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ABSTRACT: This article reports the successful synthesis of
luminescent InP nanocrystals (NCs) of different sizes using
microwave-assisted methods. The key to NC photolumines-
cence (PL) is the use of 1-butyl-4-methylpyridinium
tetrafluoroborate (BMPy BF,), an ionic liquid (IL) with a
fluoride-containing anion. The IL is responsible for both rapid
heating of the reaction solution and efficient PL from the NCs.
This is demonstrated by comparison with other ionic liquids,
an analogous synthesis done using a flask and heating mantle,
and a microwave-assisted synthesis in a silicon carbide (SiC)
vessel. Addition of amine results in InP NC sizes ranging from
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~3.2—4.2 nm, calculated (PL from ~545—630 nm) with quantum yields (QYs) of up to 30% and PL full-width-at-half-max
(fwhm) values as small as ~0.18 eV (~59 at 632 nm) without optimization. By taking advantage of efficient microwave-assisted
heating, this simple procedure provides a pathway to luminescent InP NCs of different diameters without changing precursors,
performing sequential additions of reactants, or other postreaction processing (e.g. shell growth, HF etching).

H INTRODUCTION

The popularity of colloidal semiconductor nanocrystals (NCs)
can be attributed to their use in electronic' ~ and biological‘*_6
technologies as well as the fundamental interest in their
physical and chemical properties.”® Related to the latter,
interest in their surfaces has grown due to the large effect small
changes in surface composition and structure have on NC
behavior and capabilities.” Understanding and controlling these
surfaces is an enticing area for chemists. Unfortunately, the best
materials for these applications are often heavy metal-
containing materials, such as CdSe and PbS, whose toxicity
provides a barrier to growth of NC usage.'’”"”

One alternative is III-V semiconductors, which are
ubiquitous in bulk technologies."”'* NCs of these materials
have proven challenging to reproducibly synthesize with high
quality (quantum yield, narrow size-distribution).'' In
particular, InP NCs exhibit luminescence in the visible range
but have poor tunability with respect to NC size and, thus,
optical properties. Unlike syntheses of II-VI nanocrystals, InP
syntheses frequently require different precursors to obtain
different sizes.'”'® Alternatively, changing ratios of ligands or
sequential additions of precursors can be used to obtain InP
NCs with different diameters.'”'” More recently, reaction
temperature was used to tune InP NC size,”””' but despite
these and other recent advances in InP NC synthesis,”* >’
postreaction processing is generally required to obtain
luminescent InP NCs.

The two most popular techniques for obtaining luminescent
InP NCs are 1) addition of shells to InP cores’ and 2) etching
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using HE.>'~** Shells are frequently ZnS, or related materials,
and can be generated in single-step syntheses.”*™** A recent
report demonstrated addition of shells to InP cores results in
QYs of up to 79%.” HF etching achieves quantum yields of
more than 50%."" The mechanism for etching is hypothesized
to involve removal of surface P vacancies (electron traps)*' and
activation of surface P dangling bonds (hole traps) for attack by
fluoride.®" Despite these advances, additional synthetic steps or
modifications to InP NC cores are often problematic. Addition
of shells can prevent transfer of charge-carriers from the NCs,
which hinders many electronic applications.*”*’ Etching is
associated with removal of native NC surface ligands or ligand-
stripping,** a process that can improve NC charge transfer,
but it can also change the size of the NCs.”**"** The use of HE
is also dangerous as it is both highly corrosive and a contact
poison.“té’47

Although there are many examples of microwave-assisted
synthesis of NCs in the literature, there is a strong bias toward
metal and oxide nanoparticles prepared in polar solvent.**~°
For other II-VI NCs and III-V NCs, colloidal preparations
often involve high-boiling, hydrophobic solvents, and li-
gands.”' 7> These solvents allow for reaction at high temper-
ature to obtain higher quality, more crystalline NCs. For
microwave-assisted NC syntheses they highlight a key issue
with the use of this synthetic method: a material with a good
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microwave dissipation factor (loss tangent) is required for
heating.”* In the absence of polar solvent, heating is achieved
either through the reactants or the reaction vessel (usually
glass). This can lead to very slow heating rates and, often, large
size distributions.”**

One way to increase heating rates in microwave-assisted
syntheses is the addition of ionic liquids (ILs). ILs have low
melting points but are not necessarily liquid at room
temperature.”® Their ionic nature makes them ideal for
microwave-assisted syntheses as ionic conduction can markedly
increase heating rates.”* The microwave-assisted ionic-liquid
(MAIL) method uses ILs in conjunction with organic solvents
to promote rapid microwave heating.””~>” The ILs couple well
with microwaves and efficiently dissipate microwave energy as
heat. As with any additive, the IL can interfere with the
synthesis itself, and a less intrusive heating method may be
desired.” One well-established process is microwave-assisted
decomposition of ILs with fluoride-containing anions.”’ Even
though it is not always desirable,” IL fluoride release was used
to successfully synthesize fluoridic nanomaterials,”* and nearly a
decade ago, luminescent InP NCs were obtained using MAIL
decomposition.” In the procedure developed by Strouse and
co-workers, ILs and related fluoride-containing salts were
combined with an InP precursor and rapidly heated in a
microwave reactor to obtain NCs. The NCs had diameters of
2.7 + 0.3 nm and QYs approaching 50%, which changed with
the amount and composition of IL. The method was also used
to form luminescent InGaP NCs,** but despite its success and
simplicity, it has not been popularized. To the best of our
knowledge there are no subsequent literature reports of its use
for luminescent InP NC formation.

Here, we report expansion of this work to obtain luminescent
shell-free InP NCs of different sizes. By varying the reaction
temperature and microwave set-power (SP) and adding amine,
the NC diameter could be tuned from 3.2 to 4.2 nm calculated
corresponding to PL ranging from green to red with quantum
yields of up to 30% without optimization. By investigating
microwave powers up to 800 W, much larger than the
commonly used maximum of 300 W, we obtain insight into the
interplay between MAIL heating and NC formation. The NC
growth and possible processes that lead to luminescent InP
NCs were investigated by performing syntheses in the presence
or absence of amine and IL. A silicon carbide (SiC) vessel was
used to help mimic convective heating methods, and
comparison with a conventional reaction done using an
analogous procedure provides insight into the real advantages
of microwave reactors for NC synthesis.

B RESULTS AND DISCUSSION

The microwave-assisted method presented here is key to the
luminescent InP NC synthesis. Two specific advantages over
conventional heating are 1) the use of a solvent at elevated
pressures and 2) selective heating of the IL. The first is one of
the known advantages of microwave reactors (or other
pressurized methods) and can provide enhanced reaction
rates.”® Here, decane was chosen as the solvent to enhance
microwave interactions with the IL and increase the reaction
speed. We expect the reaction to go faster at the elevated
pressures (20 bar) reached in the solvent, and decane is more
readily separated from the NCs than oily alternatives such as
octadecene.”” Second, decane provides a “window” for the
microwaves, as it has little coupling with the field, allowing the
waves to interact with the IL and “selectively heat”.
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Here, we exploit the IL for heating and as a reactant. As
reactants, the ILs with BF,” anions decompose to release
fluoride. Although the mechanism of release was not studied,
subsequent etching is similar to processes associated with
etching of bulk semiconductor surfaces.”**” These methods can
leave fluoride on the semiconductor surfaces and previous
MAIL etching of InP NCs confirmed the presence of fluorine
using '’F MAS NMR.** In conjunction with release of fluoride,
the corresponding neutral halide (BF;) forms. This quintessen-
tial Lewis acid is used for removal of native ligands from NC
surfaces, so-called ligand stripping. Recent work using PbSe and
BF;:Et,O demonstrated an elegant mechanistic pathway for this
ligand-stripping process, which forms “naked” NCs.** The
native PbSe oleate ligands are “stripped”, ultimately forming
BF,” and OA,(B,F,) byproducts and cationic NCs, which can
be well dispersed in polar solvent such as DMF. Thus, using
these BF, -containing ILs as reactants can modify the NC
surfaces in multiple ways.

Luminescent InP NCs by In

The gen
procedure used for InP NC synthesis was adapted from the
work of Lovingood and Strouse.”* A simplified procedure is

shown in Scheme 1. Briefly, an “InP” precursor is synthesized
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Scheme 1. Microwave-Assisted Synthesis of InP NCs
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using InPA and P(TMS);. After heating the mixture in decane
to obtain a clear solution, InP NCs are synthesized by
combining the IL and precursor in an inert atmosphere in a
Pyrex vessel. The vessel is then heated in a microwave reactor,
while stirring. The precursor must be used immediately after
preparation to obtain high quality NCs reproducibly. Variations
in products were observed for reactions done at different
temperatures, times, and SPs. Initially, the SP of the microwave
was changed to assess the effect of microwaves on the synthesis,
as previous experiments were limited to 300 W SP.** The effect
of microwave SP is examined with respect to heating rate and
reaction temperature. This effect is best demonstrated with a
high (800 W) and low (150 W) SP. Plots of power and
temperature vs time are shown in Figure 1. At the high SP
(Figure 1A), the microwave applies the full 800 W to the
solution for less than S s before decreasing the power to
prevent overheating and modulating the power to maintain a
temperature of 297 + 3 °C. This results in power oscillations of
about 200 W and a ramp time of ~100 s. The total reaction
time is thus ~16.5 min (plus ~$ min cooling time). In contrast,
low SP (Figure 1B) requires the reactor to apply the maximum
power for more than 5 min before dropping. Oscillations of 150
W maintain the reaction temperature of 295 + 4 °C. The ramp
time jumps to 6 min, with a total reaction time of ~21 min
(plus ~S min cooling). At SPs between 150 and 800 W SP,
temperature vs time plots similar to these are observed, but the
oscillations in power remain <450 W for all SPs (Figure S1).
Thus, the 150 W SP provides a limiting heating condition for
comparison to a higher, 800 W SP.
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Figure 1. Power and temperature vs time plots. (A) At the high set-
power (SP) extreme, 800 W power is applied for <5 s and oscillates
nearly 200 W to maintain the set-temperature of 300 °C. This results
in a ramp time of <2 min and a total reaction time of ~16.5 min plus
~S min cooling. (B) At low SP, 150 W power is applied to the
solution for >3 min before dropping. A ramp time of 6 min is required
to reach 300 °C, and a total reaction time of 21 min plus S min cooling
is required. The oscillations are limited to the SP of 150 W.

By comparing the photophysical properties of the NCs
prepared at different temperatures and SPs, the effect of
reaction conditions at high and low power can be parsed out.
Figure 2 shows the absorption and PL spectra of InP NCs
prepared at the 800 and 150 W SPs. The reaction temperature
was varied to obtain different sizes, as was demonstrated
recently by Xie et al.”® Based on the absorption spectra, there is
a small increase in size with increasing temperature. At 150 W
SP and 250 °C, the smallest NCs form, as indicated by the first
absorption feature near 500 nm and PL peak near 550 nm. The
PL of this sample is low (QY < 3%), and the broad shoulder at
lower energy is indicative of poorly defined surfaces (surface
defects).”® This shoulder decreases as the reaction temperature
increases from 250 to 300 °C. This is true for the NCs prepared
at a SP of 800 W as well, but the shoulder is not as prominent.
The 800 W samples exhibit a noticeable broadening in their
absorption feature at reaction temperatures >270 °C. This is
likely due to a broad size-distribution and was observed with
postsynthetic HF etching of InP NCs as well.*”*® The PL full-

width at half maximum (fwhm) values also suggest a broader
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Figure 2. Absorption and photoluminescence (PL) spectra of InP NCs. (A) InP NCs prepared with 150 W set-power (SP) at 250 °C, 260 °C, 270
°C, 280 °C, and 300 °C. The InP PL is low at lower reaction temperatures and has a shoulder at lower energy, likely due to surface defects. The first
absorption feature shifts from 497 to 522 nm, and the PL peak shifts from 553 nm to 574, indicating an overall increase in calculated diameter of 0.26
nm. (B) InP NCs prepared with 800 W SP at 250 °C, 260 °C, 270 °C, 280 °C, and 300 °C. The InP PL is low at 250 °C reaction temperature. The
first absorption feature shifts from 508 to 528 nm, and the PL peak shifts from 562 to 596 nm indicating an overall increase in calculated diameter of
0.25 nm. (C) InP NCs prepared with 150 W SP with dodecylamine (DDA) at 250 °C, 260 °C, 270 °C, 280 °C, and 300 °C. The InP PL is low at
lower temperatures, especially at 250 °C, with a broad shoulder. As temperature increases, the shoulder decreases, indicating an increase in surface
passivation, and a red-shift in the PL and absorption peak are observed. The first absorption feature shifts from 484 to 529 nm, and the PL peak shifts
from 544 nm to 588 indicating an overall increase in calculated diameter of 0.56 nm. (D) InP NCs prepared with 800 W SP with DDA at 250 °C,
260 °C, 270 °C, 280 °C, and 300 °C. As temperature increases, the first absorption feature shifts from 534 to 578 nm, and the PL peak shifts from
578 to 632 nm, indicating an overall increase in calculated diameter of 0.33 nm.
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size distribution for the samples prepared at 800 W and
temperatures >270 °C with values of 0.25 + 0.1 eV (69 + 4
nm) vs 0.23 + 0.1 eV (60 nm +3 nm) for the samples prepared
at 150 W and temperatures >270 °C. Low-resolution
transmission electron microscopy (TEM) on samples indicates
the NCs are spherical in shape (Figures $2—S3) and confirms a
small overall increase in diameter for these samples. Sample
aggregation made size-distribution determination a challenge,
but, in general, larger distributions were obtained for larger
NCs. These samples were prepared at higher temperatures
requiring longer overall heating times, which can cause size
broadening. Despite their broad absorption spectra, QYs were
higher for the 800 W samples prepared at higher temperatures
with values of 15 + 5% vs <10% for the 150 W SP samples.
To further examine the effects of limiting reaction power, the
synthesis was done with different hold times. As opposed to a
hold time of 15 min at the reaction temperature, times were
varied from 0 to 15 min at 280 °C. Absorption and PL spectra

are shown in Fioure S4, Only a small ghift in the first absorntion

are shown in Figure S4. Only a small shift in the first absorption
feature is observed, as it increases from ~50S nm at 0 min to
~525 nm at 15 min. A more interesting effect is present in the
luminescence spectra. At short reaction times, very little or no
luminescence is observed from the NCs. After S min hold time
a defined PL peak is observed, increasing in intensity at 10 and
1S min hold times. This, along with the luminescence from
samples prepared without amine (Figure 2A and 2B), suggests
higher temperatures are required to obtain luminescent InP
NCs because IL decomposition and related etching processes
are known to occur at higher temperatures.”!

The etching process affects the NC properties in multiple
ways. To determine effects not realized by examination of their
photophysical properties, further characterization was done
using '"H and "“F NMR. Figure SS shows the 'H NMR
spectrum of an InP NC sample prepared at high power and
temperature. The presence of palmitate ligands associated with
the NC surface is indicated by the broad peaks centered at 1.6
and 2.3 ppm, corresponding to the hydrogens nearest to the
NC surface. The '’F NMR spectra on these reaction products
did not show any new peaks, despite analysis of many reactions.
An example spectrum is shown in Figure S6 along with spectra
of the IL alone and heated with and without palmitic acid. All of
these spectra show strong peaks centered at —152 ppm with a
1:4 integrated intensity ratio, corresponding to BF,”. No other
fluorine-containing species from the reactions were observed.
Previously, ’F MAS NMR on similar NCs indicated the
presence of fluorine-containing species.64 However, fluorine
concentrations may be too low to observe here using solution
techniques as signals associated with the NC surface are often
broadened.”

In addition to the BMPy BF, IL, ILs with different cations
and anions were utilized to assess the effects of the IL on the
reaction and demonstrate the generality of the method. First,
the analogous BMPy PF IL was used. Although this IL did not
yield luminescent InP NCs previously, employing lower
temperatures and powers provided a pathway to luminescent
InP NCs, as shown in Figure S7A. An IL with a more stable
cation (BDMIm PFy) could also successfully be exploited for
luminescent InP NC synthesis (Figure S7B), although the NCs
were not as bright (QYs < 10%). Finally, BMIm TFSI provided
a fluoride-free IL control. Although NCs formed when using
this IL, they did not luminesce (Figure S7C), suggesting a
fluoride-containing anion is required for luminescent InP NCs.
Assessing additional effects due to the IL is complicated by the
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different heating rates shown in the temperature vs time plots
in Figure S8. The more lossy ILs heat the reaction solution
more rapidly with BMIm TESI > BMPy BF, > BDMIm PF; at
280 °C and 800 W. At 260 °C and 800 W, BMPy PF; resulted
in faster heating than BMPy BF,. Thus, the resulting InP NC
products depend on the IL contribution to heating rate as well
as the ability of the IL to influence the reaction chemically.

Microwave-Assisted Synthesis of Luminescent InP
NCs with Amine. It is well-established that amines have an
effect on InP NC formation.””*”>”* A detailed study by Gary
et al. found prlmary amines destabilized InP clusters, facilitating
NC formation.”” In more recent work, primary amines were
shown to activate phosphorus precursors,‘8 7> and Abolhasani
et al. found the presence of amine increased the rate of
nucleation of InP NCs.*® Here, we add dodecylamine (DDA)
to the microwave-assisted syntheses to obtain higher quality,
larger InP NCs, examining the effects of power and
temperature on the resulting NCs.

Tn general, InP NCs prepared with DDA were brichter and

In general, InP NCs prepared with DDA were brighter and
larger. Figure 2C and 2D show the absorption and PL spectra
of InP NCs formed at temperatures ranging from 250 to 300
°C and 150 or 800 W SP in the presence of DDA. The highest
QYs were obtained for NCs prepared at 300 °C (800 W, DDA)
with a QY of 30%. In fact, the luminescence of samples
prepared at 800 W with DDA is well-defined even for the
sample prepared at 250 °C (Figure 2D). In Figure 2C a
shoulder is observed in samples prepared at temperatures <260
°C with a very broad, lower energy emission present in the
sample prepared at 250 °C. Samples prepared with DDA had
absorption and PL peaks that could be tuned from ~490 to
~575 nm and ~545 to ~630 nm, respectively. This range is
larger than that of samples prepared with no amine. These
values are plotted along with the intermediate values obtained
at different temperatures and in the absence of DDA in Figure
3. This plot shows the range of absorption peak and PL peak
energies obtainable using this microwave-assisted method. It is
readily apparent the samples prepared with DDA (triangles)
show a larger range than those prepared without DDA (black
squares and red circles). In fact, the DDA 150 W SP samples
(green down-triangles) encompass the sizes obtainable with
both 150 and 800 W in the absence of DDA.

The NC spectra varied slightly from synthesis-to-synthesis
but consistently produced NCs with similar UV—vis
absorptions and luminescence peak positions. Since amines
provide the largest NC color-tunability, spectra for NCs
synthesized using 150 and 800 W at 300 °C with amine were
compared (Figure S9). Deviations in the first absorption feature
were limited to +5 nm (+0.02 eV) at 800 W and +7 nm
(£0.03 eV) at 150 W, likely due to the longer overall heating
time required at lower powers. Corresponding PL spectra
showed similar variations of +7 nm (+0.02 eV) at 800 W and
+6 nm (+0.02 eV) and 150 W.

Overall, amine facilitates formation of larger, more red NCs
stable for weeks. Using the first absorption feature, the
diameters of the InP NCs were calculated, as described
previously.”** Calculated diameters ranging from 3.2 to 4.2
nm were obtained, and a plot of these values for samples
prepared at different temperatures and powers is given in the SI
(Figure S10). TEM images and XRD patterns for samples can
also be found in the SI (Figure S11-S13). All samples
exhibited spherical shape, and, in general, NC diameters
increased with increasing temperature. TEM images confirm
larger NCs form when amine is used in the reaction and a larger

DOI: 10.1021/acs.chemmater.6b04457
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Figure 3. Scatter plot of absorption peak energy (eV) and PL peak
position (nm) vs reaction temperature (°C). The degree of change in
peak position is highest for the NCs prepared at 800 W set-power with
amine, increasing from 578 to 632 nm (empty blue up-triangles). At
150 W with amine, the degree of increase in PL peak position is also
high, ranging from 544 to 588 nm (empty green down-triangles).
Without amine the magnitude of change in peak positions is lower at
800 and 150 W ranging from 562 to 596 nm and $53—574 nm,
respectively.

size range is obtained. Size-distributions were similar for
samples prepared at 150 and 800 W SP, with larger NCs
exhibiting broader distributions, as observed with samples
prepared with no amine. Although luminescence decreases over
time, the NCs are stable in solution under ambient conditions
for months. NCs prepared with amine and BMPy BF, IL
exhibited luminescence after complete drying and exposure to
air for 8 months, although the intensity decreased by ~50%
(Figure S14).

Microwave-Assisted Heating Without IL. To further
examine the effects of amine on the synthesis, microwave-
assisted syntheses were done without IL. However, the absence
of IL is problematic due to slow heating rates. When no IL was
used in the Pyrex vessel, the solution failed to reach the desired
temperature (300 °C) despite heating as fast as possible at 800
W SP. This is likely due to poor coupling of the precursors to
the microwave field, which is expected for these precursors. The
dielectric constants of the precursors are 2.3 (Palmitic acid), ~3
(phosphine), 2 (decane), and 3.13 (DDA).”>”’

To heat the solution rapidly in the absence of IL, a SiC vessel
(Figure 4A inset) was used. The SiC vessel efficiently heats the
reaction solution through convection, allowing rapid heating in
the absence of IL and therefore separation of the effects of
amine from the effects of IL on the synthesis.”>”* The mixture
reached reaction temperature (280 °C) in ~3 min at 150 W
and ~2 min at 800 W (Figure S15). The resulting NCs
exhibited no PL (Figure 4A inset), and the 150 W SP sample
was noticeably smaller than the 800 W SP sample, as indicated
by the first absorption features in Figure 4A. This is likely
because of a discrepancy between internal and external

2105

Absorbance (AU)

_ / 2
=)
N0
(7]
2 \Z &) 5
: g
o
400 500 600 700
Wavelength (nm)

Figure 4. (A) UV—vis absorption spectra of InP NCs synthesized in a
SiC vessel at 280 °C at set-powers (SPs) of 800 W (red, solid) and 150
W (black, dashed) in the absence of IL. The first absorption peak red-
shifts from ~530 nm to ~570 nm as the SP changes from 150 to 800
W. In the SiC vessel, heating is predominantly due to convective
heating, because there is no IL. The lack of IL also results in negligible
NC luminescence (inset). (B) UV—vis absorption and photo-
luminescence spectra of InP NCs synthesized in a flask, which was
heated to a reaction temperature of 280 °C with a holding time of 15
min. It took around 9 min to reach 280 °C. The PL shoulder indicates
poor surface passivation, indicating that it is difficult to synthesize
high-quality InP NCs, even at high temperatures (280 °C) in this
conventional method.

temperature that is well-established in these microwave-assisted
syntheses, including in SiC vessels.”””®”® Thus, at the higher
SP, a higher internal temperature is reached for a longer time
than at the lower 150 W SP. Here, the DDA causes a large size
difference in the absence of the IL, indicating the size is
predominantly a product of DDA and temperature, as
previously observed for similar systems.'®*”**

Conventional Synthesis of InP NCs with IL. Finally, the
effect of microwave heating on the reaction was examined by
carrying out the synthesis using conventional methods. For this
sample, an analogous procedure was followed. As opposed to
combining the InP precursor and IL in a microwave vessel, they
were combined in a flask fitted with a condenser, thermocouple,
and septa, as shown in the Figure 4B, inset. The solution was
heated to 280 °C using a heating mantle and temperature
controller while stirring. Any effects related to microwave
heating should be evident from differences between this and the
standard MAIL synthesis. Specifically, possible etching related
to IL decomposition should occur in the absence of microwaves
because fluoride release is a thermal process.’’ The resulting
NCs should exhibit luminescence straight out of the synthesis.

Absorption and PL spectra of the resulting NCs are shown in
Figure 4B. The NCs exhibit PL but not as much as the NCs

DOI: 10.1021/acs.chemmater.6b04457
Chem. Mater. 2017, 29, 2101-2109



Chemistry of Materials

prepared at 800 W. The PL exhibits a shoulder to the red of the
PL peak center, indicating the surface of the NCs may have
more defects than other, more-etched NCs prepared in the
microwave. For example, the InP NCs prepared at 280 °C and
800 W SP (Figure 2B) exhibit a PL peak centered at 578 nm
with a fwhm of 67 nm (0.25 V), and these NCs have a PL
peak centered at 564 nm with a fwhm of 84 nm (0.34 eV). The
first absorption feature is also quite broad, resembling that of
other samples prepared in the absence of DDA.

Although not an exact comparison to the microwave-assisted
method, largely because of the 9 min ramp time, the synthesis
works in the absence of microwaves. Luminescence ascribed to
IL fluoride release and related etching can still occur but does
not seem as prominent as in the microwave-assisted syntheses,
likely due to the higher T, observed for slower heating
rates.”’ Nevertheless, using this IL, it is possible to obtain
luminescent InP NCs in the absence of microwaves, high-
lighting the thermal nature of the overall reaction.

Finally, we note that naked NCs form by stripping of oleate
ligands from PbSe using BF;:Et,0."* Here, we generate BF,
upon IL fluoride loss, and with native palmitate ligands, in situ
ligand stripping can occur. However, the products obtained
from these syntheses remain suspended in hydrophobic solvent,
whereas cationic naked NCs can suspend in polar solvent, and
peaks associated with bound palmitate were observed in 'H
NMR. Nevertheless, adjusting these initial reaction conditions
could provide a pathway to yield an efficient in situ ligand-
stripping agent and a new method for obtaining naked NCs.

B CONCLUSIONS

In summary, we have investigated the effects of microwave
power, reaction temperature, and amine on the microwave-
assisted synthesis of InP NCs. Substantial differences in the
heating profiles at different SPs and temperatures have been
utilized to get InP NCs of different sizes. Although the
magnitude of change in NC diameter is small at different SPs,
addition of DDA facilitates a high degree of change in size at
constant SP. This could be due to a combination of MAIL
heating and precursor activation by amine, since brighter NCs
form with DDA. Samples exhibited color-tunable luminescence
spanning the visible region, with quantum yields of 20—30%.
The IL role was assessed using ILs with different cations and
anions, a SiC vessel, and a conventional flask synthesis,
confirming ILs with fluoride-containing anions are largely
responsible for 1) heating and 2) NC luminescence. However,
the presence of fluoride on the NC surface was not observed.
The effect of amine on size was confirmed using a SiC vessel in
the absence of IL. The advantages of this microwave-assisted
synthesis over conventional InP NC syntheses are its simplicity
and that a single precursor solution yields luminescent InP NCs
of different sizes.

B EXPERIMENTAL SECTION

Materials. The following chemicals were used as received: indium
acetate (In(OAc);, 99.99% trace metals basis), palmitic acid (PA,
>99%), 1-butyl-4-methylpyridinium tetrafluoroborate (BMPy BE,,
>97%), 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide (BMIm TFSI, >98%), 1-butyl-4-methylpyridinium hexafluor-
ophosphate (BMPy PF,; >97%), 1-butyl-2,3-dimethylimidazolium
hexafluorophosphate (BDMIm PF,;, >97%), decane (>99%), 1-
octadecene (ODE, 90%), and dodecylamine (DDA, 98%) from
Sigma-Aldrich; tris(trimethylsilyl)phosphine (P(TMS);), min. 98%
(10% in hexane), and indium acetate (In(OAc);, 99.99%) from Strem;
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Fluorescein and Rhodamine B from Fisher Scientific; deuterated
chloroform (CDCl,) from Cambridge Isotope Laboratories.

Indium Palmitate (InPA). InPA was synthesized using a method
adopted from Strouse and co-workers.*” A 100 mL two-neck round-
bottom (RB) flask was attached to a Schlenk line using a condenser; a
rubber septum was attached, and the flask was put under vacuum.
After filling the flask with N, 0.605 g (2.36 mmol) of PA was added.
The solid was heated under vacuum while stirring in an oil bath at 105
°C for 5—10 min. After cooling the PA to room temperature under
vacuum, the flask was put under N,, and 0.207 g (0.710 mmol) of
In(OAc); was added. After putting the flask under vacuum, the solids
were heated to 150 °C. Any solid that formed on the walls of the flask
was melted using a heat gun. This process was repeated until the
pressure reached baseline, about an hour. The flask was cooled to
room temperature under vacuum, yielding a white solid.

InP Precursor. In an inert atmosphere glovebox, decane (47 mL)
was added to the flask containing the InPA and left stirring until the
solid was well-suspended (12 h). In the glovebox, P(TMS); (1.15 mL,
0.393 mmol) was diluted in decane (3 mL) and slowly added to the
InPA suspension. After obtaining an orange solution (1—2 h), the InD
precursor solution was transferred to a Schlenk line and heated in an
oil bath set to 65 °C under N,. After the solution turned optically clear
(~10 min), the flask was returned to the glovebox. The orange
solution was immediately used as the precursor for the InP NC
syntheses. This is essential for formation of high quality NCs
reproducibly.

Microwave-Assisted InP NC Synthesis. The following methods
were used for the synthesis of NCs. The ratio of InP precursor:IL was
1:10, and the ratio of InP precursor:DDA was 1:6. All samples were
prepared in a glovebox under inert atmosphere in tightly capped 10
mL microwave vessels with a stir bar. The microwave method used the
“heat as fast as possible” mode and a reaction time (holding time) of
15 min, unless otherwise indicated, followed by cooling to 55 °C using
compressed air. After the microwave synthesis, the red/brown solution
was separated from the dark-brown IL side product, which settled at
the bottom, by a pipet. The sample was precipitated using acetone.
The solid was isolated after centrifugation at 5100 rpm for 5 min and
suspended in toluene. The precipitation and suspension (washing)
procedures were repeated two more times, and the NCs were
suspended in toluene for characterization.

Method . InP precursor (3 mL) was combined with the ionic liquid
(0426 mmol) in a Pyrex microwave vessel. The vessel was capped,
brought out of the glovebox, and put in the microwave reactor
immediately. The mixture was heated to temperatures ranging from
250 to 300 °C at high (800 W) and low (150 W) set-powers (SPs).

Method Il. InP precursor (3 mL) was added to BMPy BF, (82.5
uL) in a Pyrex microwave vessel followed by addition of DDA (0.046
g, 0.248 mmol). After the vessel was tightly capped, the mixture was
stirred in the vessel for 3 min, brought out of the glovebox, and put in
the microwave reactor immediately. The mixture was heated to
temperatures ranging from 250 to 300 °C at 800 and 150 W SPs.

Method lll. InP precursor (3 mL) was combined with DDA (0.046
g) in a silicon carbide (SiC) vessel. After tightly capping the vessel, the
solution was stirred for 3 min, brought out of the glovebox, and
immediately put in the microwave reactor. The mixture was heated to
280 °C at 800 or 150 W SP.

Conventional InP NC Synthesis. In(OAc); (30.39 mg, 104.1
umol) and PA (88.72 mg, 349.9 pmol) were combined in a 25 mL
three-neck RB flask and heated to 150 °C. At this temperature, the RB
flask was degassed for 20 min and then cooled to room temperature
under vacuum. After taking the resulting white solid into a glovebox,
7.4 mL of a 7.73 mM solution of P(TMS); in ODE was added to the
RB flask. After 2 h of stirring, the mixture was transferred to a Schlenk
flask and brought out of the glovebox to heat to 65 °C under N, gas
supply in an oil bath. After obtaining an optically clear solution (InP
precursor), the mixture was brought into a glovebox. To 3.7 mL of this
InP precursor solution in a 20 mL three-neck RB flask was added 0.1
mL (0.51 mmol) of BMPy BF,. The flask was brought out of the
glovebox and attached to a Schlenk line through a condenser. After the
RB flask was degassed for 20 min, it was heated to 300 °C using a
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thermocouple and temperature controller. It took 9.5 min to reach 300
°C. After heating at 300 °C for 15 min, the flask was cooled to room
temperature. The resulting NC solution was washed with acetone and
toluene 2 times, as described above.

Physical Measurements. Microwave syntheses were done using
an Anton Paar Monowave 300 Microwave Reactor. In situ monitoring
was accomplished using an IR sensor (for temperature) and a built-in
camera (for changes in appearance). UV—vis absorption spectra were
recorded with a Cary 500 or a Cary 5000 UV-vis-NIR
spectrophotometer. Photoluminescence spectra were recorded using
an Ocean Optics 2000+ spectrometer with 405 nm excitation or with a
PTI Quanta Master 400 fluorometer. This fluorometer was also used
for quantum yield measurements. Relative quantum yields of samples,
@, were calculated using Fluorescein and Rhodamine B in 0.1 N
NaOH or water as the reference according to

2
[0) = ( ‘lref )[ Isam) ]sam
sam ref A ] Ir

where A is the measured absorbance, 7 is the refractive index of the
solvent, I is the integrated photoluminescence, and @, is the emission
quantum vyield of the reference. @, was taken to be 095 for
Fluorescein in 0.1 N NaOH and 0.31 for Rhodamine B in water.*"**
The first absorption features and PL peaks were fit to Gaussian
distributions to determine their peak position and width. PL spectra
were fit to two Gaussian distributions to represent trap emission, if
present. For TEM analysis, a drop of sample was dried on a copper
grid. TEM images were recorded using an FEI Tecnai G2 Spirit
BioTWIN microscope. Powder X-ray diffraction (XRD) patterns were
recorded by a Bruker D8 X-ray diffractometer or a PANalytical
Empyrean multipurpose X-ray diffractometer. NMR spectra were
recorded on Varian 400 MHz NMR in CDCI; solvent.
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