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Abstract:

The amine-thiol solvent system has been used extensively to synthesize metal chalcogenide thin films and nanoparticles
due to its ability to dissolve various metal and chalcogen precursors. While previous studies of this solvent system have
focused on understanding the dissolution of metal precursors, here we provide an in-depth investigation of the dissolution
of chalcogens, specifically Se and Te. Analytical techniques including Raman, X-ray absorption, NMR spectroscopy, and
high-resolution tandem mass spectrometry were used to identify pathways for Se and Te dissolution in butylamine-
ethanethiol and ethylenediamine-ethanethiol solutions. Se in monoamine-monothiol solutions was found to form ionic
polyselenides free of thiol ligands while in diamine-monothiol solutions thiol coordination with polyselenides was
predominately observed. By increasing the relative concentration of thiol to that of Se, the chain length of polyselenide
species was observed to shorten. Analysis of Te dissolution in diamine-thiol solutions also suggested the formation of
relatively unstable thiol-coordinated Te ions. This instability of Te ions was found to be reduced by co-dissolving Te with
Se in diamine-thiol solutions. Analysis of the co-dissolved solutions revealed the presence of atomic interaction between Se
and Te through the identification of Se-Te bonds. This new understanding then provided a new route to dissolve otherwise
insoluble Te in butylamine-ethanethiol solution by taking advantage of the Se* nucleophile. Finally, the knowledge gained
for chalcogen dissolutions in this solvent system allowed for controlled alloying of Se and Te in PbSe,Te ., material and
also provided a general knob to alter various metal chalcogenide material syntheses.

Although solution processing is a promising cost
effective alternative to vacuum processing, developing a
common solvent system to dissolve various material
precursors has been a challenge. Various organic solvents,
including but not limited to DMSO, DMF, and alcohols,
have been used to incorporate metal salt precursors and
successfully fabricate metal sulfide materials.>” Despite
these successes, fabricating metal selenide and telluride
materials has been challenging due to the difficulties
involved in dissolution of Se and Te in these solvents.
Several other solvent systems have been explored to
dissolve Se and Te, but most of these systems either require
highly toxic and explosive chemicals like hydrazine or
introduce impurities into the final material (e.g., alkyl
phosphine or borohydride systems).>!! Recently, amine-
thiol solvent system have shown great promise in
dissolving a variety of precursors, including metals, metal

Introduction:

Metal chalcogenide materials have significant
applications in the field of semiconductors, including
photovoltaics, thermoelectric devices, LED’s, and sensors,
amongst others.!? Traditional fabrication routes for these
devices include processes such as co-evaporation and co-
sputtering, which are expensive and energy intensive as
they require processing under very low pressure (high
vacuum) atmosphere. Solution processing, with its mild
processing conditions, improved material utilization,
ability to make thin films using roll to roll processing, and
low energy requirements, is a promising and less expensive
alternative fabrication route.>” Recent developments in
solution processing provide two methods for material
synthesis and device fabrication. The first route involves
synthesis of the desired material in the form of
nanoparticles followed by dispersing the nanoparticles in

organic/aqueous solvents for ink formulation. The second
route is direct deposition of a molecular precursor solution
followed by thermal annealing to yield the desired material
in thin film architecture.

salts, metal chalcogenides and even pure chalcogens like S,
Se and Te at ambient conditions and in considerably high
concentrations.'>!® Researchers have utilized this new
solvent system for fabricating a variety of chalcogenide



materials, including (Cu,Ag)(In,Ga)(S,Se),,
(Cu,Ag)2ZnSn(S,Se)s, CdTe, CuBaSnS4, SnTe, Sb,Ses,
PbS/Se/Te, etc. in the form of thin films as well as
nanoparticles for applications in photovoltaic and
thermoelectric devices.!*** Although successful material
fabrication has been achieved using amine-thiol solvent
system, few studies have highlighted the complexity of the
products formed when using these solutions. For example,
recent studies on amine-thiol solution used to dissolve
CuCly/CuCl and Cu precursors identified the formation of
numerous complex products, which could impact the film
fabrication process.’** Therefore, realizing the full
potential of amine-thiol solvent system requires a better
understanding of the underlying chemistry involved in their
dissolution mechanisms.

In the case of chalcogens, Walker and Agrawal
reported Se removal from reaction mixture of metal
selenide particles synthesized in oleylamine by addition of
hexanethiol in the solution.?® During similar period, Liu et
al. reported dissolution of Se in oleylamine and
dodecanethiol solution for the synthesis of Cu(In,Ga)Se,,
CuxZnSnSes, and CdSe nanoparticles.?” This was followed
by a report from Brutchey’s group on Se and Te dissolution
in an ethylenediamine-ethanethiol system. The study
demonstrated impurity-free recovery of elemental Se and
Te through solvent evaporation and also used these
solutions to synthesize crystalline Sb.Se; and SnTe
materials.'> Similarly, an array of amine-ethanethiol
systems were used by Walker and Agrawal for the
dissolution of Se and was further modified to create a
sulfur-free selenium precursor for the synthesis of Se, PbSe,
CulnSe; and Cu,ZnSnSes nanoparticles.'® While these
solutions have been utilized for material synthesis, very
little research has been conducted to analyze the solutions
themselves. For example, it is known that Te dissolves only
in amine-thiol systems made with diamines while Se
dissolves in amine-thiol systems made from both diamines
and monoamines; however, the dissolution mechanism(s)
and speciation in these solutions mostly remains
unexplored.

In this work, we have analyzed chalcogen dissolution
in amine-thiol solutions by using various analytical
techniques, including Raman spectroscopy, 'H-NMR
spectroscopy, electrospray ionization high-resolution
tandem mass spectrometry, and X-ray absorption
spectroscopy. We have identified the differences between
the species formed when Se is dissolved in monoamine-
monothiol solutions versus diamine-monothiol solutions.
Additionally, we have studied the relationship between the
mol ratio of thiol:Se used in the dissolution with the
corresponding Se species formed. This analysis provided
key information that adds to the current understanding of
Se dissolution in amine-thiol solutions. As Te dissolves
only in diamine-thiol solutions, we analyzed Te dissolution

in diamine-monothiol systems and found some similarities
and some differences to the corresponding Se solutions. We
further extended this new understanding of Se and Te
dissolution to study the co-dissolution of these two
chalcogens in amine-thiol solutions, which revealed an
atomic interaction between Se and Te complexes. This
observed interaction between Se and Te in the solution
provided the foundation for the development of a new
dissolution pathway for incorporating Te in monoamine-
monothiol solutions. The Se-Te complex was then utilized
to synthesize a PbSe,Tei, alloy that demonstrated a
controlled extent of chalcogen alloying based on the Se-Te
solution used in the synthesis. Our findings from this work
can further be used to provide preliminary reasoning for the
differences observed when chalcogenide materials are
synthesized using different amine-thiol solvent pairs.

Experimental Section:
Materials

Se (100 mesh, 99.99%), Te (30 mesh, 99.997%),
butylamine (BA, 99.5%), ethylenediamine (EN, >99.5%),
diethyl disulfide (DEDS, 99%) and lead acetate trihydrate
(99.999%) were purchased from Sigma-Aldrich while
ethanethiol (ET, 99%) was purchased from Acros Organics.
All chemicals were used without further purification.

Ink Formulation and Reaction

Various inks for Se and Te solutions were prepared by
adding either butylamine (BA) or ethylenediamine (EN) to
the Se or Te powder followed by the addition of ethanethiol
(ET). Se solutions containing significant amounts of thiol
were completely dissolved within a few minutes of solvent
addition while Se solutions with lesser quantities of thiol
and all Te solutions were stirred for several hours to obtain
complete dissolution. All solid weighing and solution
preparation were performed in an inert nitrogen atmosphere
in a glovebox (oxygen and moisture concentrations less
than 1 ppm). Since ET boils at 35 °C, vials were further
sealed with parafilm to avoid loss of ET from the vials due
to evaporation.

For PbSe,Tei.» material synthesis, a 0.2 M solution of lead
acetate trihydrate was prepared in pure EN solvent.
Chalcogen solutions were prepared by co-dissolving Se and
Te in both BA-ET and EN-ET solutions (amine/thiol
volume ratio of 1). Se:Te mol ratio of 4:1 was used in both
the dissolutions while keeping total chalcogen
concentration (Se+Te) at 0.2 M. 1 ml of lead acetate
solution was mixed with 1 ml of chalcogen solution under
constant stirring for 1 min at room temperature. Particles
formed via immediate precipitation were centrifuged and
then washed once with EN in the glovebox followed by



three isopropyl alcohol washes in air to remove the excess
amine-thiol solution from the reaction mixture.

Characterization

Raman Spectroscopy: Raman spectra were collected on a
Horiba/Jobin-Yvon HR800 microscope with an excitation
laser wavelength of 632.8 nm and resolution of 0.3 cm™ at
1800 grating. Liquid samples were sealed in a Hellma
Analytics fluorescence quartz cuvette in a glove box prior
to analysis. The laser power was adjusted to 4.25 mW for
analysis of all samples.

Nuclear Magnetic Resonance: NMR spectra were
collected using a Brucker AV-III-400-HD instrument.
Deuterated acetonitrile was used as a solvent for this
analysis. For quantitative measurements, ethylene
carbonate was used as the NMR standard.

X-ray Absorption Spectroscopy: In situ X-ray absorption
spectroscopy (XAS) experiments were performed at the 10-
BM beamline at the Advanced Photon Source (APS) at
Argonne National Laboratory. Measurements were
performed at the Se K edge (12.6580 keV) and Te K edge
(31.8138 keV) in transmission mode using a fast scan from
250 eV below the edge to 550 eV above the edge, which
took approximately 10 minutes per scan. Se edge samples
were prepared at 0.1 M Se concentration in solution while
Te edge sample was prepared at 0.5 M Te concentration in
solution. All samples were sealed in a liquid sample cell in
an air-free atmosphere. Standard fitting procedures were
used to fit the EXAFS. Intrinsic loss factor S,> was
calibrated by fitting the foil and was found to be 0.75. A
least squared fit for the first shell of r- space and isolated g-
space were performed on the k? weighted Fourier transform
data over the range 2.7 to 10 A" in each spectrum to fit the
magnitude and imaginary components. Se-Se (CN=1,
R=2.35 A), Se-Te (CN=1, R=2.52 A), Se-S (CN=1, R=2.24
A), Te-Te (CN=1, R=2.73 A) and Te-S (CN=1, R=2.42 A)
scattering pairs were considered using FEFF6
calculations.”® The error in the coordination number
calculation is +/- 10 % and the error in the bond distance is
+/-0.01 A.

Electrospray Ionization High-Resolution Tandem Mass
Spectrometry ((-)ESI-MS/MS): The mass spectrometry
experiments conducted for this study were based on
previous work on copper dissolution in similar amine-thiol
solutions.?* To avoid air contact with the solutions during
mass spectrometry measurements, the solutions were
prepared in a glovebox and then transferred to a setup
containing a 5 mL Hamilton syringe, 500 pL Hamilton
syringe, and a high purity perfluoroalkoxy tubing, all
connected via a three-way Hamilton valve. All experiments
were conducted using a Thermo Scientific LTQ Orbitrap
XL hybrid mass spectrometer, set to a resolution of

100,000. Ionization was accomplished using electrospray
ionization (ESI). Solutions were directly infused into the
ESI source by using a syringe pump at a flow rate of 10
pL/min. The spray voltage was adjusted daily to maintain
an appropriate current for ionization and typical values
ranged from 3 up to 4 kV. Sheath and auxiliary gases (N»)
were set at 30 and 15 (arbitrary units) flow rates,
respectively. The capillary temperature was maintained at
250 °C. The elemental composition for each component
was determined from the high-resolution mass spectra as
well as matching isotopic distribution patterns (when
appropriate) and confirmed wusing tandem mass
spectrometry based on collision-activated dissociation
experiments (CAD). All CAD experiments were performed
in the linear quadrupole ion trap with a ¢ value of 0.25 and
an activation time of 30 ms. The ion isolation window was
adjusted for each ion so that only the ions of interest were
isolated. Isolation windows ranged from +0.4-1 m/z units.
CAD energy was varied from 10-40 arbitrary units and was
adjusted for each ion of interest to provide reliable
fragmentation at sufficient signal intensity. All data
processing was performed with the Thermo Scientific
Xcalibur 2.1 software.

Material characterization: X-ray diffractograms (XRD)
were obtained using a Rigaku Smart Lab diffractometer in
Bragg—Brentano mode, using a Cu Ka (A = 1.5406 A)
source operating at 40 kV/44 mA. Sample for XRD analysis
was prepared by drop casting powder sample dispersed in
isopropyl alcohol on a piece of soda lime glass. Bulk
nanoparticle composition was analyzed using a Fisher
XAN 250 X-ray fluorescence (XRF) instrument at 50 kV
voltage with primary Ni filter containing silicon drift
detector. Scanning electron microscopy (SEM) images
were collected using FEI Quanta 3DSEM at an accelerating
voltage of 10 kV, 4.0 spot size, and working distance of ~10
mm.

Result and Discussion:

Selenium Dissolution in Monoamine vs Diamine
Solutions:

Selenium is known to dissolve in both monoamine-
monothiol solutions and diamine-monothiol solutions at
considerably high concentrations (Se ~ 6 M and Te ~ 0.6
M) at ambient conditions.'® Previous analysis of these
solutions revealed the formation of dialkyl disulfide species
in monoamine-monothiol solutions but not in diamine-
monothiol solutions suggesting a difference in Se species
formed in the two solutions.!>!® In order to understand the
difference in Se dissolution in different amine-thiol
solutions and hence the Se species formed in these systems,
two separate 0.1 M Se solutions were prepared in this study:



one in 1:1 (v/v) butylamine-ethanethiol (BA-ET) and other
in 1:1 (v/v) ethylenediamine-ethanethiol (EN-ET) such that
the mol ratio of ET:Se in both these solutions is around 69.
These two solutions were analyzed with various
characterization techniques.

Raman analysis performed on the two solutions showed
differences in Se bonding (Figure 1a). When compared to
the pure BA-ET solutions, the Se in BA-ET solution
revealed a presence of new peaks in the Raman spectrum
with one relatively intense peak at 244 cm™ while another
broad peak around 275 cm'. Based on the literature, these
new peaks correspond to Se-Se bonds. In solid state Se
material, peaks in the vicinity of 234 cm™ are generally
assigned to a trigonal crystal structure containing long
continuous chains of Se atoms, while the peaks near and
above 250 cm! are generally assigned to monoclinic,
orthorhombic and amorphous Se with possible ring
configurations and smaller number of Se atoms.*-** The
detail Raman band assignments are compiled in Table S1.
Even though we start with trigonal Se in solid state, which
contains continuous long chain of Se atoms, after
dissolution of solid, these continuous chains break into
smaller polyselenide chains which shifts the Raman band
to slightly higher value (~236-246 c¢m™) than original
crystalline trigonal Se band (~234 cm™). For the band near
275 cm’, although second order Raman band for
polyselenide chains appear in this range, some cyclic
compounds also have calculated Raman bands near 275 cm’
! suggesting a possibility for coexistence of different Se
species (chains and rings) in the solution. On the other
hand, for Se in EN-ET solution, no peak corresponding to
Se-Se bond was observed in the collected spectrum.
Instead, the spectrum for this solution showed a very weak
intensity peak at 388 cm!, which can be assigned to S-Se
bond.?!

Although the Raman analysis suggested the formation
of different Se compounds in BA-ET versus EN-ET
solutions, the '"H-NMR results obtained for these samples
were remarkably similar (Figure S2 and Figure S3).
Compared to the pure amine-thiol solutions, both samples
exhibited a new quartet and triplet at a & of 2.72 ppm and
1.28 ppm, respectively, corresponding to the chemical shift
of diethyl disulfide (DEDS). Even though there was clear
evidence of S-Se interaction in the Raman analysis, no
corresponding RSSe signals were observed in the 'H-NMR
spectrum. As the theoretical chemical shifts in the 'H-NMR
for ET and DEDS are similar, it is possible that RSSe™ and
RS ions also have very similar chemical shifts that cannot
be distinguished to verify the formation of RSSe™ in the
solution.
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Figure 1: (a) Raman spectra of amine-thiol solutions with
and without Se for BA-ET (bottom) and EN-ET (top)
systems (b) Se K-edge EXAFS spectra of Se in BA-ET and
Se in EN-ET solutions

In order to gain more insight into the complexation and
possible bonding in the Se species, X-ray absorption
spectroscopy was performed on these two solutions. X-ray
absorption is generally used to identify the chemical state
through X-ray absorption near edge spectroscopy
(XANES) and the coordination environment through
extended X-ray absorption fine structures (EXAFS) of a
particular metal in the liquid or solid state. The absorption
spectra obtained for the Se in BA-ET solution and the Se in
EN-ET solution are shown in Figure S4. The XANES
analysis indicated that the edge energy of both samples was
very close to each other (12.6570 keV and 12.6568 keV)
and was lower than that of the Se foil (12.6580 keV). As
the edge energies of reference Se compounds containing the
-2 oxidation state (In.Ses, ZnSe) and 0 oxidation state
(metallic Se) were very similar, it was difficult to
deconvolute the two and assign a specific oxidation state to
Se in these solutions. However, the higher white line
intensity of the 0.1 M Se solution prepared in BA-ET
compared to the 0.1 M Se solution prepared in EN-ET
suggests that the local geometry of Se is different in these
solutions. After performing the fittings, the Fourier
transform of the k*-weighted EXAFS of these solutions
suggested a significant difference in Se coordination
(Figure 1b). As summarized in Table 1, the fitting
parameters indeed confirm the different coordinating
environment for the two samples.

For Se in BA-ET solution, the parameters obtained
from the fitting yielded an average bond distance of 2.34 A.
This bond distance corresponds to a Se-Se bond,*®
confirming the presence of polyselenides in the solution.
The bond distance obtained for Se in EN-ET solution was
2.20 A, which corresponds to the length of a Se-S bonds?®
suggesting the absence of polyselenides and the presence of
RSSe species (where R is the thiol alkyl group) in the
solution. Average coordination numbers (CN) of 1.6 and
0.8 obtained for Se in BA-ET and EN-ET solutions further
support the presence of polyselenides in BA-ET solution
and Se terminated RSSe compound in EN-ET solution.



Table 1. Structural parameters obtained from the best
fits to Se in BA-ET and Se in EN-ET spectra at the Se
K edge

Edge Energy | Scattering R
Sample (keV) Pair | N | (A)
Se in
BA-ET 12.6570 Se-Se 1.6 | 2.34
Se in
EN-ET 12.6568 Se-S 0.8 | 2.20

After identifying the possible coordination of Se in the
BA-ET and EN-ET solutions, further speciation and
molecular identification was performed using high-
resolution ESI-MS analysis. The conditions used for mass
spectrometric analysis are detailed in the experimental
section. Samples used for this analysis were prepared at a
Se concentration of 0.01 M by diluting the solutions with
respective amine. Both positive-ion and negative-ion mode
ESI-MS spectra were collected, but Se containing species
were observed only in negative-ion mode for both samples.
The mass spectra measured for the two samples, as shown
in Figure 2, look significantly different from each other.
The corresponding elemental composition along with the
expected error margin are summarized in Table S2. All
elemental composition assignments were confirmed using
CAD experiments, wherein the fragment ions observed for
each ion of interest were consolidated with the elemental
composition assignment. The mass spectrum measured for
Se in BA-ET (Figure 2, top) revealed ions containing
multiple (between one and seven) Se atoms, amongst which
HSe, ions were the most abundant species. On the other
hand, the mass spectrum measured for Se in EN-ET had no
HSe, ions (Figure 2, bottom), but instead had dominant
peak at m/z 141 which correspond to the C,HsSSe™ ion.
These data confirmed the S-Se bond formation observed for
the EN sample in the Raman and XAS analysis. While the
mass spectrometry techniques used here analyze the sample
in the gas phase and are known to induce some
fragmentation and possibly gas phase reactions,’>** the
results obtained from this analysis agree well with the
observations made using other analytical techniques.
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Figure 2: (-) ESI-MS spectra of Se in BA-ET and Se in EN-
ET solutions with 1:1 (v/v) amine:thiol (* peaks without Se
atoms)

Effects of Thiol Quantity on Selenium Dissolution:

The analysis of Se-BA-ET and Se-EN-ET solutions
suggested the formation of polyselenides with Se-Se bonds
in monoamine solutions and RSSe compounds in diamine
solutions. These results, particularly in the case of the
diamine solution, are not in complete agreement with the
previously reported observations by Webber et al., even
though some of the analytical techniques used were
identical. The main difference between this study and the
previous study was identified in the sample preparation.
The ratio of amine:thiol (v/v) used in previous study was
4:1 with Se concentration of ~6 M as opposed to
amine:thiol (v/v) of 1:1 and Se concentration of 0.1 M used
in this study. As various analytical studies performed on
amine-thiol solvent system have already shown that this
system acts as a reactant rather than just a physical
solvent,?*? the difference in solute/solvent ratio could
impact the species formed in the solution. In this solvent
system, for any particular precursor (such as metal salts),
the extent of dissolution is associated to the relative
amounts of amine and thiol. So, limiting the quantity of
either the amine or the thiol generally limits the solubility
of the precursor. Such solubility principle has already been
utilized by Miskin et al. to demonstrate the varying extent
of nucleation in lead chalcogenide nanoparticle synthesis.?
So, to understand the relation between observed Se species
and the solvent ratios used in the solution, an experiment
was performed on Se solutions prepared with controlled
solvent additions.

To reduce the background signal from the amine-thiol
solvent and increase the signal from Se species, new
samples with different thiol quantities were prepared at
1.25 M Se concentration instead of 0.1 M. The amount of
thiol was varied such that ET:Se mol ratios of 0.3, 0.6, 1.5



and 4 were achieved. To maintain the desired 1.25 M Se
concentration, along with variation in the concentration of
the thiol, the amine quantities also had to be varied in these
samples. Importantly, in all samples, the number of amine
groups were always in excess compared to thiol groups,
which means that all thiols could theoretically deprotonate
in the solution. Two sets of these samples were prepared,
one in BA-ET and other in EN-ET solution. From here
onwards, the samples discussed in the previous section, that
were prepared using 1:1 (v/v) amine:thiol, will be referred
to as “excess thiol” samples as the ET:Se mol ratio in those
samples was ~69 while among the samples discussed in this
section, the one with ET:Se mol ratio of 0.3, will be referred
to as “minimum thiol” samples.

Raman analysis performed on the BA-ET samples
(Figure 3a) showed similar peaks but with different relative
intensities compared to those observed in Figure 1a for Se
in BA-ET solution with excess thiol. As can be seen in
Figure 3a, the size of the Se-Se bond peak decreased as the
thiol quantity increased. Since the total Se concentration,
the volume of liquid sample in the cell, and the analysis
conditions were all kept constant, the reduction in the
intensity of Se-Se bond peak can be associated directly to
an actual reduction in the number of Se-Se bonds in the
sample. With increasing thiol quantity, the shift of 236 cm"
! peak towards higher frequencies support the reduction in
the number of Se-Se bonds due to a transition from long
chain polyselenides to short chain polyselenides. Also the
presence of two distinct peaks for the sample with ET:Se of
0.3 suggests the possibility for co-existence of linear and
cyclic polyselenide compounds as the A1 mode Raman
band for cyclic Ses and Ses compounds are at ~ 247 ¢cm’!
and 250 cm’! respectively.
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Figure 3: (a)Raman spectra of Se in BA-ET solutions with
varying quantity of ET (b) the magnitude component of the
Fourier transforms (FTs) of Se K-edge k2-weighted EXAFS
spectra measured for Se in BA-ET solutions with minimum
ET and excess ET used for dissolution

In order to further understand the difference with thiol
variation, the XAS analysis was performed on Se in BA-ET
solution with minimum thiol (Figure S6). Fittings
performed on EXAFS of collected absorption data also
showed the presence of only Se-Se bonds with an average

bond distance of 2.35 A and an absence of S-Se interaction
in the solution (Figure 3b). While similar atomic
interactions were observed for Se in BA-ET solutions for
excess and minimum thiol quantities, the average CN
obtained for these two samples did vary slightly.

The CN obtained for the sample with the minimum
thiol (1.8) was 0.2 greater than that obtained for the sample
with excess thiol (1.6). This increase in CN can be
attributed to longer chain length of polyselenides or co-
existence of cyclic polyselenides. In cyclic polyselenides,
every selenium will have CN of 2, so their co-existence
could increase the average CN of Se in the solution.
Similarly, in linear chain structures, all the Se atoms within
the chain have CN of two but the two terminal atoms in the
chain have the CN of one, giving an average CN of Se
atoms less than two. In the case of long chain structures, the
Se atoms with a CN of two are more in number when
compared to short chain structures, resulting in a slightly
higher average CN than the one for short chain structures.
Based on this analysis, it was proposed that the
polyselenides (Sex) decrease in size (average x decreases)
with increasing thiol quantity in the solution.

To identify the average number of Se atoms in
polyselenides (value of x) formed in the solution, 'TH-NMR
analysis was performed on Se in BA-ET solutions with
different thiol quantities (Figure S7). Interestingly, with
increasing thiol quantity, the amount of DEDS formed in
the solution was also increased (integration of Hy protons
in Figure S7). When quantified with 'H-NMR using
ethylene carbonate as the NMR standard, the amount of
DEDS in the solution was found to increase in first three
samples with increasing thiol (ET/Se ratio of 0.3, 0.6 and
1.5) but stayed the same when more thiol was added (ET/Se
of 4) in the solution. As the formation of DEDS molecules
results from combining two thiolate ions by losing two
electrons (2mRS" - mRSSR + 2me"), the formation of m
moles of DEDS suggests transfer of 2m electrons to
polyselenides. If we assume identical polyselenides are
formed in the solution (i.e. only one value of x for all Sex*
) from initial n moles of Se, we will have a relation: nSe +
2me > mSey”. As n is known from starting Se quantity and
m can be obtained from the quantitative 'H-NMR by
integrating protons corresponding to DEDS, average value
of x can be derived using x=n/m. On average, the
quantitative NMR suggested the formation Ses 25>, Sesss>,
and Ses 05> species for samples with ET/Se ratio of 0.3, 0.6
and 1.5 respectively. Since the further addition of thiol did
not result in additional DEDS formation, Se; ¢s* appears to
smallest average size of polyselenide species present in the
solution. Note that these calculations are based on average
values, so the actual polyselenides will contain a whole
number of Se atoms instead of fractions (i.e., Ses instead of



Sesos). Although the average number of Se atoms in
polyselenides is four, the solution will likely have some
polyselenides with more than four Se atoms while others
with less than four Se atoms

To explore the differences in the species in two
solutions, ESI-MS analysis was performed on the Se in BA-
ET sample with minimum thiol and then compared to the
Se in BA-ET sample with excess thiol (Figure S8). The
results showed considerable differences between the two
solutions. For the minimum thiol sample, the sizes of the
HSey ion observed in the ESI mass spectrum varied from
HSe, to HSe;. While these same ions were observed in the
mass spectrum measured for the sample with excess thiol,
the relative abundances of the larger HSe, ions were much
smaller. This finding supports the NMR, Raman, and XAS
data, suggesting that in minimum thiol samples, longer
polyselenides are favored and with thiol addition, these
long chain polyselenides transform to smaller chains.
Although in low abundance, an interesting observation
made for Se in the BA-ET solution with minimum thiol was
the presence of RSSe” species in the mass spectra. Since no
S-Se interaction was identified through Raman or XAS
analysis of this solution, it is hypothesized that the presence
of longer polyselenides initiate the interactions with RS
ions in the mass spectrometer ion source. The reasons for
this behavior are still unclear.

Since the samples analyzed for studying the effect of
thiol variation were prepared at 1.25 M Se concentration
which is ~10 times concentrated compared to samples
analyzed in previous section, the effect of Se concentration
on the species formed was also studied for these solutions
using Raman analysis. The samples with different Se
concentrations (1.25 M, 0.1 M, 0.01 M) were prepared by
either keeping ET:Se mol ratio fixed at 0.3 (addition of
amine for dilution) or by keeping BA:ET mol ratio fixed at
5 (addition of amine and thiol for dilution). The Raman
spectra collected for solutions prepared with amine dilution
(fixed ET:Se ratio) showed presence of two identical peaks
at different concentrations, while the spectra collected for
solutions prepared with amine-thiol dilution (fixed
amine:thiol ratio) showed presence of one peak
corresponding to polyselenide species for all concentrations
(Figure S5). These results suggest that Se concentration
when varied within 0.01 M to 1.25 M range doesn’t have as
significant effect on the species as the thiol:Se ratio in the
solution.

After analyzing effect of thiol variation on Se species
in BA-ET solutions, similar study was performed for EN-
ET solutions. The Raman spectra measured for Se in EN-
ET solutions with varying thiol quantities (Figure 4a)
showed different peaks compared to those observed in
Figure la for Se in EN-ET with excess thiol. The major
difference was the presence of Se-Se bonds in all four

samples, which was missing from the excess thiol
spectrum. Additionally, the four samples themselves
showed variations in their Raman spectra as the thiol
quantity was increased. The first two samples with ET/Se
ratios of 0.3 and 0.6 showed a complete absence of S-Se
bonds. With increasing thiol, S-Se bonds began to appear
in the Raman spectrum with simultaneous reduction in the
size of the Se-Se bond peak. Similar to the observations
made for Se in BA-ET, as the thiol quantity was increased,
the Se-Se bond characteristics transitioned from long chain
polyselenides to short chain polyselenides with fewer Se-
Se interactions. '"H-NMR analysis performed on all four
samples showed peaks corresponding to DEDS (Figure S9).
A quantitative analysis, similar to the one described for BA-
ET solution, was performed on the EN-ET samples with
different thiol quantities. The results suggest the formation
of Sess2”, See2s”, Sesos> and Seses> polyselenides for
samples with ET:Se of 0.3, 0.6, 1.5 and 4, respectively.
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Figure 4. (a) Raman spectra of Se in EN-ET solutions with
varying quantity of ET (b) the magnitude component of the
Fourier transforms (FTs) of Se K-edge k2-weighted EXAFS
spectra measured for Se in EN-ET solutions with minimum
ET and excess ET used for dissolution

The observations made for Se in solutions containing
different thiol quantities were further confirmed with XAS
analysis. No Se-Se peak was observed for the Se in EN-ET
solution with excess thiol. However, the minimum thiol
quantity sample showed only Se-Se interactions with a
bond distance of 2.35 A (Figure 4b), supporting the
findings from the Raman analysis. Unlike Se in BA-ET
solutions, the mass spectra obtained for Se in EN-ET with
minimum and excess thiol quantities were vastly different
from one another (Figure S8 and Table S3). The ions
identified in the mass spectrum for Se in EN-ET with
minimum thiol were similar to those observed in the mass
spectra collected for Se in BA-ET solutions. Polyselenides
ranging from HSe, up to HSes, in addition to several RSSe-
ions, including ETSe", ETSe,", and ETSe;  were observed in
the mass spectrum. For the excess thiol sample, however,
the polyselenides were entirely absent, with the most
abundant peak at m/z 141 corresponding to the ETSe ion. It
is possible that longer polyselenides exist in the excess thiol
solution, but in concentrations lower than the detection



limit of the mass spectrometer. However, these findings
confirm the transition from Sex* to RSSe” compounds with
increasing thiol quantities.

Scheme 1: Proposed reaction pathway for dissolution of
Se in monoamine and diamine solutions with gradual
thiol addition.

Monoamine-Monothiol

I
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Based on these observations, the Scheme 1 shows the
difference in the species formed in the monoamine vs
diamine solutions. In the case of the monoamine, initial
thiol addition starts the dissolution of Se through disulfide
formation and electron transfer to form polyselenide ions.
After complete dissolution of Se in the solution, further
thiol addition results in additional thiol deprotonation,
which drives the continued donation of electrons to
polyselenide ions, making smaller polyselenide ions
containing fewer Se atoms. Once the polyselenide ions
reach a certain size, the transfer of electrons from RS- to
polyselenide ions is no longer favorable. This could be a
result of competing nucleophilicity between the RS™ and
polyselenide ion in the presence of a monoammonium
cation. For the diamine, similar to monoamine, initial thiol
addition leads to Se dissolution through disulfide and
polyselenide ion formation. However, further thiol addition
continues to make smaller polyselenide ions along with
thiol-coordinated polyselenides ions (RSSey’), eventually
forming mono-selenium thiolate (RSSe"). This difference in
two solutions could be a result of different nucleophilic
interactions in diammonium cation solutions compared to
monoammonium cation solutions. One could also attribute
the difference in BA and EN dissolutions to the chelating
nature of EN providing possible intermediate pathway for
Se-EN coordination.**** But lack of evidence and literature
guidance make the understanding of overall role of amines
in these dissolutions unclear.

Tellurium Dissolutions in Diamine Solutions:

Similar to Se, Te dissolves in diamine-thiol solutions,
but the solubility limit for Te in the EN-ET solution at room
temperature is very low (~0.6 M) compared to that of Se
(~6 M).® The EN-ET solution of Te also behaves
differently from the EN-ET solution of Se when the solvent
is evaporated at ambient temperature. Unlike the EN-ET
solution of Se, which gives a stable Se complex after
removing the thiol and amine from the solution, removing
the solvent from the EN-ET solution of Te results in
precipitation of metallic Te.!*> These behaviors suggest that
different Se and Te species are formed in the EN-ET
solution.

To examine the species formed during Te dissolution,
Raman analysis was performed on a 0.5 M EN-ET solution
of Te with 1:1 volume ratio of EN:ET (ET:Te mol ratio =
13.86) and was compared with the Raman spectrum
collected for metallic Te powder (Figure 5a). The spectrum
measured for the powdered tellurium sample showed two
peaks between 100-150 cm™ which correspond to
crystalline Te-Te interactions.*®*” However, the spectrum
measured for the solution of Te in the EN-ET solvent
showed multiple peaks in the range of 150-200 cm! but
none in 100-150 cm!, suggesting an absence of crystalline
Te in the solution. Based on previous reports, the Raman
shift between 150-175 cm! corresponds to amorphous Te,
which suggests the presence of low order Te-Te
interactions in the solution.***” Similar to the Se in EN-ET
solution, the Raman spectrum measured for Te in EN-ET
also showed the presence of Te interactions with sulfur, as
the peak in the range of 175-200 cm™ was assigned to Te-S
bonds.*** This observed bonding from Raman analysis
was further confirmed via XAS experiment performed at
Te K edge. Fittings performed on EXAFS of collected
absorption data (Figure 5b and Figure S10) showed the
presence of Te-Te bonds having an average bond distance
of 2.73 A with C.N of 1.7 and Te-S bonds with an average
bond distance of 2.42 A and C.N of 0.4. Since the solubility
limit of Te is very low, the least amount of thiol required
for dissolution of 0.5 M Te in EN-ET solution yields a
ET:Te mol ratio of around 4. Any further addition of thiol
into this solution simply resulted in dilution of the Te
solution without any detectable changes in bonding. This
suggests, unlike Se dissolution in EN-ET solution
(containing excess thiol) which results in RSSe™ ions with
no Se-Se interaction, Te-EN-ET solution always contains
Te-Te interaction.
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Figure 5: (a) Raman spectra of metallic Te powder and Te
in EN-ET solution (c(Te-Te): crystalline Te-Te interaction,
a(Te-Te): amorphous Te-Te interaction) (b) the magnitude
component of the Fourier transforms (FTs) of Te K-edge
k2-weighted EXAFS spectra measured for Te in EN-ET
solution

Similar to Se solutions, identification of Te species was
realized using ESI-MS analysis and the Te-containing
compounds were only ionized when using negative mode
of ESI-MS. Qualitatively, the mass spectrum of Te in EN-
ET solution (Figure 6 and Table S4) looked very similar to
the mass spectrum of Se in EN-ET with minimum thiol.
ETTe and ETTe,, were the most abundant ions in the mass
spectrum, while ETTes™ species were also observed with
very small relative abundance. Additionally, HTex ions
similar to HSe, ions were also observed, with x ranging
from two to four (two being most abundant). Previous mass
spectrometric studies*® of Te have concluded that gas-phase
tellurium is most stable as Te,, which supports our
observations. However, these thiol free polytellurides could
be an artifact of the ESI source and not necessarily present
in the solution. As Te tends to precipitate out as metallic Te
with solvent evaporation, during ESI process, it is very
likely for Te to partially precipitate out and appear as thiol
free polytelluride ion in the spectrum.
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Figure 6: (-) ESI-MS spectrum of Te in EN-ET solution (*
peaks without Te atoms)

Co-dissolution of Tellurium and Selenium:
Dissolutions of Se and Te performed individually in the
EN-ET solution suggest some similarities and some
differences in the species formed in solution. Although Se
and Te are in same group of the periodic table and both
naturally occur as trigonal crystal structures, the properties

of their crystal structures are somewhat different. For
example, the atomic interactions within the crystal
structures varies for Se and Te. In the trigonal structure,
atoms are connected in long cross-linked chains. In the Se
trigonal structure, the interaction of atoms within a single
chain are much stronger than the interaction of atoms
between two adjacent chains, making it easy to separate two
chains from each other. On the other hand, in the Te crystal
structure, the interaction of atoms in neighboring chains is
just as strong as the attraction of atoms within a single
chain.* This difference can play an important role not only
in chalcogen dissolution but also in its recovery from the
solution, resulting in some dissimilarities for the two
chalcogen solutions. While Te is known to have a solubility
limit of 0.6 M in EN-ET solutions, it is observed that it
could be dissolved at higher concentrations in the presence
of Se. Additionally, unlike the evaporation of EN-ET
solvent from Te solution, which results in the metallic
precipitation of Te, the evaporation of the EN-ET solvents
from co-dissolved Se and Te solution did not result in
precipitation of metallic tellurium. Instead, a stable
organometallic complex was formed in the solution. These
observations suggest that in the presence of Se, Te forms a
different species in solution with different properties than
the ones when it is dissolved independently.

To confirm the presence of new species formation, a
solution of Se and Te (Se:Te = 7:3) in EN-ET was analyzed
via various techniques. The Raman spectrum measured for
this solution, shown in Figure 7a, suggests the presence of
Se-Se bonds, Te-Te bonds, and an additional bond type
resulting in a broad peak between 175-225 cm™. Although
a Raman shift of S-Te bonds occurs in this range, it could
also be assigned as a Raman shift for Se-Te bonds due to
the broadening of the peak.*!*
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Figure 7: (a) Raman spectra and (b) Se K-edge XANES
spectra of Se and Te codissolved in BA-ET and EN-ET
solutions

To further verify the multiple interactions, XAS
analysis was performed on above solution at the Se edge
(Figure 7b and Figure S11). Fitting performed on these data
confirmed the presence of S-Se, Se-Se, and Se-Te bonds
with a total CN of around two (Table 2). After confirming
the presence of multiple interactions, this solution was



analyzed using ESI-MS to identify the chemical formulas
of the species which suggested the formation of a wide
variety of compounds, including: RSSey, RSTey, RSSe Te,
and Se,Te, (Figure 8 and Table S5) These structures also
support the assignment of the Raman broad peak between
175-225 cm™ to both S-Te and Se-Te bonds.

Table 2. Structural parameters obtained from the best
fits to Se-Te-BA-ET and Se-Te in EN-ET spectra at the
Se K edge

Edge energy | Scattering
Sample (keV) Pair CN | R(A)
Se-Te- Se-Se 0.4 2.34
BA-ET | 12052 o e 14 | 248
Se-Te i Se-S 0.6 2.31
ENpT | 12:6562 Se-Se | 0.7 | 2.34
Se-Te 0.7 2.48

The presence of SesTey, compounds in the solution
suggests a different dissolution route for Te in the presence
of Se. The Sex* ion formed in the solution may act as a
nucleophile similar to the RS ion, resulting in dissolution
of Te through the formation of Se,Te, complexes. This
hypothesis was explored by testing whether the presence of
Se can make Te soluble in a BA-ET solution, where Te is
otherwise insoluble. Se,* ions were generated in BA-ET
solution by dissolving Se in the solvent as previously
described. Then, Te was added and the solubility of Te in
the resulting solution was tested. This experiment indeed
resulted in the incorporation of Te into the BA-ET solution.
Raman (Figure 7a) and XAS analysis (Table 2) performed
on this solution confirmed the formation of Se-Te bonds
along with Se-Se bonds. Mass spectrometry measurements
of this solution also support the formation of SeiTey
compounds. Unlike the EN-ET solution of codissolved Se
and Te, in the BA-ET solution, SexTe, ions were present
almost exclusively without thiol interactions. Additionally,
no evidence for S-Te interactions were found suggesting
that the only mechanism of Te dissolution involves
complexing with Se in this solution (Figure 8).
Interestingly, the relative number of Te atoms in these
Se,Tey ions was found to be always less than or equal to the
number of Se atoms in the same ion (i.e. x>y). This sets a
possible solubility limit on Te dissolution in BA-ET.
Although various values of x and y in the SeTe, compound
were discovered using mass spectrometry experiments, the
maximum ratio of Te:Se that could be dissolved in BA-ET
solvent was found to be 2:3. This result suggests that on
average, molecule containing three atoms of Se can
coordinate with and dissolve up to two Te atoms.
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Figure 8: (-) ESI-MS spectra of Se and Te in BA-ET and Se
and Te in EN-ET solutions (* peaks without Se/Te atoms)

Tuning Material Synthesis through Discovered
Chemical Understanding:

The new understanding of the species formed in amine-
thiol solvents can be applied to various material synthesis,
especially for the synthesis of metal chalcogenides. Our
previous work on the synthesis of lead chalcogenide
particles showed some particle morphology variations
when the solvent was changed from monoamine-thiol to
diamine-thiol.”? The findings from this study on Se and Te
species identification have now provided a preliminary
reasoning behind the differences observed in the material
synthesis. It also provided a better route to control and tune
the properties of the resulting materials.

To demonstrate one among many other possible
utilities of the findings made in this study, two solutions
containing co-dissolved Se and Te were used for synthesis
of PbSenTei.n materials. Se and Te (4:1 mol ratio) were
dissolved ina 1:1 (v/v) BA-ET solution and a 1:1 (v/v) EN-
ET solution. Based on our analysis, the BA-ET solution
contains mainly SexTey species while the EN-ET solution
contains a variety of species, including RSSex, RSTey,
RSSe,Tey and SexTey. Although both inks were prepared
with the same quantities of chalcogen, the differences
observed in the chalcogen complexes could affect the
reactivity of each solution. For the EN-ET solution
containing both Se and Te, each of the proposed chalcogen
complexes such as RSSey, RSTe; etc. in this solution may
react independently, affecting the overall material
synthesis. To test this hypothesis, these two solutions (Se-
Te-BA-ET and Se-Te-EN-ET) were allowed to react at
room temperature with a lead acetate solution prepared in
pure EN to form a lead chalcogenide material. These
reactions resulted in instant precipitation of particles from
the solution. The particles were washed and analyzed using



scanning electron microscopy (SEM), X-ray fluoroscence
(XRF), and X-ray diffraction (XRD) techniques to study
the material properties. The SEM images for both the
materials suggest formation of nanoparticles with particle
size in the range of few tens of nanometers (Figure S12).
Based on the elemental composition obtained from XRF
data, no sulfur was detected in the particles and the ratio of
Se/(Se+Te) was calculated to be 0.22 and 0.21 for BA-ET
and EN-ET synthesized PbSe.Tei.. particles respectively
which is close to the starting value of 0.20 in the solution.
Although the elemental composition for both materials was
similar, the XRD patterns for these two materials were
different. As can be seen in Figure 9, for the 20 at
approximately 28°, the XRD pattern collected for the
material formed in the EN-ET solution had two different
broad peaks, one corresponding to Se rich PbSe,Te ., and
another corresponding to Te rich PbSe,Tei.n. On the other
hand, the material synthesized from the BA-ET solution
had only one broad peak, confirming a uniformly alloyed
PbSe.Tei., material. This experiment shows that by
carefully choosing the composition of the amine-thiol
solvent, one can control the properties of a synthesized
material.
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Figure 9: XRD spectra of PbSe,Te;., particles synthesized
using BA-ET and EN-ET solutions of Se and Te

Conclusions:

In this work, Raman spectroscopy, X-ray absorption
spectroscopy, high-resolution tandem mass spectrometry,
and "H-NMR spectroscopy were used to analyze chalcogen
dissolution in amine-thiol solutions. This analysis suggest
that, the species formed in solution can vary significantly
based on whether the amine used is a monoamine or a
diamine. When dissolved in monoamine-thiol solutions, Se
formed polyselenides ions while in diamine-thiol solutions,
Se formed polyselenides that were coordinated with thiols.
Additionally, the quantity of thiol used for dissolution
affected the Se species formed in the solution, with
increasing amounts of thiol resulting in a shift from long
chain polyselenides to smaller polyselenides. In diamine-
thiol solution containing much excess thiol, the dominant
Se species was observed to be mono-selenium thiolate. Te,
which dissolves only in dimine-thiol solutions, was also

found to form thiol-cordinated polytellurides. However,
unlike polyselenides, these polytellurides are highly
unstable, resulting in metallic tellurium precipitaion with
solvent evaporation or foreign solvent addition. The
dissolution of Te was futher analyzed in the presence of Se.
The two chalcogens were found to interact in the amine-
thiol solution, forming various compounds containing Se-
Te bonds. This finding was then utilized to demonstrate the
dissolution of Te in monoamine-thiol solution in the
presence of the Se* nucleophile. The chalcogen species
formed under different amine-thiol conditions were then
utilized to demonstarte composition control with Pb
chalcogenide material synthesis. The chalcogen
incorporation during such material synthesis was
successfully controlled through the appropriate selection of
the chalcogen species. Similar to lead chalcogenide
synthesis, the findings from this study can be further
applied for controlling chalcogen behavior during a variety
of metal chalcogenide synthesis where an amine-thiol is
used as the solvent system.

Supporting Information:

Raman spectra of Se powder and Se-BA-ET solutions
at different concentrations, NMR spectra for Se-BA-ET and
Se-EN-ET solutions, XAS spectra, Mass spectra for Se
solutions with minimum thiol, tables with m/z assignments
for mass spec results, SEM images of PbSe,Te1., particles
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Selenium Dissolution in Monoamine vs Diamine Solutions:

Se powder

Intensity (a.u.)

100 200 300 400
Raman shift (cm™)

Figure S1: Raman spectra of metallic Se powder used for all the solution preparation

Table S1: Selected Raman band assignments for different Se structures

Structure Raman frequency (cm™) Assignment
Trigonal 233 E
237 Al
273 2E
Orthorhombic 239 E3
249 Al
254 E2
Amorphous 235 Polymeric chain (A1, E)
250 Ses (A1, E2)
Cyclic 279 Ses (A1)
247 Ses (A1)
285 Se7 (A1)
249 Ses (A1)
264 Seo (A1)
266 Seio (A1)
258 Seiz (Al)




NMR analysis of Se-BA-ET and Se-EN-ET solutions:

"H-NMR spectra were collected on a Brucker AV-III-400-HD instrument at 400 MHz frequency using CDs;CN as the
solvent. Since the addition of amines to thiols lead to proton transfer reactions, the actual species present in solution are
alkyl ammonium ions and thiolate ions. The byproduct of Se dissolution, dialkyl disulfides, were also confimred from NMR
analysis. Structures of all proton containing species are shown below with each distinct proton labeled separately. These
labeles are then used to assign corresponding peaks in "H-NMR spectra.
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Figure S2: '"H-NMR of Se-BA-ET solution with protons labeled according to strcures presented above. (Peak at § of 4.45
ppm corresponds the ethylene carbonate used as NMR standard)
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Figure S3: 'H-NMR of Se-EN-ET solution with protons labeled according to strcures presented above. (Peak at § of 4.45
ppm corresponds the ethylene carbonate used as NMR standard)



X-ray Absorption Spectroscopy of Se-BA-ET and Se-EN-ET solutions:
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Figure S4: (a) the K-edge XANES spectra and (b,c) the imaginary component of the Fourier transforms (FTs) of Se K-
edge k2-weighted EXAF'S spectra for Se dissolved in BA-ET and EN-ET solutions with 1:1 (v/v) amine:thiol used for
dissolution



(-) ESI-MS analysis of Se-BA-ET and Se-EN-ET solutions:

Ions observed and identified in (-) ESI-MS high-resolution mass spectra of Se-BA-ET and Se-EN-ET solutions are
summarized in Table 1. The m/z values listed correspond to the monoisotopic mass for each ion. Elemental compositions
and the associated error with respect to the observed m/z vales are also given for each ion. For some ions, the high resolution
MS signal was too low for accurate calculation of the error or calculation of the m/z with high accuracy (more than two
decimal points). Assignments for these ions were based on low-resolution mass spectra and isotopic distributions. These
ions are marked with *.

Table S2: Elemental composition of ions detected using (-) ESI-MS for Se solutions in BA-ET and EN-ET

Se in BA-ET
m/z Elemental Composition Error from expected mass (+/- ppm)
112.89743 HSSe 13.83
148.02660 CsHioNS» 11.03
160.84253 HSe» 13.71
22794314 CsHioNS,Se 10.41
240.75861 HSe; 7.34
320.67581 HSe4 7.63
400.59277 HSes 5.68
474.00* HSe Signal toioS g?g;} cai)s;tgtr;;(lisbased on
550, 50* HSe, Signal to?sﬁgéiiszﬁ?:i based on
Se in EN-ET
m/z Elemental Composition Error from expected mass (+/- ppm)
80.92523 HSe 17.69
92.98412 C,H;sS, 15.08
111.88941 SSe 12.21
140.92852 C>HsSSe 9.58
160.84194 HSe» 10.07




Effect of Thiol Quantity on Selenium Dissolutions:

Raman analysis of Se-BA-ET solutions at different concnetrations:

Figure S5a compiles the Raman spectra for samples with fixed thiol:Se ratio (ET:Se=0.3) at different Se concentrations.
These spectra suggest that with amine dilution, the relative ratio of amine peak intensity to Se-Se peak intensity increases.
However, all samples show two identical peaks corresponding to polyselenides (linear and possibly cyclic) suggesting no
significant effect of Se concentration on the species formed in the solution with amine dilution within 0.01 M - 1.25 M
concentration range and fixed thiol:Se ratio. Similarly, Figure S5b compiles the Raman spectra for samples with fixed
amine:thiol ratio (BA:ET=5) at different Se concentrations. These solutions yield thiol:Se ratio of 1.5, 12 and 120 for 1.25
M, 0.1 M and 0.01 M samples respectively. As can be seen from the Raman spectra below, this dilution with amine-thiol
solution results in drastic increase in intensity for amine and thiol peaks making the relative intensity of Se-Se peak smaller.
When analyzed closely, these spectra show presence of a peak at around 246 cm™'. Although the peak positions look similar,
the peak for higher concentration samples appear skewed with small shoulder on the lower frequency side while the peak
for 0.01 M sample looks symmetric. Such non skewed peak for 0.01 M sample could be a result of either steeply decreasing
baseline in this sample at lower frequencies hiding this shoulder (mostly arising from strong solvent scattering) or reduced
distribution of polyselenides in the solution. While other experiments might be needed to deconvolute this observation, it is
important to note that even with extreme dilution using amine-thiol solution (0.01 M Se concentration and thiol:Se ratio of
120) the Se species remain in the form of polyselenides.
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Figure S5: Raman spectra of Se-BA-ET solution collected at different concentrations by keeping (a) ET:Se fixed at 0.3
and (b) BA:ET fixed at 5



X-ray Absorption Spectroscopy of Se-BA-ET and Se-EN-ET solutions with minimmum ET:
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Figure S6: (a) Se K-edge XANES spectra, (b) the magnitude component and (c.d) the imaginary component of the Fourier
transforms (FTs) of Se K-edge k2-weighted EXAFS spectra measured for Se in BA-ET and Se in EN-ET solutions with
minimum ET used for dissolution



NMR analysis of Se-BA-ET solutions with different thiol quantities:

"H-NMR spectra were collected on a Brucker AV-III1-400-HD instrument at 400 MHz frequency using CD;CN solvent.
Ethylene carbonate was used as NMR standard for quantitative analysis. Additional ET in Se-BA solution leads to the
formation of diethyldisulfide and its quantity was calculated by integrating the quartet peak at 6 of 2.72 ppm.
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Figure S7: 'H-NMR speactra of Se-BA-ET solutions with different quantity of thiol used for dissolution. Quartet at § of
2.72 ppm corresponding to diethyldisulfide was used for quantitatvive measurement with reference to the peak at o of 4.45
ppm corresponding the ethylene carbonate as NMR standard.



(-) ESI-MS analysis of Se-BA-ET and Se-EN-ET solutions with minimum ET:

(-) ESI-MS spectra of Se-BA-ET and Se-EN-ET solutions containing minimum ET quantity are shown in Figure S8. Ions
observed and identified in these spectra along with their proposed chemical composition are summarized in Table 2. The
m/z listed corresponds to the monoisotopic mass for the ion.
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Figure S8: (-) ESI-MS spectra of Se-BA-ET solution and Se-EN-ET solution with minimum thiol used for dissolution



For some ions, the high resolution MS signal was too low for accurate calculation of the error or calculation of the m/z
with high accuracy (more than two decimal points). Assignments for these ions were based on low-resolution mass and
isotopic distributions. These ions are marked in the table with *.

Table S3: Elemental composition of ions detected using (-) ESI-MS for Se solutions in BA-ET and EN-ET with minimum
thiol used for dissolution

Se in BA-ET with minimum ET

m/z Elemental Composition Error from expected mass (+/- ppm)
105.92037 CNSe 11.73
116.07191 CsHioNO2 11.24
140.92850 C>HsSSe 9.59
159.83391 Sez 8.98
220.84506 C>HsSSe; 6.20
240.75812 HSe; 6.69
300.76171 C2H;sSSes 5.14
320.67536 HSe4 5.66
400.59350 HSes 8.35

480.58* HSes Signal too low

Se in EN-ET with minimum ET

m/z Elemental Composition Error from expected mass (+/- ppm)
85.047079 C;Hs0ON, 13.53
108.99644 CoHs0sS 9.62
140.92818 C2HsSSe 7.17
160.84161 HSe» 8.02
220.84452 C,HsSSe 3.75
240.75800 HSe; 4.81
300.76146 CoHsSSes 4.15
319.66712 Ses/HSe4 4.95
400.59241 HSes 6.30

480.58* HSes Signal too low




NMR analysis of Se-EN-ET solutions with different thiol quantities:

"H-NMR spectra were collected on a Brucker AV-II1-400-HD instrument at 400 MHz frequency using CD;CN solvent.
Ethylene carbonate was used as NMR standard for quantitative analysis. Additional ET in Se-BA solution leads to the
formation of diethyldisulfide and its quantity was calculated by integrating the quartet peak at 6 of 2.72 ppm.
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Figure S9: 'H-NMR speactra of Se-EN-ET solutions with different quantity of thiol used for dissolution. Quartet at 6 of
2.72 ppm corresponding to diethyldisulfide was used for quantitatvive measurement with reference to the peak at 0 of 4.45
ppm corresponding the ethylene carbonate as NMR standard.



Tellurium Dissolution in Diamine Solutions:

X-ray Absorption Spectroscopy of Te-EN-ET solution:

Figure S10 summarizes XAS analysis of Te in EN-ET solution.
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Figure S10: (a) Te K-edge XANES spectra, (b) the imaginary component of the Fourier transforms (FTs) of Te K-edge k2-
weighted EXAFS spectra measured for Te in EN-ET solution



(-) ESI-MS analysis of Te-EN-ET solution:

Ions observed and identified in (-) ESI-MS spectra of Te-EN-ET solution are summarized in Table 3. The m/z listed
corresponds to the monoisotopic mass for each ion. Elemental compositions and the corresponding error with respect to the
observed m/z are also calculated for each ion. For some ions, the high resolution MS signal was too low for accurate
calculation of the error or calculation of the m/z with high accuracy (more than two decimal points). Assignments for these
ions were based on low-resolution mass and isotopic distributions. These ions are marked in the table with *.

Table S4: Elemental composition of ions detected using (-) ESI-MS for Te solutions in EN-ET

Te in EN-ET
m/z Elemental Composition Error from expected mass (+/- ppm)

136.95613 C3HsS3 9.79
161.87906 STe 8.12
190.91805 C,HsSTe 6.19
260.82089 HTe; 4.48
320.82420 C,HsSTe 345
389.71815 Tes/HTes 0.08

450.75* C,HsSTes Signal too low

520.67* HTes Signal too low




Co-dissolution of Tellurium and Selenium:

X-ray Absorption Spectroscopy of Se-Te-BA-ET and Se-Te-EN-ET solutions:

Figure S11 summarizes XAS analysis of Se-Te co-dissolution in BA-ET and EN-ET solutions. The XANES spectra for
these two solutions look very similar but the EXAFS analysis of the collected data suggests some difference between
neighboring environments of the Se in these two solutions.
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Figure S11: (a) The magnitude component and (c,d) the imaginary component of the Fourier transforms (FTs) of Se K-
edge k2-weighted EXAFS spectra of Se-Te-BA-ET and Se-Te-EN-ET solutions.



(-) ESI-MS analysis of Se-Te-BA-ET and Se-Te-EN-ET solutions:

Ions observed and identified in (-) ESI-MS spectra of Se-Te-BA-ET and Se-Te-EN-ET solutions are summarized in Table
4. The m/z listed corresponds to the monoisotopic mass for each ion. Elemental compositions and the associated error with
respect to observed m/z are also calculated for each ion. For some ions, the high resolution MS signal was too low for
accurate calculation of the error or calculation of the m/z with high accuracy (more than two decimal points). Assignments
for these ions were based on low-resolution mass and isotopic distributions. These ions are marked in the table with *.

Table S5: Elemental composition of ions detected using (-) ESI-MS for Se-Te solutions in BA-ET and EN-ET

Se-Te in BA-ET
m/z Elemental Composition Error from expected mass (+/- ppm)

105.92036 CNSe 12.39
148.02625 CsHioNS» 9.00
160.84213 HSe» 11.25
210.83132 HSeTe 6.16
227.94271 CsHioNS,Se 5.58
289.73993 SesTe 4.18
370.66490 HSesTe 4.95

420.83* HSe,Te> Signal too low

500.67* HSe;Te» Signal too low

Se-Te in EN-ET
m/Z Elemental Composition Error from expected mass (+/- ppm)

105.91988 CNSe 7.86
140.92789 C,HsSSe 5.11
155.90941 CNTe 4.24
160.84100 HSe» 4.23
190.91736 C,HsSTe 2.56
212.84688 HsSeTe 5.68
259.81210 Te; 0.78
270.83359 C:HsSSeTe 0.73
289.73917 Se,Te 1.56
320.82318 C>HsSTer 0.27

340.83* HSeTe, Signal too low

370.75% HSe;Te Signal too low

420.83* HSe,Te» Signal too low




Tuning Material Synthesis through Discovered Chemical Understanding:

SEM analysis of PbSenTei.n particles synthesized from Se-Te-BA-ET and Se-Te-EN-ET solutions:

Figure S12: SEM images of the PbSe,Te,., particles synthesized using (a) Se-Te-BA-ET solution and (b) Se-Te-EN-ET
solution



