Synthesis, Characterization and Thermal Study of Divalent Germanium, Tin and Lead
Triazenides for Atomic Layer Deposition
Rouzbeh Samii,[?! David Zanders, !l Anton Fransson,!?! Goran Baci¢,®! Sean T. Barry,[ Lars

Ojamiie,'? Vadim Kessler, !l Henrik Pedersen,!? and Nathan J. O’Brien™ !

[al Department of Physics, Chemistry and Biology, Linkdping University, SE-581 83
Linkdping, Sweden

(bl Department of Chemistry, Carleton University, 1125 Colonel By Drive, Ottawa, Ontario,
K1S5B6, Canada

[l Faculty of Chemistry and Biochemistry, Ruhr University Bochum, Universititsstrae 150,
44801, Bochum, Germany

[4] Department of Molecular Sciences, Swedish University of Agricultural Sciences, P.O. Box
7015, 75007 Uppsala, Sweden

*Corresponding author: nathan.o.brien@]liu.se

Abstract

The number of M—N bonded divalent group 14 precursors suitable for atomic layer deposition
is limited, in particular for Ge and Pb. A majority of the reported precursors are dicoordinated,
with the only tetracoordinated example being the Sn(Il) amidinate. No such Ge(II) and Pb(II)
compounds have been demonstrated. Herein, we present tetracoordinated Ge(Il), Sn(II) and
Pb(Il) complexes bearing two sets of the bidentate 1,3-di-tert-butyl triazenide ligands. These
compounds are highly volatile and show ideal behavior by thermogravimetric analysis.
However, they have unusual thermal properties and exhibit instability during sublimation.
Interestingly, the instability is not only temperature dependent but also facilitated by reduced
pressure. Using quantum-chemical density functional theory, a gas-phase decomposition
pathway was mapped out. The pathway account for the unusual thermal behavior of the

compounds and is supported by electron impact mass spectrometry data.

Introduction

Group 14 metal chalcogenides are of interest due to their outstanding electrical and optical
properties.! In particular, the mono-chalcogenides, such as germanium sulfide (GeS)?,
germanium selenide (GeSe)?, tin sulfide (SnS)>”, tin selenide (SnSe)>!%!? and lead sulfide
(PbS)!3-1 have potential application in future optoelectronic and solar cell technologies. The

manufacture of these electronic devices requires the deposition of high-quality thin films with



high control and reproducibility. The films must be conformal, dense, and have low levels of
defects and impurities. High-quality thin films are commonly grown by chemical vapor
deposition (CVD) methods. One such method is atomic layer deposition (ALD), which is a low
temperature alternative CVD, that relies exclusively on surface reactions between precursor
molecules and the growing film. To obtain high-quality ALD films, it is of the utmost
importance to have metal and non-metal precursors that possess favorable physical and
chemical properites.?’ Furthermore, to avoid the need for redox chemistry to occur during
deposition, it is preferred to use precursors of the same oxidation state as the material being
deposited. An ALD precursor must be thermally stable such that it does not decompose before
reaching the film surface for deposition.?! It should then undergo chemical reactions at the
surface to form a stable monolayer and easily removable by-products.?>?* The chemisorbed
surface species should then react with the second precursor (eg. H2S, H>O) in a second self-
limited reaction. An ALD precursor must be sufficiently volatile for transport in the gas phase
to the reaction chamber. Also, to maximize film growth, the precursor should employ low-steric

bulk ligands for effective surface saturation and dense coverage.
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Figure 1: General structures of divalent cyclic diamide (a), hexamethyldisilazide (b), formamidinate (c) and amidinate (d)
metal complexes. These compounds represent the M—N bonded compounds that have been utilized as precursors for group 14
chalcogenides. formamidinate and amidinate (c and d) have only been used for Sn.

Precursors with M—N bonds are desirable for ALD due to the high reactivity of the polarized
bond. To date, there is only a small library of exclusively M—N bonded divalent group 14 metal

precursors suitable for ALD. Figure 1 shows the structures of some precursors used for growing



group 14 mono-chalcogenides that are discussed below. The dicoordinated Ge(Il) cyclic
diamide?* and hexamethyldisilazides*> have been used to deposit GeS?* and GeSe?® by ALD.
However, the deposited GeS was X-ray amorphous whilst the GeSe films contained carbon
impurities. SnS have been demonstrated by ALD using the dicoordinated cyclic diamide?* and

tetracoordinated Sn(Il) formamidinate and amidinate.?’-?

The amidinate ligand system
provides a tetracoordinated, thermally stable and volatile precursors that afford high-quality
SnS films with low levels of impurities. More recently, the first example of ALD grown PbS?

2530 and cyclic diamide’! precursors.

using Pb—N bonded dicoordinated hexamethyldisilazide
The deposited PbS films were near stoichiometric and had low levels of carbon impurities.
Deposition temperature for ALD growth was, however, limited to < 155 °C due to poor thermal
stability of the deposited surface species. To our knowledge, no tetracoordinated and
exclusively M-N bonded Ge(II) or Pb(Il) precursors suitable for ALD have yet been
demonstrated as the Ge(Il) and Pb(II) amidinates lack volatility.’>3 A ligand system closely

related to the amidinates are the triazenides, where the endocyclic carbon is replaced a nitrogen.

Although tetracoordinated Ge(II), Sn(IT) and Pb(II) triazenides have been reported®*, these bear
the 1,3-diphenyltriazenide ligand and are therefore not volatile due to intermolecular m-m
interactions in the solid-state. Recently, we explored the 1,3-dialkyltriazenide ligand for group
13 metals and used the 1,3-diisopropyltriazenide In(III) and Ga(III) precursors for ALD of InN
and GaN.>>7 These precursors undergo gas-phase decomposition at higher temperatures to
give a smaller and more reactive M(III) species, resulting in improved growth rates film quality.
To further investigate the reactivity and thermal properties of the 1,3-dialkyltriazenide ligand,
we envisaged its ability to stabilize divalent group 14 elements. This would give a new class of
tetracoordinated M-N bonded precursors for ALD. Herein, we present synthesis,
characterization and thermal studies of divalent Ge, Sn, and Pb complexes bearing two sets of
the 1,3-di-tert-butyltriazenide ligand. Their high volatility and unique thermal properties make

the group 14 triazenides interesting for use as ALD precursors.

Results and discussion

Synthesis and Characterization of Triazenides 1-3.
Reaction of lithium 1,3-di-tert-butyltriazenide ligand with MCl,, where M = Ge, Sn or Pb, gave

1-3 in good yields after recrystallization (Scheme 1). Compounds 1-3 are air- and moisture-

sensitive, low melting yellow solids. Compounds 1-3 were characterized by nuclear magnetic



resonance (NMR) spectroscopy, X-ray crystallography, mass spectrometry, elemental analysis

and melting point measurement.
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Scheme 1: General procedure for making 1-3. Synthesis of 1 was carried out in THF while synthesis of 2 and 3 were carried
out in a 1:4 mixture of Et:0 and n-hexane.

The 'H NMR spectra of compounds 1-3 showed a singlet between 1.30-1.40 ppm, indicating
a fast exchange for all protons of the fert-butyl groups. The '*C NMR spectra of 1-3 gave the
primary and quaternary carbon peaks between 30.5-30.6 and 58.9-61.1 ppm, respectively. All
NMR spectra are presented in the supporting information.

The crystal structure of 1 showed two chelating 1,3-di-fert-butyltriazenide ligands on the metal
center (Figure 2). Both ligands are forced to the same side of the metal center by a stereo-
chemically active lone pair, situated on the opposite side (Figure 2b). The coordination of the
Ge atom is best described as a distorted seesaw geometry, suggested by a geometry index (74)
of 0.65.3% The crystal structures of compounds 2 and 3 are presented in the supporting
information. Compounds 2 and 3 have analogous crystal structures and molecular geometries
analogous to 1, although more distorted towards tetrahedral geometry (7, = 0.82 and 0.86 for 2
and 3, respectively). The a-angle decreases in the order 1 > 2 > 3. This trend can be explained
by a greater s-character of the lone pair when moving down the group, from Ge to Pb (Table
2).>” Having greater s-character, the lone pair will occupy more of the coordination sphere on
the metal center, forcing the axial nitrogen atoms closer together which, in turn, give a more

acute a-angle.




Figure 2: Crystal structure of 1 viewed parallel (a) and perpendicular (b) to the stereo-chemically active lone pair residing on
the Ge atom. Thermal ellipsoids are depicted at 50% probability level and all hydrogens were removed for clarity.

Geometries of compounds 1-3 are in good agreement with previously reported analogs, 1A—
3A,** employing the bulkier 2,6-diisopropylphenyl (dipp) R-groups in place of zerz-butyl (Table
1 and 2).

Table 1. Average bond lengths in A for 1-3 (R = tert-butyl) and their respective analogs, 14-34 (R = 2,6-
diisopropylphenyl).

Ge Sn Pb

a 1 1A 2 2A 3 3A

‘b/"HW a 2217 2.195 2388 2339 2503 246
/ b 1995 2008 2207 2223 2326 235

N_ ¢ 131 131 131 131 129 130

Table 2. Bond angles in degrees (°) for 1-3 (R=tert-butyl) and their respective analogs, 14-3A (R = 2,6-diisopropylphenyl).

Ge Sn Pb

1 1A 2 2A 3 3A

o 1479 137.37 133.39 129.18 129.61 125.5

B 98.2 104.7 93.99 101.4 92.13 100.5
N N\ vy  59.64 59.61 54.87 553 52.54 52.8
R 107.35 106.7 110.27 108.4 112.21 109.5

Geometries of 1-3 obtained from quantum-chemical density functional theory (DFT)
computations are in good agreement with their crystal structures (see supporting information).

The stereo-chemically active lone pair of 1 resides in the highest occupied molecular orbital
(HOMO) (Figure 3).



Figure 3: The HOMO for 1 obtained from DFT calculations. The lone pair reside in the HOMO and occupy a large part of the
coordination sphere on the metal center.

Thermal properties of Triazenides 1-3
By thermogravimetric analysis (TGA), 1-3 volatilize in a single step with onsets between 137—

152 °C and negligible residual mass (Figure 4, Table 3). Compound 1 and 3 are therefore the
first examples of volatile tetracoordinated M—N bonded Ge(Il) and Pb(II) compounds
potentially useful for vapor deposition. The mass loss curvse of 1 and 3 (10 mg lass loading)
are nearly congruent to curves recorded for their respective cyclic diamides (40 mg lass loading)
for TGA data aquired under similar conditions. This qualitative comparison is in agreement
with the lower volatility expected for the tetracoordinated compounds compared to their
dicoordinated congeners.?*** This is also the case for the Sn(IT) formamidinate. Compound 2 is
only slightly less volatile than Sn(II) formamidinate.?® This is noteworthy as the formamidinate

is the most volatile tetracoordinated M—N bonded Sn(II) literature compound.
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Figure 4. TGA of compounds 1-3 (10 mg samples), showing single step volatilization with negligible residual mass.



Differential scanning calorimetry (DSC) showed that 1 has an onset of decomposition at 181
°C (see supporting information). The irregular peak shapes indicate overlapping exothermic
events. Compound 2 has an onset of decomposition at 175 °C, the main peak is preceded by a
shoulder at 160 °C. An additional exothermic event occurs for 2 at ~280 °C. For compound 3,
an exotherm is observed at 85 °C, coinciding with the measured melting point at 83—-84 °C.
However, no changes occurred when repeatedly heating the compound to 110 °C for hours in
a sealed tube other than the compound melting and solidifying. The 'H NMR spectrum of the
heated compound showed no signs of decomposition, indicating that the exotherm is not a
decomposition event. A sharp exotherm, of overlapping signals is observed at 170 °C, similar
to that of the main exotherm for 2. Furthermore, a broad exotherm is observed between 270—
300 °C. Results from TGA and DSC are summarized in Table 3 and the figures are displayed

in the supporting information.

Table 3: Summarized TGA and DSC results for 1-3.

1* DSC exotherm onset ~ Onset of volatilization Residual mass
O O (%)

1 181 137 0

2 160 140 0

3 170" 152 0

*The first peak in the DSC is most likely not a decomposition event, indicated by heating the compound in a

sealed tube. Therefore, the temperature represents the second exotherm in the DSC.

Disregarding the first exotherm for compound 3, the onsets of decomposition for 1-3 from DSC
are well above their onset of volatilization. DSC reveal no thermal events occurring for 1 and
2 below 100 °C, consistent with the observations during melting point measurement. When
heating compounds 1 and 2 in sealed tubes, gas bubbles formed in the melts at ~200 and 275
°C, respectively. The melts re-solidified upon cooling as long as the compounds were kept only
slightly above the temperature where gas bubbles formed. Increasing the temperature led to
bubbles forming at an increased rate and the compounds no longer re-solidified upon cooling.
Compound 3 partially decomposed, turning dark at ~180 °C. Upon cooling, the melt re-

solidified into an inhomogeneous, yellow and grey solid.

Compounds 1-3 sublime between 60—75 °C at 0.5 mbar. However, the compounds partially
decompose upon sublimation. Higher yields of compounds 1 and 3 was recovered when

performing sublimation at 120—130 °C and atmospheric pressure (~80%) compared to 70—80



°C and reduced pressure (~50%). To account for the observed thermal properties, we studied

potential decomposition pathways using DFT computations.

Computational investigation into the thermal decomposition of 1-3.
DFT was employed to investigate potential decomposition pathways for 1-3. The pathway with

smallest free energy barrier (AGY) for the rate determining step relies on protons migrating
between neighboring ligands. In the pathway, one ligand escapes as a free molecule of triazene
while the other ligand decomposes into an imido ligand whilst releasing dinitrogen and
methylpropene. Figure 5 displays the free-energy profile for compound 2. Other decomposition
pathways may form more than one molecule of dinitrogen, thereby resulting in a significantly
lower free energy for the overall decomposition. The presented pathway is most likely
kinetically controlled, occurring under relatively mild conditions. See supporting information
for optimized geometries and, electronic- and thermal data for all intermediate and transition

state structures.
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Figure 5: Free energy profile (at 100 °C and 10 hPa) for intermediates and transition states of the inter-ligand decomposition
pathway for 2. The fiee energy for all geometries are relative to that of 2 and given in kJ mol”'. The adduct structure 2:1-24 is
not displayed as separation of 2:1-2 and the triazene ligand is barrierless and have AG < (. Largest free energy barrier is
Jound for TS-3 (195 kJ mol!). Overall, the decomposition is exergonic due to the release of dinitrogen after TS-4.

The decomposition starts with a one ligand de-chelating 180° rotation about a N-N bond in the
ligand backbone, transforming 1-3, via TS-1, into I-1. The rotation breaks one M—N bond and
the ligand de-chelates to adopt a monodentate binding mode. In comparison to the chelating
ligand, de-chelation allows the fert-butyl on the coordinated nitrogen closer to the metal center

and neighboring ligand, which opens up the path for TS-2. The transformation of I-1 into I-2



involves the tert-butyl group on the coordinated nitrogen, the metal center and the neighboring
ligand. During TS-2, a proton of the fert-butyl group migrates to a coordinated nitrogen on the
neighboring ligand. During the migration, the deprotonated ligand chelates as carbon forms a
bond to the metal center. Meanwhile, the protonated ligand regains a bidentate binding mode
while protonation causes the neighboring ligand to dechelate. Prior to I-2A, both ligands are
monoanionic. After passing TS-2, however, the deprotonated and protonated ligand become
dianionic and neutral, respectively. I-2A undergo barrierless separation into I-2 and free 1,3-
di-tert-butyltriazene (LH) (Scheme 2) with AG < 0 above —10 and 30 °C at 10 hPa and
atmospheric pressure, respectively. Furthermore, if I-2A separates under continuous pumping,
LH may escape I-2 and be pumped away, preventing recombination of the adduct structure.

We therefore assume that I-2A separate irreversibly to form I-2 before decomposing further.
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Scheme 2: Separation of the adduct structure, I-2A into I-2 and free 1,3-di-tert-butyltriazene.

I-2 decomposes in three irreversible steps, releasing fragments of the dianionic ligand. From I-
2, a methyl proton of the intact fer#-butyl group migrates to the a-nitrogen (with respect to the
coordinated nitrogen). Passing TS-3, the deprotonated zerz-butyl group leave as methylpropene,
resulting in I-3. From I-3, the proton on the a-nitrogen migrates either to the coordinated
nitrogen or to the P-nitrogen. The proton migrating to the coordinated nitrogen has a
considerably smaller AG* compared to the alternative (see supporting information). We
therefore follow the path through TS-4, where the proton migrates to the coordinated nitrogen.
When approaching I-4, the a- and B-nitrogens leave as dinitrogen, resulting in a substantial
decrease in the free energy. In the last step, when passing TS-5, the former tert-butyl group
(that coordinated to the metal during TS-2) is released as methylpropene to give I-5: a three-
atom complex, consisting of the metal center bearing a linear imido ligand. Calculations show

that the singlet state of I-5 is energetically favored over the triplet state for all three compounds.

Table 4 displays the AG* for each compound and step in the decomposition pathway. Compared
to 1, compounds 2 and 3 have a significantly larger AG* for TS-1. Compounds 1-3 have similar
AG? for TS-2 to TS-5.

Table 4: Free energy barrier (in kJ mol') for each step (in the forward direction) of compounds 1-3 at 100 °C, 10 hPa.



1 2 3

TS-1 58.1 100 111
TS-2 159 165 169
TS-3 196 195 193
TS-4 84.4 89.9 91.8
TS-5 146 147 147

Electron impact mass spectrometry (EI-MS) data of 2 shows signals at m/z 176.0 and 134.9
matching [I-4 — CH3]" and [I-5]", respectively (see supporting information). Although I-5
cannot decompose further, this structure is, most likely, highly surface reactive. Furthermore,
during vapor deposition, the small size would allow many molecules of I-5 to adsorb onto the

surface without blocking neighboring surface sites resulting in high growth rates.

Conclusions
In summary we have presented volatile Ge, Sn, and Pb triazenides and shown their potential as

precursors for vapor deposition. To our knowledge, 1 and 3 are the first example of
tetracoordinated and exclusively M—N bonded Ge and Pb compounds. These compounds show
nearly ideal volatilization by TGA with onsets between ~130-160 °C, which are ~20—40 °C
below the decomposition observed by DSC. Despite their excellent performance by TGA, the
compounds partially decompose during sublimation. Using DFT, a gas-phase decomposition
pathway was mapped out which is consistent with EI-MS data. In the decomposition pathway,
a neutral ligand is formed that leaves the complex with relative ease. The separation account
for the unusual thermal properties of the compounds, where recombination plays an important
role in their overall stability. According to the proposed pathway, the group 14 triazenides
decompose into a highly surface reactive species containing only the group 14 metal, nitrogen
and hydrogen. We believe that, if properly tuned, group 14 triazenide precursors may undergo

in situ activation with the potential of yielding superior quality group 14 thin film materials.

Experimental details
Caution! As catenated nitrogen compounds are known to be associated with explosive hazards,

tert-butylazide and compounds 1-3 are possible explosive energetic materials. Although we
have not experienced any problems in the synthesis, characterization, sublimation, heating and
handling of compounds 1-3, their energetic properties have not been fully investigated and are
therefore unknown. We therefore highly recommend all appropriate standard safety

precautions for handling explosive materials (safety glasses, face shield, blast shield, leather



gloves, polymer apron, and ear protection) be used at all times when working with tert-
butylazide, and compounds 1-3.

All reactions and manipulations were carried out under a N> atmosphere, either on a Schlenk
line using Schlenk air-free techniques, or in a dry box. All anhydrous solvents were purchased

h™ and further dried over molecular sieves 4A. GeClyedioxane complex,

from Sigma-Aldric
SnCl> (98%) and PbCl» (98%) and fert-butyllithium solution (1.7 M in pentane) were purchased
from Sigma-Aldrich™ and used without further purification. Tert-butylazide was prepared
according to the literature procedures.*! All NMR spectra were measured with Oxford Varian
300 and AS500 spectrometers at room temperature unless otherwise stated. Solvent peaks were
used as internal standard for the 'H NMR (300 and 500 MHz), '3C NMR (75 and 125 MHz).
EI-MS was performed with a Kratos Concept—-Magnetic sector Electron impact mass
spectrometer in high resolution mode. Melting points were determined in sealed capillaries with

a Stuart® SMP10 melting point apparatus and are uncorrected. Elemental analyses were

performed by Mikroanalytisches Laboratorium Kolbe, Germany.

Synthesis of Triazenide Ligand and Compounds 1-3.
(1,3-di-tert-butyltriazenide)lithium(I) Ligand

To a solution of tert-butyl azide (18.6 g, 188 mmol) in n-hexanes (150 mL) at—78 °C was added
dropwise tert-butyllithium (1.7 M in pentane, 110 ml, 187 mmol). The reaction mixture was
stirred for 30 min and then allowed to warm up to room temperature for 1 h. The reaction
mixture was concentrated under reduced pressure to give a light-yellow solid (29.7 g, 97%).
This solid was used in the subsequent reactions without further purification. A small amount
was purified for characterization by recrystallization from n-hexanes at —35 °C to give a solid.
Colorless crystals, mp 247-250 °C. 'H NMR (300 MHz, CsDs) 6 1.28 (s, CH3, 18H). 3C{'H}
NMR (75 MHz, CsDs) 0 30.7 (s, CH3), 56.7 (s, Cg). Anal. calcd for CgHisLiN3: C, 58.88%; H,
11.12%; N, 25.75%. Found: C, 58.88%; H, 11.14%; N, 25.67%.

Bis(1,3-di-zert-butyltriazenide)germanium(II) (1)

A solution of (1,3-di-fert-butyltriazenide)lithium(I) (3.83 g, 23.5 mmol) in THF (20 mL) at —
35 °C was added dropwise to a solution of GeClyedioxane (2.73 g, 11.7 mmol) in THF (30 mL)
at —35 °C. The whole was held at —35 °C for 10 min and then stirred at room temperature for
16 h. The reaction mixture was concentrated under reduced pressure and the resulting residue

was suspended in n-hexane, filtered through a pad of Celite® and concentrated under reduced



pressure to give the crude product. The crude was purified by recrystallization from
THF/MeCN at —35 °C to give 1 as a solid (3.39 g, 75%).

1: Pale yellow solid, mp 82-84 °C. Sublimation: ~60 °C (0.5 mbar). "H NMR (300MHz, CsDs)
0 1.40 (s, 36H, CH3). 3C{'H} NMR (125 MHz, CsDs¢) ¢ 30.6 (s, CH3), 59.1 (s, Cq). EI-MS
(LR): 230.1 (100%), 245.1 (<5%), 287.1 (<5%), 329.2 (25%), 386.2 (30%). Anal. calcd for
CisH36GeNe: C, 49.90%; H, 9.42%; N, 21.82%. Found: C, 49.70%; H, 9.40%; N, 21.78%.

Bis(1,3-di-zert-butyltriazenide)tin(IT) (2)

A solution of (1,3-di-tert-butyltriazenide)lithium(I) (1.25 g, 7.65 mmol) in a 1:4 mixture of
Et,0/n-hexane (5 mL) at —35 °C was added dropwise to a suspension of SnCl> (0.17 g, 0.91
mmol) in n-hexane (5 mL) at —35 °C and then stirred at room temperature for 16 h. The reaction
mixture was filtered through a pad of Celite® and concentrated under reduced pressure to give
the crude product. The crude was purified by recrystallization from THF/MeCN at —35 °C to
give 2 as a solid (0.79 g, 88%)).

2: Yellow solid, mp 58-59 °C. Sublimation: ~65 °C (0.5 mbar). '"H NMR (500 MHz, C¢Dg) &
1.35 (s, 36H, CH3). BC{'H} NMR (125 MHz, C¢Ds) J 30.6 (s, CH3), 58.9 (s, Cq). EI-MS
(LR): 134.9 (8%, 274.1 (8%), 373.1 (<5%), 432.2 (25%). Anal. calcd for Ci6H36NsSn: C,
44.57%; H, 8.41%; N, 19.49%. Found: C, 44.04%; H, 8.31%; N, 19.23%.

Bis(1,3-di-zert-butyltriazenide)lead(II) (3)

Compound 3 was synthesized in the same manner as 2 using a solution of (1,3-di-tert-
butyltriazenide)lithium(I) (1.43 g, 8.76 mmol) in a 1:4 mixture of EtoO/n-hexane (20 mL), and
a suspension of PbCl, (1.22 g, 4.39 mmol) in n-hexane (20 mL). The crude was purified by
recrystallization in the same manner of compound 2 to give 3 as a solid (1.58 g, 69%).

3: Yellow solid, mp 83-84 °C. Sublimation: ~75 °C (0.5 mbar). '"H NMR (500 MHz, C¢Dg) &
1.30 (s, 36H, CH3). BC{!H} NMR (125 MHz, CsDs) 6 30.5 (s, CH3), 61.1 (s, C). Anal. caled
for C1sH3sNePb: C, 36.98 %; H, 6.98%; N, 16.17%. Found: C, 36.56%; H, 6.97%; N, 16.03%.

Structure determination by single crystal x-ray diffraction
Single crystals for 1-3 were obtained by recrystallization from THF/MeCN at —35 °C. The

single crystals were used for X-ray diffraction data collection on a Bruker D8 SMART Apex-
II diffractometer, using graphite-monochromated Mo—Ka radiation (A = 0.71073 A) at 153 K.
All data were collected in hemisphere with over 95% completeness to 20 < 50.05°. The

structures were solved by direct methods. Coordinates of metal atoms were determined from



the initial solutions, and of the N and C methods were located in subsequent differential Fourier
syntheses. The solution does not contain much of residual electron density, but it stays for
multitude of additional possible positions of light atoms. All non-hydrogen atoms were refined,
first in isotropic and then in anisotropic approximation, using Bruker SHELXTL software.
Selected crystal data are summarized below. The hydrogen atoms were added in riding

approximation and refined isotropically.

1: Ci6H36GeNg, M = 385.12, Monoclinic, space group P2/c, a = 9.702(7), b = 6.055(5), ¢ =
18.549(14) A, a =90, = 100.971(9), y = 90°, V = 1069.6(14) A3, Z =2, D = 1.196 g/cm>, u
=1.440 mm’!, T= 153 K, 6500 reflections measured, 1877 unique, final R1 [I>20(/)] = 0.0254,
wR2 (all data) = 0.0672, GOF = 1.040.

2: Ci6H36N6Sn, M = 431.20, Orthorhombic, space group Pbcn, a = 12.732(5), b = 13.049(5), ¢
=13.693(6) A, V=2274.9(16) A3, Z=4,D.=1.259 g/cm>, u=1.131 mm™', T=153 K, 16479
reflections measured, 2051 unique, final R1 [/ > 20(/)] = 0.0256, wR2 (all data) = 0.0696, GOF
=0.934.

3: CisH36N6Pb, M = 519.70, Orthorhombic, space group Pbcn, a = 12.786(4), b = 12. 794(4), ¢
=13.734(4) A. V=2246.7(12) A3, Z=4,D. = 1.536 g/cm?, u = 7.518 mm™!, T =153 K, 15085
reflections measured, 1982 unique, final R1 [/ > 20(/)] = 0.0236, wR2 (all data) = 0.0795, GOF
=0.936.

CCDC 2058914 for 1, 2058915 for 2, and 2058916 for 3 contain supplementary
crystallographic data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre.

Thermogravimetric analysis
TGA was performed on Pt pans with a TA Instruments Q50 housed in an MBraun Labmaster

130 dry box filled with nitrogen gas (99.998 % purity). Pt pans were cleaned by ultrasonication,
first in dilute nitric acid (~3 N), then water, and lastly 2-propanol. The pans were heated until
red hot in air by a propane torch, remove any remaining impurities. During the TGA
experiments of 3, if the compound decomposes then Pb(0) might form and, consequently, alloy
with the Pt pans. To avoid potential alloying, pans used for TGA of 3 were coated with a 55 nm
AlLOs layer as a precaution. The coating was grown at 200 °C, using TMA and water—o0.1 s

pulses and 8 s purges each—for 500 cycles.’! All TGA experiments were performed under a



flow of ultrapure nitrogen (99.999%, 60 sccm). For ramp experiments, samples were heated to
500 °C at a rate of 10 °C min™!. Isothermal TGA were carried out at 90 °C and 110 °C. To
rapidly reach the desired temperature, a heating rate of 40 °C min™! was used. The experiments
were carried out with the same mass loadings as ramp experiments. Onset of volatilization was

defined as the intersect between tangent lines of the plateau and the slope.

Differential scanning calorimetry
DSC experiments were performed using a TA Instruments Q10 instrument. Inside a glovebox,

samples of (0.30 = 0.03) mg of 1-3 were sealed in aluminum pans. Unless otherwise stated, all
samples were heated to 400 °C at a rate of 10 °C min™!. Dinitrogen (99.998%) was used as purge
gas. Experiments were performed in triplicate with similar mass loadings to ensure the validity
of the recorded data. Onset of decomposition was defined as a 5% increase in exothermic heat

flow from the beginning of the exothermic event.

Density functional theory
All quantum chemical computations were preformed using Gaussian 16 software.*? Structural

optimization and harmonic normal mode vibrational calculations were done using the hybrid
DFT method B3LYP** together with Grimme’s version 3 dispersion correction®* and
def2TZVP*47 basis set. Decomposition pathways were investigated by searching for possible
stable structures as well as finding transition states. Transition states were connected to
neighboring intermediate structures by following the transition state’s intrinsic reaction
coordinate. Minima were confirmed having no imaginary frequencies, while transition states

were verified to have one imaginary frequency, lying along the reaction path.
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