1.5Cd and 4Cd-to-1Se and the nonstop temperature
increase pattern from 120 to 240 °C. The nanocrystals were synthesized
with the acids indicated and sampled at 8-min growth at 240 °C. The
UV —vis absorption spectra are presented with 10 uL of crude product
in 3 mL of toluene, except for C02 acid with 100 uL of crude product
in 3 mL of toluene. Figure S4 summarizes the optical density at 463
nm of the nanocrystals from the ten batches but sampled at different
growth temperature and periods.

presence of Family 513 was noticed with the acids longer than
C18; furthermore, for the acids longer than C24, they resulted
in Family 513 in non-negligible amounts under the same
synthetic conditions.'* The present study addresses the synthesis
of Family 463 in pure form, and the C12—18 acids are the
optimal choices. For the short acids such as C2—10, the release
of Cd*" is slow due to the low solubility of the Cd precursor in
ODE; for the long acids such as C22—24, the steric hindrance
of the long carbon chain slows down the formation of Family
463, together with the consumption of Cd** by Family 513.
Accordingly, the growth of the CdSe MSNs via the present
noninjection one-pot approach is controlled mainly by the rate
of the release of Cd*" from the Cd precursor in ODE; this rate
is affected by the nature and amount of the acid.

3.1.4. Initial Stage of the Formation of Family 463. As
mentioned above, about 13 nm redshift of Family 463 in batch
la was observed from 448 to 461 nm, when the reaction
temperature increased from 150 to 245 °C. Using another fatty
acid, stearic acid (SA, C18), we performed the synthesis with
stepwise heating and the 1SA-to-4Cd and 4Cd-to-1Se feed molar
ratios to further explore the initial stage of the formation of
Family 463. Figure 5 shows the temporal evolution of the
absorption (5a) and emission (5b) spectra of the nanocrystals
from this batch, with the reaction temperature of 140—160 °C,
i.e., in the initial stage of the growth of Family 463. Figure S5
in the Supporting Information shows the temporal evolution of
the absorption spectra of the nanocrystals from this batch but
with the reaction temperature of 160—220 °C, namely the later
stage of the growth of Family 463.

As shown in Figure 5, Family 463 at 15 min/140 °C (curve
1) exhibited absorption peaking at 454 nm and emission at 456
nm. Afterward, Family 463 at 30 min/150 °C (curve 3) exhibited
absorption peaking at 454 and 460 nm and emission at 456 and
ca. 465 nm. Family 463 at 60 min/160 °C (curve 5) exhibited
absorption peaking at 462 nm and emission at 465 nm. The
present study does not address the presence of other species
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Figure 5. Temporal evolution of the UV —vis absorption spectra (a, offset) and photoemission spectra (b, offset) of the growing CdSe nanocrystals
from the synthetic batch with the 1SA-to-4Cd and 4Cd-to-1Se feed molar ratios. The five nanocrystal ensembles sampled with the different growth
periods/temperature were indicated (from 15 min/140 °C to 60 min/160 °C). The UV —vis absorption spectra are presented with 30 4L of crude
product in 3 mL of toluene (a, the y axis maximum of 0.12) and b (the y axis maximum of 7.5 x 10%). Also, Figure S5 shows the temporal evolution
of the UV —vis absorption spectra of the growing CdSe nanocrystals from the same synthetic batch but sampled afterward, from 60 min/160 °C
(sample 5) to 90 min/220 °C (sample 12) and overnight/220 °C (sample 13). Thus, Figures 5 and S5 describe the temporal evolution of the optical
properties of the growing CdSe nanocrystals from the same synthetic batch, with the growth temperature for Figure 5 of 140—160 °C (of samples
1—5) and for Figure S5 of 160—220 °C (of samples 5—13). The possible “isomer competing” is worthy of notice in the initial stage of the formation

of Family 463; another example of such process is shown in Figure S6.

such as Family 395 and Family 414. The presence of Family
414 without bandgap emission is worthy of notice; Family 414
was reported before by other groups.!® Both Family 395 and
Family 414 disappeared at 170 °C, whereas Family 513 showed
up at 220 °C (as shown in Figure S5).

Let us turn our attention back to Family 463. Interestingly,
from 15 min/140 °C to 45 min/140 °C, a shoulder appeared at
the lower energy side of the absorption peak at 454 nm. This
shoulder developed with the growth periods and temperature
and became the predominant peak at 30 min/160 °C peaking at
462 nm, overruling the original peak at 454 nm as a shoulder.
At 60 min/160 °C, this peak at 462 nm became symmetric with
the disappearance of the shoulder. A similar trend is obvious
with the corresponding PL emission spectra shown in Figure

5b. Thus, in the initial stage of the formation of Family 463 as
shown in Figure 5, the nanocrystals at 15 min/140 °C exhibiting
absorption peaking at 454 nm and emission at 456, are, likely,
a structural isomer, of those at 60 min/160 °C exhibiting
absorption peaking at 462 nm and emission at 465 nm. These
two ensembles, coexisting during the reaction between 15 min/
140 °C and 60 min/160 °C, may be isomers with very much
similar atomic composition, but different thermal stability. Such
an “isomer competing” process may explain, partially, the
observed red-shifting of the bandgap PL during the growth of
CdSe MSN Family 463 shown in Figure la. Figure S5 in the
Supporting Information shows a similar “isomer competing”
phenomenon of Family 463 from another synthetic batch with
different synthetic conditions.
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Figure 6. Laser-desorption-ionization (LDI) mass spectrum acquired in a positive ion mode from our CdSe MSQD Family 463 in toluene.

3.2. Characterization of CdSe MSN Family 463.
3.2.1. Mass Spectrometry. Mass spectrometry was employed
for the information on the composition and structure of magic-
sized nanoclusters.'? Figure 6 shows the mass spectrum acquired
with our Family 463. In the range of mass number (m/z) greater
than 2100, the two outstanding peaks at 2649 and 6666
correspond to (CdSe), with n = 13.8 and 34.8, respectively. In
the range of mass number (m/z) smaller than 2100, the presence
of particles with n < 13.8 is also noticed. It is noteworthy that
literature reported n = 13, 33, and 34;'° thus, similar stable
species are indicated by our mass spectrometric measurement.
We would like to point out that MS suggests the presence of
relatively stable species during the measurement; efforts are
underway to clarify the composition and structure of our CdSe
MSN Family 463.

3.2.2. TEM. Figure 7 shows one typical TEM image of our
purified Family 463; the TEM sample grid was prepared from
air-dying purified nanocrystal dispersion in toluene. Interest-
ingly, wire-like aggregates are present with the width of ca.
2—4 nm. With the scale bar of 20 nm, the inset demonstrates
clearly the presence of crystal lattices in the area labeled by
the dashed square. Another example of the wire-like aggregates
is shown in the Supporting Information, Figure S7.

It has been reported that single-sized nanocrystals have a strong
tendency to aggregate/coalesce due to their highly uniform size
and high surface energy.?! For our CdSe MSNs, such a tendency
could be demonstrated by the presence of a muddy mixture in a
synthetic batch at elevated reaction temperature; the muddy
appearance has become our experimental indicator for the formation
of MSNs. When the as-synthesized MSNs are dispersed in organic
solvents such as hexane, toluene, and chloroform, they tend to
aggregate and precipitate out of the resulting dilute dispersions;
gentle shaking would easily break up the aggregation and bring
them back in the solvents. After purification, they are easier to
agglomerate, as judged from the cloudiness of their dilute disper-
sions; still, shaking or sonication can break up the aggregation and
result in clear dispersions exhibiting bandgap absorption and
emission. For TEM and XRD characterization, the purified CdSe
MSNs were dispersed in a solvent (such as toluene) and dried
afterward on TEM copper grids or XRD quartz plates. During the
drying process, the aggregation/coalescence of the purified MSNs
took place and became irreversible. The present study does not
address such an interesting issue, namely the self-assembly of
single-sized nanocrystals; it helps to point out that various mor-
phologies were observed, including spherical-like, wire-like, and

PR e o A
Figure 7. One typical TEM image of our purified Family 463. The
Family 463 was from a batch with the IMA-to-4Cd and 4Cd-to-1Se
feed molar ratios and the growth of 60 min/220 °C. Obviously, the
ready aggregation/self-assembly of the single-sized nanocrystals, such
as CdSe Family 463, during the TEM sample preparation, challenges
TEM on the size characterization.

sheet-like assembles. The spherical-like aggregates are larger than
Family 463, the size of which is estimated as 2.05 nm based on
the absorption peak at 463 nm.> The wire-like aggregates could
be up to 100 nm long with their width slightly larger than the size
of Family 463. Note that the degree of aggregation depends on
the detailed preparation of the TEM and XRD samples; the solvent/
nonsolvent pair used (such as toluene/methanol) for the purification
and repeating rounds, together with the dispersion media of the
purified nanocrystals play important roles. It was reported that the
dipole—dipole interactions were the driving force for the formation
of the CdSe?? and CdTe? nanowires in solution (via the aggregation
of QDs).

3.2.3. 'H-DOSY-NMR. As shown above, for the size deter-
mination of ultrasmall nanocrystals and single-sized nanocrys-
tals, the analysis of XRD and TEM results is problematic
because of the spontaneous aggregation during the sample
preparation. Meanwhile, 'H-DOSY-NMR was introduced as a
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Figure 8. Proton 2D DOSY-NMR spectrum of Family 463 in toluene-dg. Heptakis(2,3,6-tri-o-methyl)-f-cyclodextrin with an average diameter of
1.4 nm was used as an internal standard; its diffusion coefficient was measured as 10°?* m? s~!. Toluene exhibited its resonances at 7.10—6.95

078.67 mZ S*l

and 2.09 ppm with a diffusion coefficient of 1

. An average diffusion coefficient of CdSe MSN Family 463 was measured as 1

07‘).399

m? s7; thus, the size was determined to be 1.4 x (107°22/1073%°) = 2.1 nm.

powerful tool in the determination of the size of colloidal
nanocrystals with capping ligands.?* It is known that based on
translational diffusion rates, DOSY-NMR is a powerful tech-
nique to investigate materials, with typical applications including
polymers, micelle formation, and protein bindings.”

Figure 8 shows a proton 2D DOSY-NMR spectrum of Family
463 in toluene-ds, with chemical shift versus diffusion coef-
ficient. All toluene resonances (7.10—6.95 and 2.09 ppm) appear
at a diffusion coefficient of 107%%7 m? s™!, which is the self-
diffusion coefficient of toluene. With Stokes—Einstein equation,
the diffusion coefficient of a species can be related to its
hydrodynamic diameter dy in solution (eq 3)

dy =k, T/377D A3)

where kg is the Boltzmann constant and # is the dynamic
viscosity of the liquid. In the case of a hard-sphere particle, dy
is equal to the true diameter of the particle.>** For colloidal
nanocrystals, dy is systematically larger than dyc because the
hydrodynamic diameter corresponds to the sum of dyc and the
contribution of the capping layer. In order to obtain accurate
data, an internal standard heptakis(2,3,6-tri-o-methyl)-S-cyclo-
dextrin, with an average diameter of 1.4 nm, was used to
eliminate the effects of several factors such as sample viscosity
and temperature. The hydrodynamic effect can not be completely
eliminated because it is size-dependent; large particles have
small hydrodynamic effect. According to Figure 8, the size of
CdSe MSN Family 463 was determined to be 1.4 x (10722%%/
10723%) = 2.1 nm, which is close to 2.05 nm estimated from
the first excitonic absorption peak position at 463 nm.>

In future work, the diffusion coefficients of well-characterized
QD ensembles will be measured by DOSY-NMR and their sizes
will be calculated. The DOSY-NMR size will be compared to
the sizes obtained by other techniques, such as Raman scatter-
ing,” in order to further validate the DOSY approach. Also,
for CdSe QD ensembles exhibiting the same bandgap absorption
peak positions but with different surface ligands, DOSY-NMR

will be performed to investigate the surface ligand effect. After
the measurements of a series of QDs in toluene-dg at a constant
concentration, the size of an unknown spherical QD sample
should be deduced easily, with calibration curves constructed.

3.2.4. Solid-state NMR. As shown in Figure 9a, the normal
'H—"1C cross-polarization CP/MAS NMR spectrum of pure
myristic acid (CH3-(CH;),,-COOH) shows resonances in four
main regions: COOH at 181.7 ppm, CH; at 15.0 ppm, CH,
adjacent to CH;3 at 25.0 ppm and all the other CH, groups in
the range 30—36 ppm with the main peak at 33.0 ppm. The
dipolar-dephased spectrum, Figure 9b, shows only those C atoms
that are not strongly dipolar-coupled to 'H, namely quaternary
carbons, in this case the COOH, and any proton-bearing carbons
that are in motion so that their dipolar coupling is reduced, in
this case the CHz group.?” This shows that the myristic acid is
rigidly fixed in the solid and the only dynamics possible is the
internal rotation of CH;. On the other hand the '*C CP/MAS
NMR spectrum of Family 463, Figure 9c, which presumably
now represents anions rather than acid, shows two carboxylate
(—COO") peaks (182.3 and 184.3 ppm), a CH; peak (14.7 ppm),
and the CH, regions (22.5—25.2 and 29—36 ppm) are more
complex than in the acid. The splitting of the carboxylate
resonance may indicate different coordination sites or possibly
the presence of acetate as well as myristate. The dipolar
dephased spectrum, Figure 9d, again shows the COO™ and CHj;
resonances, and also several but not all of the CH, groups. The
logical interpretation is that the carboxylate is attached to the
Cd of the surface and the CH, closest to this are not mobile,
whereas the ones closer to the end of the chain become
increasingly mobile due to wagging and twisting motions
(reducing the C—H dipolar coupling and thus making these
visible in the dephased spectrum).

The fact that the carboxylate anions are firmly attached to
the surface makes it possible to cross-polarize from 'H to ''*Cd,
and obtain a CP/MAS NMR spectrum, Figure 10d, in which
signals from any Cd at or close to the surface should show
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Figure 9. *C CP/MAS NMR spectra of myristic acid (a) normal CP
and (b) with dipolar dephasing, and of Family 463 CdSe nanocrystals
capped with myristic acid (c) normal CP and (d) with dipolar dephasing.
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strongly relative to Cd deeper in the particle. Conversely, the
13Cd MAS NMR spectrum, Figure 10c, obtained with single
pulse excitation without CP but with high power 'H decoupling
(HPDEC) should show all Cd. There are resonances from only
two types of Cd visible: (i) a relatively sharp line at 680 ppm
(fwhm = 1280 Hz) close to that of bulk CdSe at 657.7 ppm
(fwhm = 138 Hz), !7 as shown in Figure 10a, or CdSe/TOP
3.5nm QDs at 676 ppm (fwhm = 3750 Hz),!” as shown in Figure
10b, with little if any chemical shift anisotropy (csa). This line
shows strongly in the HPDEC spectrum and weakly in the CP/
MAS spectrum and therefore corresponds to core Cd tetrahe-
drally coordinated by 4 Se. Note that this line is significantly
narrower than that of the 3.5 nm QD studied previously,
indicative of a smaller distribution of Cd environments; (ii) a
second line at isotropic shift of 422 ppm (fwhm ~ 1750 Hz)
with numerous spinning sidebands, which indicate a large csa
arising from an anisotropic environment. This resonance is
enhanced relative to the 680 ppm line in the CP spectrum and
therefore can be assigned to the surface Cd, to which the
carboxylates presumably are attached. The large decrease in
chemical shift relative to the core Cd line is consistent with
increased O and reduced Se coordination: we observed Cd
resonances for bulk Cd acetate and Cd myristate in the 0—60
ppm region. A similar spectral pattern was observed in studies
of ZnCdS nanoparticles and our magic-sized QDs such as CdTe
and CdTeSe but with the two principal resonances at varied
shifts.'®

It is quite surprising that there are only two prominent reso-
nances, as this implies that there is no transition zone between core
and surface, but this should help restrict the number of possible
models for the structure of these nanoparticles. Under high power
'H decoupling (HPDEC), provided the recycling time is long
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Figure 10. ''3Cd MAS NMR spectra of (a) bulk hexagonal CdSe,'” (b)
CdSe regular quantum dots with TOP/TOPO capping agent (also hexagonal
structure),'” (c) Family 463 with high power decoupling (HPDEC, spin
rate 6.6 kHz), and (d) Family 463 using CP/MAS (CP time = | ms, spin
rate = 6.6 kHz). Spectra (c) and (d) are normalized on the 422 ppm line.

enough, the integrated intensities of the lines (including spinning
sidebands) give quantitative information about the two types of
Cd; that is, the core:surface ratio is found to be ~0.81. Once a
suitable model of the core and surface structure has been developed
it should be possible to estimate the particle size, excluding the
organic coating, from this ratio.

3.3. Storage Stability. The storage stability of CdSe MSN
Family 463 was explored. Figure 11 shows the optical spectra of
the as-synthesized Family 463 in toluene and after a 40-day storage
period in the dark at ca. 10 °C. With such storage, the Family 463
dispersion in toluene exhibited a significant enhancement in its
emission efficiency with little change in its absorption. Such
enhancement of the emission efficiency after storage was observed
in other QD dispersions and was argued to be resulted from surface
passivation by small molecules such as oxygen and moisture %252
Thus, the Family 463 dispersion in toluene had good storage
stability. For purified Family 463, it also had good shelf-storage
stability, as shown in Supporting Information Figure S8, which
shows the absorption and emission spectra of the purified Family
463 after eight-month storage at room temperature in the dark and
then dispersed in toluene for the optical measurement.

4. Conclusions

CdSe single-sized nanocrystal Family 463, exhibiting bandgap
absorption and emission peaking at ca. 463 and 465 nm,
respectively, was readily synthesized via a noninjection one-
pot approach. The synthetic parameters, such as acid-to-Cd and
Cd-to-Se feed molar ratios, reaction temperature, and the nature
of the acid HOOC—(CH,),—CHj; were investigated in detail.
Low acid-to-Cd and high Cd-to-Se feed molar ratios are crucial
to get high-quality CdSe MSN Family 463 in pure form. With
the acid-to-Cd feed molar ratio smaller than two, the Cd
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Figure 11. Absorption (curve 1) and photoemission (curve 3, excited at
350 nm) spectra of the as-synthesized CdSe MSQDs, Family 463 from a
synthetic batch with the 1IMA-to-2Cd and 4Cd-to-1Se feed molar ratios
and 18-min growth at 240 °C. The dispersion in toluene was stored 40
days in the dark at ca. 10 °C; afterward, optical measurements were carried
out at room temperature, namely absorption (curve 2) and emission (curve
4 with excitation at 350 nm). Figure S8 shows the storage stability also,
but with purified CdSe MSQD Family 463 after eight months.

precursor is in the form of Cd(OAc),(OOC—(CH;),—CHj),.,,
which releases Cd** in ODE relatively slowly as compared with
Cd(OOC—(CH,),—CHj3), formed with the acid-to-Cd feed molar
ratio larger than two. The rate of the Cd*>' release from
Cd(OACc),(OOC—(CH,),—CHs),., dominates the formation of
Family 463. The C12—18 acids are optimum choices for Family
463 with high yield and in pure form with the reaction
temperature of ca. 220 °C. In the initial stage of the formation,
an “isomer competing” process may exist. The Family 463 was
characterized by MS, TEM, XRD, DOSY-NMR, and solid-state
NMR. During the TEM and XRD sample preparation, significant
aggregation/coalescence occurred due to the small and highly
uniform dimension of Family 463 and high surface energy.
DOSY-NMR bestowed the size of 2.1 nm. Our Family 463 has
good shelf-storage stability.

Supporting Information Available: The optical properties
of the two samples with 30-min growth at 200 °C and 30-min
growth at 265 °C from batch la (Figure S1), the summary of
the optical properties of the growing nanocrystals from batch
2b (Figure S2), the temporal evolution of the UV—vis absorption
spectra of the growing CdSe nanocrystals from the synthetic
batch with the feed molar ratios of 1MA-to-2Cd and 4Cd-to-
1Se and the nonstop temperature increase pattern from 120 to
240 °C at a rate of 20 °C/min (Figure S3), the optical density
at 463 nm of the nanocrystals from the ten batches shown in
Figure 4 but sampled at different growth temperature and periods
(Figure S4), the temporal evolution of the UV—vis absorption
spectra of the growing CdSe nanocrystals from the synthetic
batch shown in Figure 5 but sampled from 60 min/160 °C
(sample 5) to 90 min/220 °C (sample 12) and overnight/220
°C (sample 13) (Figure S5), another example of the “isomer
competing” in the initial stage of the formation of Family 463
(Figure S6), the problems of the traditional characterization with
TEM and XRD for MSQD CdSe Family 463 (Figure S7), and
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8-month storage stability (Figure S8). This material is available
free of charge via the Internet at http://pubs.acs.org.
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