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ABSTRACT: The techniques employed in the compositional
analysis of semiconductor materials by inductively coupled plasma
optical emission spectroscopy (ICP-OES) dramatically influence
the accuracy and reproducibility of the results. We describe
methods for sample preparation, calibration, standard selection,
and data collection. Specific protocols are suggested for the analysis
of II-VI compounds and nanocrystals containing the elements Zn,
Cd, S, Se, and Te. We expect the methods provided will apply
more generally to semiconductor materials from other families,
such as to III-V and IV—VI nanocrystals.

B INTRODUCTION

Determination of the stoichiometries of semiconductor
nanocrystals is a key aspect of their characterization. Most
standard syntheses afford nanocrystals having a superstoichio-
metric layer of metal cations at their surfaces, such that the
metal-to-nonmetal ratio M/E exceeds one.'”® The excess
charge from the superstoichiometric cations is counterbalanced
by surface-bound anionic ligands. Such nonstoichiometric
semiconductor nanocrystals may be interconverted with
stoichiometric nanocrystals having charge-neutral surface
Iigation.z’4 Thus, the core stoichiometries of semiconductor
nanocrystals are variable and dependent on the surface ligation
and nanocrystal size. Understanding and controlling the
surface chemistry benefits from the precise determination of
nanocrystal core stoichiometry.

Compositional analyses of semiconductor nanocrystals have
been conducted by X-ray photoelectron spectroscopy
(xPS),”~"® Rutherford back scattering (RBS),">”%!' =13
atomic-absorption spectroscopy,'* inductively coupled plasma
mass spectrometry (ICP-MS),>'>'® inductively cougled
plasma optical-emission spectroscopy (ICP-OES),*'¥'7!® X-
ray fluorescence spectroscopy (XRF)," and energy-dispersive
X-ray spectroscopy (EDS) using a transmission electron
microscope (TEM).® These techniques can be divided into
two categories: “beam techniques”, which include XPS, RBS,
XRF, and EDS, and “digestion-requisite analyses”, with ICP-
OES, ICP-MS, and flame atomic absorption spectroscopy
(FAAS) requiring that samples be digested prior to analysis.

While each analysis method brings advantages and
disadvantages, accurate and precise determination of lighter
elements or volatile components of semiconducting materials
can be challenging regardless of the analytical technique
employed. In the case of beam techniques, high-energy
photons, electrons, or ions strike the material and may eject
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lighter or volatile elements, degrade the surface, or change the
oxidation state and crystal structures during the measure-
ment.”’"** Difficulties determining exact stoichiometries have
been reported in XPS, with up to 46% difference between
initial and final measurements of metal ions in samples during
depth profiling.”* Some techniques, such as XRF, require that
samples must be homogeneous and meet “infinite thickness
requirements” in order to produce accurate results.”> Ligand
exchange or surface-chemistry experiments may only result in
differences of a single monolayer of atoms between
nanostructures,”*'*>** and thus, beam-analysis techniques
could yield stoichiometries that deviate from actuality.

Errors in composition similar to those in beam techniques
often accompany digestion-requisite techniques. The forma-
tion of volatile products of acid digestion results in losses before
the measurement.”>** However, by altering the digestion and
sample-preparation method, volatile elements and surface
components may be retained for measurement, as we
demonstrate in this paper. Analyses performed by ICP-OES,
ICP-MS, and FAAS are total-composition measurements.
Because the samples are digested prior to analysis, particle
size or sample thickness is irrelevant. ICP-OES and ICP-MS
are capable of detecting concentrations in the parts per million
(mg/L) and parts per billion range, respectively.”> The
detection limits for S and Se, for example, may be as low as
0.3 mg/L and 0.2 mg/L, respectively.”” ICP techniques are
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capable of analyzing upward of 70 elements simultaneously.
With multiple emission wavelengths per element, interferences
from spectral overlaps can generally be overcome. ICP-OES
also offers the convenience to the user of high sample
throughput.

In the majority of studies reporting the stoichiometries of
semiconductor nanocrystals cited above, the measured M/E
ratios have fallen in the range of 1.0—1.8,37213151619 414 i
about a third of these studies the determined values were
larger.>'*'”'® Interestingly, all but one of these latter studies
employed a digestion technique prior to analysis. In the
specific case of zinc blende (ZB) CdSe nanoplatelets, four-
monolayer specimens with an expected Cd/Se ratio of 1.25
were analyzed for 1.80 + 0.07," and five-monolayer specimens
with an expected”® Cd/Se ratio of 1.20 were analyzed for 1.72
+ 0.11, by ICP-OES." (The expected Cd/Se ratios are taken
from an analysis of ZB CdS nanoplatelets having the same
numbers of monolayers.”®) While these measured ratios are
close to expectation, they are higher, matching the outcomes of
most of our initial efforts at ICP-OES analysis. These
observations and the experiences conveyed to us by others*”*°
motivated us to conduct a thorough investigation of the ICP-
OES analysis of semiconductor materials.

The ICP-OES method detailed in this paper was developed
using samples with known or strong theoretical bases for
compositions, and protocols were optimized to produce
reproducible results that could be compared to the expected
values. We report results for four samples of semiconductor
nanocrystals, one nanocluster, and one molecular compound as
test cases.

We identify several pitfalls associated with conventional
ICP-OES analysis. We offer suggestions for improving
reproducibility and accuracy in methods for sample digestion,
calibration-curve construction, and emission-line and calibra-
tion-standard selection. We provide specific protocols for the
analysis of compounds and nanocrystals containing cadmium,
zing, sulfur, selenium, and tellurium, which we expect to apply
more generally to the analysis of other semiconductor
materials, such as InP and PbS. We demonstrate that
seemingly small variations in sample preparation, calibration,
and data collection can have a large impact on the reliability of
the results.

B MATERIALS

The following nanomaterials were prepared as described in
previous reports: {CdSe[n-octylamine]ys;} quantum belts
(QBs),”" {CdSe[Cd(oleate),]o,9} QBs," [(CdSe);(n-
PrNH,);] clusters,>> and {CdTe,s,Seqso[0leylamine],} and
{CdTey;S0,7[oleylamine],} quantum platelets (QPs).*
Trace-metal grade nitric acid (70%) and trace-metal grade
hydrogen peroxide (32%) were obtained from Millipore Sigma.
Zinc diethyldithiocarbamate (97%) was obtained from Sigma-
Aldrich. HPLC grade ethanol and methanol were obtained
from Sigma-Aldrich. A multielement calibration standard
containing Sr, Ba, V, Cr, Co, Ni, Cu, Zn, Mo, Cd, Hg, Pb,
U, As, and Se (1000 pg/mL) was obtained from Spex
Certiprep. A Pure multielement standard containing As and T1
(100 ug/mL) and Cd, Pb, and Se (50 yg/mL) and a PurePlus
multielement standard containing Au, Hf, Ir, Pd, Pt, Rh, Ry,
Sb, Sn, and Te (10 ug/mL) were obtained from PerkinElmer.
Four single-element calibration standards, Cd, Se, Te, and S
(1000 ug/mL), were obtained from Inorganic Ventures.
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Ultrapure water was obtained from a Millipore Direct-Q UV-
3 filtration system.

Polypropylene and high-density polyethylene screw-cap
centrifuge tubes were obtained from Corning and VWR
(Figure S1). The 1000 uL solvent-resistant Nichiryo Nichipet
EX Plus II and Eppendorf ResearchPlus Micropipettes were
employed during ICP-OES sample preparation procedures.

Analyses were conducted using a PerkinElmer ICP-OES PE
Optima 7300DV with Syngistix for ICP, Version 2.0.0.22336
software. Detailed instrument settings can be found in Table
SI.

B PROCEDURE

Estimation of Concentration from Synthesis. Analyte
solutions were ultimately prepared in the concentration range
of 0.5—20 mg/L (see Note S1 in the Supporting Information).
This required estimation of the amount of semiconductor
compound contained in an analytical sample. We assumed
100% yield in a given semiconductor nanocrystal synthesis, on
the basis of the limiting reagent. The following example is
given. In a typical synthesis of {CdSe[n-octylamine]ys;}
quantum belts (QBs), Cd(OAc),-2H,0 (0.039 g, 1.5 mmol)
and selenourea (0.029 g, 2.4 mmol) were allowed to react in n-
octylamine (3.825 g), making Cd(OAc),2H,O the limiting
reagent.31 The total mass of the crude reaction mixture was
3.893 g.

An aliquot (0.157 g, 200 uL) was withdrawn from the
reaction mixture, constituting 4% of the mixture and
containing 4% of the original cadmium (6.6 X 107" g, 5.8
pumol). This aliquot was ultimately digested in hydrogen
peroxide (500 L) and nitric acid (500 uL) to produce a
concentrated digestion solution. The estimated Cd and Se
concentrations in this solution were therefore 660 mg/L. As
described below, aliquots of the concentrated digestion
solution were diluted to 10.00 mL, to produce analytical
solutions having Cd-analyte concentrations of 3.3—13.1 mg/L,
which were within the desired range for analysis.

General Sample Preparation and Digestion. An aliquot
of a nanocrystal dispersion estimated to yield an analyte
solution with a final concentration below 20 mg/L (see above)
was purified by three centrifugation—washing cycles using
centrifugation at 2000 rpm for 3 min, 2 mL of toluene, and a
borosilicate test tube in each cycle, each time disposing of the
supernatant to remove excess organic material and unreacted
precursors. The pellet obtained from the third centrifugation
step was then suspended in isopropanol or ethanol, which are
solvents compatible with polypropylene and high-density
polyethylene (HDPE) centrifuge tubes.””> The dispersion was
transferred to a centrifuge tube and again centrifuged (2000
rpm, 3 min), and the supernatant was removed. The tube was
sealed with a rubber septum and dried under vacuum via
syringe needle to remove all remaining solvent (Figure S2). A
500 uL aliquot of 30% aqueous hydrogen peroxide solution
was added via micropipette, and the centrifuge tube was
quickly and tightly closed with a screw cap. The sample was
allowed to digest for 3 min, after which the tube was then
opened, a 500 uL aliquot of 65% aqueous nitric acid solution
was added, and the cap was promptly replaced. The reaction
mixture was allowed to digest for a minimum of 15 min, until
no solid material remained (and the solution had become
optically clear and colorless).

Aliquots of the digestion solution containing 200 uL, 100
uL, and SO uL were pipetted into clean centrifuge tubes and
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diluted with a 1% aqueous HNOj solution to 10.00 mL, giving
analyte solutions with concentrations less than 20 mg/L. The
tubes remained tightly capped prior to analysis. Analyses were
conducted on the day the analyte solutions were prepared.

Preparation of Standard Solutions and Construction
of the Calibration Lines. After preparation of the analyte
solutions, calibration solutions were prepared using a
commercial multielement calibration standard containing 15
elements (Sr, Ba, V, Cr, Co, Ni, Cu, Zn, Mo, Cd, Hg, Pb, U,
As, and Se) at concentrations of 1000 pug/mL (1000 mg/L).
The solutions were prepared in the same PP/HDPE centrifuge
tubes mentioned previously. A 200 uL micropipette was used
to deliver aliquots of the multielement standard in volumes of
10 pL, 20 L, S0 uL, 100 uL, and 200 uL and diluted with 1%
HNO; to a final volume of 10.00 mL using a 10.00 mL pipet.
This yielded calibration solutions with concentrations of 1.0,
2.0, 5.0, 10.0, and 20.0 mg/L, respectively.

Emission spectra were collected at the following wave-
lengths: for Cd, 214.438, 226.502, and 228.802 nm, and for Se,
196.026 and 203.985 nm. The integrated areas of the spectral
lines recorded as a function of concentration were then fit to a
straight line to obtain the calibration lines for analyte, as
discussed below.

Analysis of Experimental Samples. After data collection
from the calibration standards, emission spectra were obtained
for the experimental analyte solutions at the same wavelengths
as used with the standards: for Cd, 214.438, 226.502, and
228.802 nm, and for Se, 196.026 and 203.985 nm. The spectral
data were exported, plotted, and inspected for overlapping
emission lines. Overlapping emission lines are described in
detail in the Results and Discussion portion of this paper.

Figure 1 displays the linear fits obtained from the calibration
data for known concentrations of Cd and Se. Integrated
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Figure 1. ICP-OES calibration lines and data collected from the
analysis of {CdSe[n-octylamine],s;} QBs. (a) Calibration lines and
experimental data points for Cd analyses at the wavelengths 214.438
(red), 226.502 (blue), and 228.802 nm (black); (b) calibration lines
and experimental data points for Se analyses at the wavelengths
196.026 (black) and 203.985 nm (red). The dotted lines are averages
of the data points at each concentration. Error analysis is described in
the Supporting Information.
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emission intensities of the spectral lines for digested {CdSe[n-
octylamine],s;} QBs obtained from three dilutions of
experimental analyte solutions are plotted as squares, circles,
or triangles on the calibration lines. The concentrations of the
experimental analyte solutions in mg/L were determined by
plugging the value of the integrated intensity into the linear fit
equation and solving for the concentration. The emission lines
of Cd at 226.502 nm and Se at 196.026 nm were selected to
determine the Cd:Se molar ratios. An example of the
conversion of measured mg/L data to a molar ratio is given
in eq 1. Error calculations are omitted for clarity. The final
ratios reported were averages of those obtained from the
various dilutions. An example of the error calculations can be
found in Example SI.

1.91 (mg/L) + [112.414 (g/mol) X 1000 (mg/g)]
1.33 (mg/L) + [78.971 (g/mol) X 1000 (mg/g)]
= 1.01 Cd:Se

(1)

B SAFETY

Appropriate safety practices for handling strong acids (HNO;)
and oxidizing agents (H,0,) should be observed.”* High
concentrations of nitric acid and hydrogen peroxide in
combination may react violently, producing heat and large
volumes of NO, gas.35’36 The concentrations used in the
digestion procedure here are in the safe range given in ref 29,
and we have observed that the combination HNOj; and H,O,
solutions employed here in the absence of analyte produces
only mild bubbling for less than a minute. The safest order of
combination is the addition of HNO;(aq) to H,0,(aq),” as
our procedure does.

Appropriate safety practices for working with nanomateri-
als*’ and toxic gases’* should be observed. Particles smaller
than 200 nm readily aerosolize when dry. Sample digestion in
HNO;/H,0, may produce volatile, toxic gases such as H,Se
and SO,. Working in a fume hood with proper personal
protective equipment mitigates the risk of exposure to both
aerosolized and volatile material.

The generation of gas pressure in closed (capped) centrifuge
tubes poses a potential problem. The digestion procedure
employed here generates sufficient gas pressure to distend a
rubber septum cap under the conditions described. The use of
HDPE centrifuge tubes mitigates the risks associated with
glass; however, caution is advised.”> HDPE and polypropylene
centrifuge tubes are incompatible with toluene and several
other aromatic and nonaromatic hydrocarbon solvents.”> The
nanocrystals must be suspended in a compatible solvent like
isopropyl alcohol, methanol, or ethanol before transferring
them to the HDPE centrifuge tube. If the structure of the tube
is weakened due to contact with incompatible solvents, the
accumulating pressure from the production of gases becomes a
more significant risk. We have not encountered any problems
related to overpressurization using the methods described.

B RESULTS AND DISCUSSION

Selection of Standards, Wavelength Selection, and
Construction of the Calibration Line. Experiments were
conducted using both multielement and single-element
standard solutions. The advantages of multielement standards
include user convenience, cost savings, and avoidance of error
associated with multiple additions to create a custom
multielement standard. However, spectral overlaps (of
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emission lines) constitute a disadvantage to the use of
multielement standards. Cd and As are often present together
in commercial multielement standards, despite the overlap of
their emission lines at 228.802 and 228.812 nm, as shown in
Figure 2a. If such a multielement calibration standard is used,
the 228.802 nm line should not be employed for the
calibration of Cd due to this overlap.

1.0

e
3

Normalized Intensity (counts/s)

0.0
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228.77 228.79 228.81 228.83
10 F (b) cd
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Figure 2. (a) Demonstration of the overlap of the Cd emission at
228.802 nm with the As emission at 228.810 nm (marked by the
dotted line). The integration limits are shown by the black arrows
(£3.5% the fwhm of the peak). The black spectrum corresponds to a
single-element Cd standard. The red spectrum corresponds to a
multielement standard having a 1:1 As/Cd ratio (in mg/L units). The
blue spectrum corresponds to a multielement standard having a 2:1
As/Cd ratio (in mg/L units). Integration of the Cd emission at
228.802 nm in the multielement standard would result in an
overestimation of Cd by 4% and 6%, respectively. (b) Overlap of
Pt and Cd emission lines near 214.438 nm, resulting from the
combination of multielement calibration standards.

Caution must also be taken when combining multielement
standards, because of the potential for creating spectrally
overlapping emission lines (also referred to here as “spectral
overlaps”). For example, multielement standards containing
both Cd and Te are not to our knowledge commercially
available. Multielement standards containing Te tend to also
contain Pt. The combination of such multielement standards
containing Cd and Te generates a spectral overlap of Cd and
Pt emission lines near 214.438 nm (Figure 2 b). Thus, one
could not use the 214438 nm line to calibrate for Cd
concentration with this combination of standard solutions. The
emission lines typically used for determination of elements in
semiconductor nanocrystals and their potential spectral
overlaps are listed in Table 1.

The specific emission lines utilized depend, in part, on the
use of commercial or custom multielement calibration
solutions. We ultimately prepared custom multielement
calibration solutions from single-element standards to avoid
spectral overlaps. The Cd emission line at 228.802 nm is
generally regarded as reliable for analyses; its high sensitivity
allows for detection of ultradilute concentrations.”> Compar-
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Table 1. Commonly Used Emission Lines for
Semiconductor Elements and Elements with Potential
Overlapping Emission Lines”

emission A elements producing potential overlapping
element (nm)*”*® emission lines
Al 394.401 U, Ce
396.152 Mo, Zr, Ce
167.078 Fe
As 189.042 Cr
193.696 Ve, Ge
228.812 Cd, Pt, Ir, Co
Cd 214.438 Pt, I
226.502 Ir
228.802 Co, Ir, As, Pt
Ge 164.919 Co, Fe, Cu
219.871 W, Ir, Re, Co
265.117 Ir, Re
In 158.583
230.606 Ni, Os
325.609 Ir, Re
P 178.287 I
177.495 Cu, Hf,
213.618 Cu, Mo
Pb 220.353 Bi, Nb
217.000 W, Ir, Hf, Sb, Th
S 166.669 Si, B
180.669
181.975
182.563
189.965 Sn
Se 196.026 Fe
203.985 Sb, Ir, Cr, Ta
Si 251.611 Ta, U, Zn, Th
212412 Hf, Os, Mo, Ta
288.158 Ta, Ce, Cr, Cd, Th
Sn 189.927 S
242.170 ‘W, Mo, Rh, Ta, Co
Te 170.000 Sn
214281 Ta, Re, V
225.902 Ir, Os, W, Ga, Ru, Ta
238.578 Os
Zn 213.856 Ni, Cu, V
202.548 Nb, Cu, Co, Hf
206200 Sb, Ta, Bi, Os
330258 Na, Bi, Zr
334.501 Zr, W

“Emission wavelengths and potential overlapping emission lines
compiled from refs 31 and 32.

ison of the concentrations obtained using different emission
lines, such as 214.438 and 228.802 nm for Cd, afforded a check
on the analytical results. In the absence of spectral overlaps, the
concentrations found from both lines (measured simulta-
neously) were within error the same. Note that the
determination of apparently different concentrations from
two emission lines may indicate the presence of an overlapping
line at one or both wavelengths.

We used the emission line at 196.026 nm for Se analyses,
although the emission at 203.985 nm was equally usable
(Table 1). Zn has five commonly used emission lines; we
chose the emission at 206.200 nm for Zn analyses to optimize
sensitivity and linearity. In our experience, the S emission lines

https://dx.doi.org/10.1021/acs.chemmater.0c00255
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at 180.669, 181.975, and 182.563 nm are all suitable for
analyses. The S emission at 189.965 nm is too weak for reliable
analyses at the concentrations necessary for accurate
determinations of Cd and Zn. We used the emission lines at
214.281 and 238.578 nm for Te.

Experiments were conducted to investigate the proper
construction of calibration lines. The multielement calibration
standard used above, having Cd, Se, Pb, and Zn at 1000 mg/L,
was employed to prepare standard solutions at 1 mg/L, S mg/
L, 10 mg/L, 25 mg/L, and 50 mg/L. Figure 3 below plots the
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Figure 3. Comparison of optical-emission data for Cd (at 228.802
nm, black squares), Zn (at 206.200 nm, red circles), and Pb (at
220.353 nm, blue triangles) over a concentration range of 0—50 mg/
L. The solid lines are point-to-point linear segments; the dotted lines
(evident only for Cd data) are linear fits to all of the points for each
set.

optical-emission intensities for Cd (at 228.802 nm), Zn (at
206.200 nm), and Pb (at 220.353 nm). While the data for Zn
and Pb were linear over this range, the Cd data significantly
deviated from linearity.

With current instrumentation, users may obtain calibration
lines without actual inspection of the data. Use of the linear fit
to the Cd data in Figure 3 as a calibration line would lead to
errors in determined concentrations as large as 18% (at 25 mg/
L). Calibration data may be fit with nonlinear functions;
however, training protocols and software packages vary.
Nonexpert users will likely find the use of linear calibration
fits to be most convenient. This example emphasizes the
importance of plotting and inspecting the calibration data at
the outset of any experiment.

Additional emission data for Cd collected at three
wavelengths are compared in Figure 4. Over the concentration
range of 0—100 mg/L (Figure 4a), the data for all three
wavelengths, 214.438, 226.502, and 228.802 nm, were
nonlinear. However, the data over the lower concentration
range of 0—10 mg/L were linear. The results underscore the
value of conducting analyses at low concentrations near 10
mg/L. Strong emission lines tend to exhibit nonlinearities in
emission intensities at higher concentrations.””

The utmost care should be taken in preparation of
calibration solutions. Generally, a minimum of 3 (preferably
S) calibration standards should be used per order of
magnitude.”® If the concentration range of samples cannot
be estimated in advance of analysis, calibration solutions
should be prepared in concentrations scaled by orders of
magnitude. With concentration ranges of samples better
defined, 3—5 calibration solutions should be prepared with
evenly spaced concentrations (5, 10, 15, 20 mg/L, for
example). For preparation of calibration solutions within
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Figure 4. Comparison of optical-emission data for Cd at three
wavelengths. (a) Emission intensity from Cd at 214.438 nm (blue),
226.502 nm (red), and 228.802 nm (black), over a concentration
range of 0—100 mg/L. The linear fits of these data do not produce a
satisfactory calibration line. (b) Emission intensity from cadmium at
214.438 nm (blue), 226.502 nm (red), and 228.802 nm (black), over
a concentration range of 0—10 mg/L. The solid lines are point-to-
point linear segments; the dotted lines are linear fits to all of the
points for each set. These linear fits of these data produce a
satisfactory calibration line. Errors of the linear fit of (b) are described
in Figure S3 in the Supporting Information.

such a narrow concentration range, a single pipet should be
used to deliver aliquots of the commercial standard to ensure
precision and reproducibility. Calibration solutions over a
range of concentrations are sometimes prepared by serial
dilutions, which, however, does not ensure higher accuracy
than preparing solutions over a concentration range by
individual dilutions.>®

Optimization of Materials and Methods. A series of
analyses were conducted on a single synthetic batch of
{CdSe[n-octylamine], 3} QBs to establish best practices. This
material was selected for its stoichiometric wurtzite nanocrystal
core having a Cd/Se ratio of unity." Various digestion
procedures were conducted in glass and HDPE centrifuge
tubes, with the tubes either open or closed during digestion
and thereafter. The Cd and Se concentrations in analyte
solutions were adjusted to <10 mg/L, within the linear range
for both. Calibration data and experimental measurements
were obtained from the emission lines at 228.802 nm for Cd
and 196.026 nm for Se. The results determined from the
different conditions employed are given in Table 2 and Figure
S and are reported as Cd/Se ratios obtained by the analyses
and as deviations from the expected ratio of unity.

The data in Table 2 and Figure S establish that generally
better results (closer to the expected value of 1) were obtained
using HDPE than borosilicate (glass) digestion tubes,
especially in closed tubes (with HNO; or H,0,/HNO; as
digestion agents). The Cd/Se ratios were closer to the
theoretical value of unity in HDPE. Because many elements
adsorb to the surface of borosilicate glass, Nolte®® recommends
against the use of glass in any phase of the analysis. HDPE
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Table 2. Analytical Results Reported as Cd/Se Ratios Obtained from Various Digestion Procedures Using {CdSe[n-

octylamine];s;} QBs from a Single Synthetic Batch®

HDPE centrifuge tube

borosilicate glass test tube

digestion agent(s) open

HNO, 1.046 (4.57%)
H,0,/HNO, 1.030 (3.03%)
H,0, 0.819 (—18.05%)

closed

1.019 (1.88%)
1.010 (1.00%)
0.743 (—25.67%)

closed
1.096 (9.55%)
1.016 (1.57%)
0.601 (39.87%)

open
1.078 (7.84%)
1.019 (1.94%)
0.750 (—25.40%)

“The percent deviations from the expected value of unity are given in parentheses.
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Figure 5. Analytical results reported as Cd/Se ratios obtained from various digestion procedures using {CdSe[n-octylamine],s;} quantum belts
from a single synthetic batch. The dashed line is at the expected Cd/Se ratio of unity. The optimal conditions and result are marked by an asterisk.
The error bars are plus and minus one standard deviation of the analytical trials.

and/or PP centrifuge tubes are suitable choices during the
digestion phase; both materials are resistant to the strong acids
and oxidizers used for digestion. It is important to note that
HDPE and PP centrifuge tubes are not compatible with all
organic solvents.”® Methanol, ethanol, or isopropanol are good
choices for the suspension of nanocrystals for their transfer to
the plastic centrifuge tubes.

When the digestions were conducted in HDPE centrifuge
tubes, better results (Table 2, Figure 5S) were obtained in
closed tubes (with HNO; or H,0,/HNO; as digestion
agents). Semiconductors that generate volatile hydrides, such
as H,S and H,Se, in contact with acid are prone to the loss of
these elements during digestion.”> Such loss leads to the
determination of M/S(e) ratios that are higher than those in
the analytes and thus to incorrect analytical results. We surmise
that similar problems may attend analyses of III-V semi-
conductors for which digestion may produce PH; or AsHj.
Conducting the digestions in closed containers increases the
probability of retention of the volatile species for their
oxidation to less volatile solutes. We note that some oxidation
products such as SO, retain volatility, and so the digestion and
analyte solutions should remain in closed containers prior to
analyses, which should be completed on the same day. One
may also fill the tubes containing analyte solutions such that
minimal head space remains open.

Cd/Se ratios were also measured as a function of the
digestion agent used. Digestion by HNOj; in closed HDPE
tubes gave Cd/Se ratios close to the expected value (Table 2,
Figure S). However, similar HNO; digestions conducted in
borosilicate glass produced larger deviations. Digestions
conducted with both H,O, and HNO; by the procedure
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described above gave better results under all circumstances.
The use of H,0,/HNOj in closed HDPE tubes gave the Cd/
Se ratio closest to the theoretical and known* value of unity for
{CdSe[n-octylamine],s;} QBs.

Analyses were also conducted using H,0, as the sole
digestion agent, for comparison (Table 2, Figure 5). Such
digestion is sometimes employed in analyses of biological
materials.”” However, sole use of H,0, for digestion of our
samples resulted in very low apparent Cd/Se ratios, indicative
of incomplete digestion.

Strong acids such as aqua regia, nitric acid, and concentrated
hydrochloric acid are frequently employed for sample digestion
prior to ICP-OES analyses.”** As indicated above, the
formation of volatile compounds during digestion can
compromise accuracy.”””’ Preoxidizing the analyte with
H,0, presumably mitigates the formation of H,S and H,Se
upon addition of HNOj;. The use of an oxidation agent may
also promote oxidation by increasing the oxidative power of
HNO;.*> We selected H,0, because it is a strong oxidizer in
acidic solution®*” and because high-purity, trace-metal grade
>30% H,0, is readily available commercially.

Results from Experimental Specimens. ICP-OES
analyses were conducted on several additional specimens
from our research program using the optimized procedure
described above. The M/E ratios (M = Cd, Zn; E = S, Se, Te,
Te + Se, or Te + S) in the specimens selected were determined
from other analytical measurements and from theoretical
arguments. Four of the specimens were semiconductor
nanocrystals, one was a magic-size nanocluster, and one was
a molecular compound. The results are summarized in Table 3.
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Table 3. M/E Ratios Determined by Optimized ICP-OES and Other Methods

specimen M/E® ratio from ICP-OES” M/E® ratio from other measurements® theoretical
{CdSe[n-octylamine]y 3} QBs 1.00 + 0.02 1.05 + 0.02* 1*
{CdSe[Cd(oleate),] 10} QBs 127 + 0.02 1.19 + 0.02,* 121 + 0.02* 126"
{CdTe,50Seq 5ol 0leylamine],} QPs 0.98 + 0.01 1.02 + 0.07 1"
{CdTe, Sy, [oleylamine].} QPs 1.05 + 0.02 0.95 + 0.06 1%
[(CdSe),;(n-PtNH,) ;] cluster 1.00 + 0.01 .11 1%
Zn(S,CNE,), 0.26 + 0.02 0.25* 0.25

“M = Cdor Zn; E =S, Se, Te, Te + Se, or Te + S. *The error reported is the propagated error. “The =+ values are one standard deviation about the
average based on repeated measurements. “Measurement performed on the analogue [(CdSe) ;(n-octylamine),;] nanocluster.

Table 4. ¢/Te Ratios (¢ = Se or S) Determined by ICP-OES and EDS in CdTe-Cde Core—Shell QPs

&/ Te ratio from optimized ICP- &/Te ratio from prior ICP- &/Te ratio from current e/Te ratio from ;Jl_'ior EDS
specimen OES analysis” OES analysis26 EDS analysis® analysis2 i
{CdTe,5Seq 5o oleylamine], } 1.00 + 0.01 0.84" 091 + 0.09 091 + 0.06
{CdTe,73S027[oleylamine]_} 0.39 + 0.03 0.24" 0.35 + 0.05 0.32 + 0.04

“The error reported is the propagated error. YError unavailable. “The + values are one standard deviation about the average based on repeated
measurements.

The first two specimens in Table 3 are variously ligated containers. Here we analyzed comparable core—shell CdTe—
CdSe QBs.* The wurtzite nanocrystal cores of the {CdSe[n- CdSe and CdTe—CdS nanoplatelets using the optimized
octylamine]ys;} QBs are precisely stoichiometric with Cd/Se procedure.
ratios of unity, as required by the lack of anions in the The results of these new analyses are recorded in Table 3.

empirical formula determined by combustion-based elemental The Cd/E ratios determined by EDS, 1.02 + 0.07, and ICP-
analyses.” The average ratio of 1.05 + 0.02 was determined by OES, 0.98 + 0.01, for {CdTey50Sey 5[ oleylamine],} were the

repeated energy-dispersive X-ray spectroscopy (EDS) measure- same within experimental error. Those determined by EDS,
ments, with a range determined by the standard deviation of 0.95 + 0.06, and ICP-OES, 1.05 + 0.02, for
those measurements.”" The ratio of 1.00 + 0.02 determined by {CdTey3S0,7[oleylamine],} may have differed by more than
the optimized ICP-OES procedure was very close to the the error in the analyses. The EDS ratio of 0.95 seemed too
expected, theoretical value of unity. In this case, the error has low, and the ICP-OES ratio of 1.05 seemed too high, given the
been propagated through each step of the analysis and includes expected ratio of 1. The empirical formula (and therefore
multiple measurements. absence of acetate) was not established by combustion-based
In the second specimen, the L-type n-octylamine ligands on elemental analysis in this case,’® and we entertain the
the surface of the {CdSe[n-octylamine],s;} QBs were possibility that these nanoplatelets may contain excess Cd.
exchanged by Z-type Cd(oleate), ligands to give {CdSe[Cd- Further validation for the optimized ICP-OES procedure
(oleate),]o. 10} QBs. As this exchange adds additional Cd atoms was obtained by comparison of &/Te ratios (¢ = S or Se) by
to the surface of the quantum belts, the Cd/Se ratio becomes ICP-OES using the optimized procedure here and for
greater than one. The theoretical ratio of 1.26 is the value comparable samples analyzed previously”® by a nonoptimal
achieved by coordinating one Cd(oleate), ligand per 3- ICP-OES method and EDS (Table 4). In the prior study, the
coordinate surface Se atom.'> The values derived from &/ Te ratios measured by ICP-OES were always smaller than
combustion-based elemental analysis, 1.19 + 0.02, and EDS, those measured by EDS, suggesting volatilization of S and Se
1.21 + 0.02, were slightly below the theoretical ratio. The value during ICP-OES analysis. Here the Se/Te ratio determined by
obtained by the optimized ICP-OES procedure, 1.27 + 0.02, ICP-OES, 1.00 + 0.01, for {CdTes0Seq 5[ oleylamine],} was
was in agreement with theory. larger than that previously determined for a comparable

The third and fourth specimens in Table 3 are core—shell sample, 0.84, error unavailable. Although the ICP-OES ratio
CdTe—CdSe and CdTe—CdS QPs. We determined the Cd/E measured here differed from the corresponding Se/Te ratios
ratios (E = Te + Se or Te + S) in a prior study by EDS and a measured by EDS (Table 4), the values were within

nonoptimal ICP-OES procedure.”® Whereas the Cd/E ratios experimental error. Here, the S/Te ratio determined by ICP-
determined by EDS remained close to the expected value of OES, 0.39 + 0.03, for {CdTe;,3S,,;[oleylamine],} QPs was
one, those measured by ICP-OES increasingly deviated to larger than that previously determined for a comparable
larger apparent ratios with increasing CdSe or CdS shell sample, 0.24, error unavailable, and in close agreement with the
thickness. Additionally, the nonoptimized procedure produced values determined by EDS (Table 4). Among the four ratios
Se/Te and S/Te ratios measured by ICP-OES that were determined for each of the two specimens, only the ratios
smaller than those determined by EDS. measured previously by a nonoptimal ICP-OES analysis
The differences in the Cd/E ratios measured by EDS and differed by more than experimental error. The results establish
ICP-OES were in the pattern expected for partial loss of that the optimized ICP-OES methods described here gave
volatile S and Se species during preparation of ICP-OES more reliable values and that loss of volatile S and Se species

samples. The digestion procedure employed in the prior during analysis is the likely cause of the deviation.
study”® differed from the optimized procedure described here. Although the emphasis here is on analyses of semiconductor
Analytical samples were first digested by HNO; and nanocrystals, we included two molecular compounds for
subsequently by HCI in closed, polytetrafluoroethylene comparison, also listed in Table 3. These were analyzed
1766 https://dx.doi.org/10.1021/acs.chemmater.0c00255
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using the optimized ICP-OES procedure. The first is the
magic-size nanocluster [(CdSe),;(n-PrNH,),5].> Here the
theoretical or expected Cd/Se ratio of 1 is established by the
lack of anions in the empirical formula, as determined by
combustion-based elemental analysis and theoretical calcu-
lations.” Rutherford backscattering gave a Cd/Se ratio of 1.11
(error unavailable) for the analogue [(CdSe);(n-oc-
tyINH,),3], and laser-induced-ionization mass spectrometry
on this derivative identified the nanocluster core stoichiometry
as (CdSe);;.* Here, ICP-OES analysis of [(CdSe),;(n-
PrNH,),;] found a Cd/Se ratio of 1.00 = 0.01, confirming
expectation.

Finally, the molecular dithiocarbamate complex Zn-
(S,CNEt,), was analyzed. The theoretical or expected Zn/S
ratio of 0.25 was obtained from the empirical formula
determined by elemental analysis and X-ray crystallography.**
The ratio of 0.26 + 0.02 determined by ICP-OES matched the
expected value.

B CONCLUSIONS

Herein we have provided methods and procedures for accurate
determination of the composition of semiconductor nano-
crystals via ICP-OES. In general terms, we recommend sample
digestion in closed, HDPE containers using H,0, and HNO;
solutions in sequence. We also advise care in construction of
calibration lines and attention to potential spectral overlaps.
We also remind researchers that ICP-OES measurements are
obtained in units of mg/L (ppm), which must be converted to
molarities to determine molar ratios (eq 1). In our experience,
if unexpectedly low M/E ratios are determined when compared
to other measurements or theoretical calculations, the
digestion process is likely incomplete, and the fraction of
HNOj should be carefully increased. If unexpectedly high M/E
ratios are determined, the nonmetallic element E is likely
depleted by volatilization. Although we have studied only
materials and compounds corresponding to groups II and VI,
we expect the methods detailed here to be more broadly
applicable.
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