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In this study, we synthesised and characterised a new zinc(i) triazenide for potential use in vapour depo-
sition of zinc sulphide thin films. The compound is volatile and quantitatively sublimes at 80 °C under
vacuum (0.5 mbar). Thermogravimetric analysis showed a one-step volatilisation with an onset tempera-
ture at ~125 °C and 5% residual mass. The compound also reacted with 2 or 4 molar equivalents of triphe-
nylsilanethiol to give dimeric and monomeric zinc thiolates, respectively. The high volatility, thermal stabi-
lity, and reactivity with sterically hindered thiols makes this compound a potential candidate for use in
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Introduction

Zinc sulphide (ZnS) is a semi-conductor with optical properties
suitable for application in a variety of modern-day electronic
devices." As these devices become smaller with more sophis-
ticated architectures, atomic layer deposition (ALD) has
become an important tool for fabrication of future micro-
electronics. During an ALD process, the metal and non-
metal precursors are introduced into the reactor separately.
This means the process is highly reliant on the precursors,
particularly the metal precursor, to have suitable and favour-
able surface chemistry. Although there are many publi-
cations on ALD of ZnS, there is only a limited number of
suitable precursors reported. A majority of the ALD pro-
cesses use either Me,Zn or Et,Zn with H,S to deposit poly-
crystalline ZnS.>"® The popularity of Me,Zn and Et,Zn stems
from their high volatility and reactivity, which are desirable
properties for ALD precursors. These dialkylzinc precursors
are highly pyrophoric, making their transport and handling
difficult and dangerous on large scale.” Safer alternative Zn-
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vapour deposition of zinc containing thin films.

O bonded precursors, such as zinc acetate (Zn(OAc),) and
bis(2,2,6,6-tetramethyl-3,5-heptanedionato)zinc (Zn(thd),),
have been investigated for ALD of ZnS.*'' These films
suffer from oxygen and carbon impurities, and non-stoichio-
metric ratios of Zn and S.

Precursors with only M-N bonds are desirable for ALD due
to their highly polarised and reactive bonds, which make the
formation of sulphides thermodynamically favourable. To
date, bis(trimethylsilylamide)zinc (Zn(NSiMe;),) is the only
suitable Zn-N bonded compound, but it has not been used in
an ALD process.'> Homoleptic bidentate amidinate and guani-
dinate ligands have been widely utilised to provide thermally
stable and volatile compounds for ALD."® Although there are
many Zn(u) 1,3-dialkylamidinates and guanidinates in the lit-
erature, no volatility data has been reported."**” Our previous
ALD study using amidinates and guanidinates showed that
decreasing the size of the carbon substituent on the ligand
backbone improved both the physical properties and depo-
sition chemistry of the precursor.'® This makes the triazenide
ligand, which differs from amidinates by having a nitrogen
atom instead of a substituted carbon, a promising alternative
for producing volatile Zn precursors. Only two homoleptic zinc
triazenides have been reported to date: bis(1,3-(2,6-diisopropyl-
phenyl)triazenide)zinc(n) (Zn(dippt),)'® and (1,3-dimethyl-
triazenide)zinc(n) ((Zn(dmt),),).>° No volatility data, however,
was stated for either of Zn(dippt), or (Zn(dmt),),, most likely
due to strong intramolecular interactions and polymeric struc-
ture, respectively.

Recently, we reported a range of volatile 1,3-dialkyltriaze-
nide compounds for group 11, 13, and 14 metals.*’® The Ga
and In triazenides have been used as ALD precursors to afford
excellent quality thin films of GaN, InN, InGaN, and
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In,0;.>"?>*”72° The group 11 triazenides have great promise as
single-source precursors, whilst the group 14 triazenides have
desirable thermal and volatility properties.>**® During our
studies, volatile and thermally stable lanthanide dialkyltriaze-
nides have also been reported.*® With the success of the triaze-
nide ligand to produce volatile and thermally stable metal
compounds, we decided to investigate its reactivity with diva-
lent Zn. Herein, we report the synthesis, structure, and
thermal properties of a Zn(u) triazenide and its reactivity with
sterically bulky thiols that mimic a ZnS surface. The high vola-
tility, thermal stability, and reactivity with thiols makes this
new precursor extremely interesting for use in vapour depo-
sition of Zn containing thin films.

Results and discussion

Reaction of lithium 1,3-di-tert-butyltriazenide®* with ZnCl, in
THF yielded 1 in good yield after sublimation and recrystallisa-
tion (Scheme 1). This synthesis is easy to scale up, which is
also the case for the lithium triazenide starting material. The
energetic properties of 1 have not been fully characterized and
thus care should be taken when handling the compound (see
Experimental section) as some metal 1,3-dimethyltriazenides
have shown explosive characteristics.>® Compound 1 is stable
under nitrogen but immediately degrades when exposed to air.
The compound was fully characterised by nuclear magnetic
resonance (NMR), elemental analysis, melting point, and
single crystal X-ray crystallography.

The crystal structure of 1 showed two Zn atoms in distorted
tetrahedral geometries each with a terminal chelating ligand,
and two ligands bridging the metal centres (Fig. 1). This result
is in contrast with the previously reported Zn(dippt), ana-
logue,"® which showed a monomeric structure, and suggests
that the 1,3-di-tert-butyltriazenide ligand is not sufficiently
bulky to inhibit dimerization. The Zn-Zn distance was
~3.25 A, which is more than twice the van der Waals radius of
Zn (ca. 1.39 A). This indicates that the metal centres are not
engaged in M-M bonding. While the bridging ligands dis-
played similar Zn-N bond lengths (2.0298(12) and 2.0241(12)
A), each chelating ligand showed a significant variation
between the two Zn-N bonds (2.0000(12) and 2.3116(12) A).
This difference is likely caused by steric strain between the
tert-butyl groups of the chelating and bridging ligands.
Despite the large difference in the Zn-N bond lengths, there is
only ~0.01 A difference between the N-N bond lengths of the
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Scheme 1 Synthesis of bis(1,3-di-tert-butyltriazenide)zinc(i) 1.
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Fig.1 ORTEP drawing of 1 with thermal ellipsoids at the 50% prob-
ability level. All hydrogen atoms were omitted for clarity.

chelating ligands (1.3041(18) and 1.2898(18) A). This suggests
a significant degree of electron delocalization over the
n-system in the N; backbone. For the bridging ligands, the Zn
atoms are not confined to the plane spanned by their N;
backbone.

Assuming the chelating and bridging ligands exchange
slowly in solution state, the "H NMR spectrum of 1 were
expected to give at least two signals: one for the tert-butyl
protons on the bridging ligand, and another for those on the
chelating ligands. However, the 'H of 1 at 25 °C gave one
signal, suggesting a single-proton environment. Variable temp-
erature '"H NMR of 1 showed only minor line broadening
between —15 °C and 50 °C. Most likely, 1 adopts a monomeric
solution-state structure, in contrast to the dimeric structure
found in the solid state. The monomeric solution-state struc-
ture is supported by diffusion-ordered spectroscopy (DOSY) in
CeDs, where 1 obtained a diffusion coefficient D = 8.47 x 107 *°
m” s™'. Using the Stokes-Einstein equation yielded a diameter
of 8.5 A, which is much smaller than that along the major axis
of dimeric 1 obtained from the crystal structure (~13.8 A). For
comparison, DOSY for tris(1,3-di-tert-butyltriazenide)indium
(m)** (In(¢Bu,N,);) yielded D = 7.42 x 107" m” s™*, which gave
a Stokes-Einstein diameter of 9.7 A. This diameter matched
that from the crystal structure (~10 A).

The structure of dimeric 1 obtained from density functional
theory (DFT) agrees with the crystal structure (see ESIT).
Similar to the crystal structure, the DFT gave two similar Zn-N
bond lengths for the bridging ligands (2.057 and 2.062 A) and
two significantly different Zn-N bond lengths for each chelat-
ing ligand (2.031 and 2.294 A). The highest occupied mole-
cular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of 1 are centred on the chelating and bridging
ligands, respectively. Natural population analysis gave a charge
of +1.47e on each Zn centre with an electron configuration of
3d%974s%°, Similar population has previously been reported
for EDTA Zn(u) complexes.*' Wiberg bond index (WBI) for Zn-
Zn interaction was negligible (~0.02) for 1, supporting the
absence of any M-M bonding.

This journal is © The Royal Society of Chemistry 2024
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Thermal analysis and reactivity

Compound 1 sublimed quantitatively between 70 and 80 °C at
0.5 mbar pressure, and the sublimed compound remained
unchanged by "H NMR analysis. Thermogravimetric analysis
(TGA) of 1 showed a one-step volatilisation between 125 and
175 °C, with ~5% residual mass (Fig. 2). Crystals of 1 were
sealed in a tube under vacuum and heated to 100 °C for 15
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Fig. 2 TGA of 1 (15 mg sample) made under N, atmosphere with a
heating rate of 5 °C min™™.,
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days. The heated solid showed no visible colour change,
remained fully soluble in C¢Ds, and showed only minor
changes in the baseline by "H NMR. Compound 1 is therefore
expected to remain intact in a heated CVD or ALD vaporiser. A
solution of 1 in toluene-dg was heated in a flame sealed NMR
tube at various temperatures, followed by acquiring "H NMR
spectra (see ESIf). Spectra showed no changes when heating
below 140 °C. The compound decomposed slowly at 140 °C,
and more rapidly at 150 °C.

A previous report on Cd(u) amidinates presented a reactivity
study with triphenylsilanethiol, to mimic a thiol-terminated
surface in CdS ALD.?*? The S-H represents the surface-bound
thiol while the bulky triphenylsilane-part represents the sub-
strate surface. Thus, mixing solutions of the potential metal
precursor and the thiol mimics the ALD half-cycle where the
metal precursor is introduced into an ALD chamber to react
with the thiol-terminated substrate. For a successful outcome,
the metal precursor exchanges ligands to form the metal
thiolate.

The reactivity study was performed for 1 with a successful
outcome. That is, 1 was reacted with 2 and 4 equivalents of tri-
phenylsilanethiol to give compounds 2 and 3, respectively
(Scheme 2). The new compounds were isolated in good yields
after recrystallisation and were fully characterised using the
same methods as compound 1.

The crystal structure of 2 showed a heteroleptic dimeric
complex with a chelating triazenide on each metal centre, and
two bridging thiolates (Fig. 3a). The Zn atoms were found to
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Scheme 2 Reaction of 1 with 2 and 4 equivalents of triphenylsilanethiol to give 2 and 3, respectively.

a)

Fig. 3 ORTEP drawings of (a) 2 and (b) 3 with thermal ellipsoids at the 50% probability level. One of two independent molecules in the unit cell of 2

is shown. Hydrogen atoms are omitted for clarity.

This journal is © The Royal Society of Chemistry 2024
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adopt distorted tetrahedral geometries with average Zn-N and
Zn-S bonds of 2.0482(89) and 2.3526(65) A, respectively. The
Zn-Zn distance of 2 (~3.26 A) was like that of 1 and implies an
absence of M-M bonding. Compound 3 showed a heteroleptic
mononuclear structure with the Zn atom in a distorted tetra-
hedral geometry and bearing two thiolates and a tetramethyl-
ethylenediamine ligand (Fig. 3b). The average Zn-N and Zn-S
bonds were found to be 2.166(2) and 2.259(5) A, respectively.

Conclusion

We have presented bis(1,3-di-tert-butyltriazenide)zine(u) (1) as
a potential CVD- and ALD precursor. This compound showed a
one-step volatilisation by TGA and sublimed quantitatively
under reduced pressure (0.5 mbar) at ~80 °C. Additionally, the
compound demonstrated good long-term thermal stability,
showing only minor decomposition after being heated to
100 °C for 15 days. Compound 1 was reacted with two and four
equivalents of triphenylsilanethiol to successfully displace one
or both triazenide ligands, respectively. The volatility, thermal
stability and reactivity of 1 makes it highly promising as a new
M-N bonded precursor for depositing thin films of ZnS by
ALD.

Experimental section
General comments

Caution! As catenated nitrogen compounds are known to be
associated with explosive hazards, these compounds are possible
explosive energetic materials. Although we have not experienced
any difficulties or problems in the synthesis, characterization, sub-
limation and handling of these compounds, their energetic pro-
perties have not been investigated and are therefore unknown. We
therefore highly recommend all appropriate standard safety pre-
cautions for handling explosive materials (safety glasses, face
shield, blast shield, leather gloves, polymer apron and ear protec-
tion) be always used when working with these compounds. All
reactions and manipulations were carried out under a nitrogen
atmosphere on a Schlenk line using air-free techniques and in
a Glovebox-Systemtechnik dry box. All anhydrous solvents were
purchased from Sigma-Aldrich™ and further dried with 4 A
molecular sieves. ZnCl, (98%) and triphenylsilanethiol (98%)
were purchased from Sigma-Aldrich™ and used without
further purification. Lithium 1,3-di-ter¢-butyltriazenide was
synthesised according to the literature procedure.>* All NMR
spectra were measured with an Oxford Varian and Bruker
AvanceNeo 500 MHz spectrometers. Solvent peaks were used
as an internal standard for the 'H NMR and “C{'H} NMR
spectra. Melting- and decomposition points were determined
in melting point tubes sealed under N, with a Stuart®
SMP10 melting point apparatus and are uncorrected.
Elemental analysis was performed by Mikroanalytisches
Laboratorium Kolbe, Germany.
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Synthesis of compounds 1-3

Bis(1,3-di-tert-butyltriazenide)zinc(u) 1. A solution of
lithium 1,3-di-tert-butyltriazenide (8.68 g, 53.2 mmol) in THF
(100 ml) was added to a —78 °C solution of ZnCl, (3.65 g,
26.8 mmol) in THF (100 mL). The reaction was stirred at
—78 °C for 30 min and then at room temperature for 16 hours,
then concentrated under reduced pressure to give a yellow
solid residue. The residue was suspended in n-hexane, filtered
through a bed of Celite® and concentrated under reduced
pressure to give a crude solid. The crude was recrystallised
from n-hexane at —35 °C to give 1 as a solid (5.40 g, 54%).

1: Colourless crystals, mp: 128-130 ©°C. Sublimation:
70-80 °C (0.5 mbar). "H NMR (500 MHz, C¢Dg) 6 1.31 (s, 36H,
CH3). “C{'H} NMR (125 MHz, C¢D;) 6 30.3 (s, CH3), 56.6 (s,
Cg)- Anal. caled for C3,H7,N;,Zn,: C, 50.86%; H, 9.60%; N,
22.24%. Found: C, 51.14%; H, 9.73%; N, 21.97%.

Dinuclear  (1,3-di-tert-butyltriazenide)(triphenylsilylthiol)
zinc(u) 2. A solution of Ph;SiSH (0.344 g, 1.18 mmol) in
toluene (5 mL) was added to a solution of 1 (0.45 g,
0.59 mmol) in toluene (5 mL). The reaction was stirred for
2 hours and then concentrated under vacuum to give a crude
semi-solid. The crude was recrystallised from CH,Cl,/n-hexane
at —35 °C to give 2 as a solid (0.41 g, 68%).

2: Colourless solid, decomp. 118-120 °C. 'H NMR
(500 MHz, CD,Cl,) § 0.88 (s, 18H, CHj;), 7.29-7.36 (m, 6H, CH),
7.37-7.43 (m, 3H, CH), 7.53-7.61 (m, 6H, CH). "*C{"H} NMR
(125 MHz, CD,Cl,) § 30.0 (s, CH3), 55.6 (s, C), 128.3 (s, CH),
130.4 (s, CH), 135.7 (s, Cg), 135.8 (s, CH). Anal. calcd for
CsyHesNeS,Si,Zn,: C, 60.86%; H, 6.48%; N, 8.19%. Found: C,
60.41%; H, 6.66%; N, 8.14%.

(Tetramethylethylenediamine)(bis-diphenylsilylthiol)zinc(u)
3. To a solution of 1 (0.22 g, 0.30 mmol) and TMEDA (68.4 mg,
0.589 mmol) in toluene (5 mL) was added Ph;SiSH (0.36 g,
1.24 mmol). The mixture was stirred for 16 hours and then
concentrated under vacuum to give a yellow solid. The crude
was recrystallised from THF/n-hexane at —35 °C to give 3 as a
solid (0.33 g, 73%).

3: Colourless crystals, decomp. 269-273 °C. 'H NMR
(500 MHz, C¢Dg) & 1.45 (s, 4H, CH,), 1.66 (s, 12H, CHj),
7.14-7.25 (m, 18H, CH), 8.00-8.07 (m, 12H, CH). ">C{"H} NMR
(125 MHz, C¢Dg) & 47.5 (s, CH3), 56.7 (s, CH,), 127.8 (s, CH),
129.0 (s, CH), 136.5 (s, CH), 140.1 (s, C). Anal. caled for
CuH,6N,S,81,Zn: C, 65.98%; H, 6.07%; N, 3.66%. Found: C,
66.33%; H, 6.44%; N, 3.58%.

X-ray crystallographic analysis

Single crystals were obtained by recrystallisation from
n-hexane at —35 °C for 1, CH,Cl,/n-hexane at —35 °C for 2, and
THF/n-hexane at —35 °C for 3. The single crystals were used for
X-ray diffraction data collection at 120 or 296 K on a Bruker D8
SMART Apex-1I diffractometer, using graphite-monochromated
Mo-Ka radiation (4 = 0.71073 A), and at 120 K on a Rigaku
XtaLAB Synergy-R diffractometer with a HyPix-Arc 100 detector
using mirror-monochromated Cu-Ka radiation (1 = 1.54184 A).
All data was collected in hemisphere with over 95% complete-

This journal is © The Royal Society of Chemistry 2024
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ness to 26 < 50.05°. The structures were solved by direct
methods. The coordinates of metal atoms were determined
from the initial solutions and the N and C atoms by sub-
sequent differential Fourier syntheses. All non-hydrogen atoms
were refined first in isotropic and then in anisotropic approxi-
mation using Bruker SHELXTL software. Selected crystal data
are summarised below.

Compound 1. C3,H,N;,Zn,, M = 755.75, monoclinic, space
group P2,/c, a = 10.4654(10), b = 11.0754(10), ¢ = 18.2679(2) A,
@ =90°, #=101.5640(10)°, y = 90°, V = 2074.42(4) A*, Z=2, D =
1.21 gem™, ;= 1.695 mm™', T'= 120.15 K, 4318 unique reflec-
tions measured, 3854 observed [I > 26(])], R1 = 0.0281, wR2 (all
data) = 0.0737, GOF = 1.051.

Compound 2. Cs5,HggNgS,Si,Zn,, M = 1026.14, monoclinic,
space group P124/c, a = 17.7677(2), b = 19.2739(2), ¢ = 16.2548
(2) A, @ =90°, f =106.7230(10)°, y = 90°, V = 5331.08(11) A%, Z =
4,D.=1.279 g em™>, y = 2.567 mm™ ', T = 120.01(10) K, 10967
unique reflections measured, 9669 observed [I > 26(I)], R1 =
0.0308, wR2 (all data) = 0.0803, GOF = 1.030.

Compound 3. C4,Hy6N,S,Si,Zn, M = 764.48, orthorhombic,
space group P2,2,24, a = 10.986(5), b = 11.629(6), ¢ = 31.308(15)
A, @ =90°, f=90° y=90° V=1400003) A*, Z=4,D. =127 g
em™>, 4 = 0.81 mm™, T = 296 K, 7047 unique reflections
measured, 6704 observed [I > 26(1)], R1 = 0.026, wR2 (all data) =
0.0629, GOF = 1.045.

Diffusion-ordered spectroscopy

Diffusion measurements were performed for 1 and In(¢Bu,Nj3);
using bipolar double-simulated echo pulse sequences with
longitudinal eddy-current delay (dstebpgp3s in Topspin).*?
Data was acquired using a relaxation delay = 5 s and eddy
current delay = 5 ms for both compounds. For acquisition of 1,
diffusion time A = 46.2 ms, gradient pulse length §/2 =
1.200 ms. For In(tBu,N;); diffusion time 4 = 71.7 ms, gradient
pulse length §/2 = 1.000 ms. Measurements were performed at
z-gradient strengths varied linearly between 1 and 47 G cm™*
in 16 increments, with 32 scans at each increment. The
diffusion coefficient was extracted using Dynamic Centre 2.8.1.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using a
Netzsch STA 409 PC/PG instrument housed in a dry box filled
with argon gas. For TGA experiments of 1, a 15 mg sample was
heated to 500 °C at a rate of 5 °C min~*. The N, flow rate
(AirLiquide, 99.998%) was adjusted to 90 sccm. The onset of
volatilisation was defined as the temperature at which 5% of
the precursor mass was lost.

Quantum chemical calculations

Gaussian 16 was used for all geometry optimizations and sub-
sequent vibrational frequency calculations.> Calculations were
performed using the hybrid density functional B3LYP,*>?° the
def2TZVP*” basis sets, and Grimme’s version 3 dispersion cor-
rection.*® Minima were confirmed to have no imaginary fre-
quencies. NBO analyses were performed on the optimized geo-
metries using NBO 7.0%° interfaced from Gaussian 16.

This journal is © The Royal Society of Chemistry 2024
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