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Abstract

Metal nitrides are intensely investigated because they can offer high melting points, excellent corro-
sion resistance, high hardness, electronic and magnetic properties superior to the corresponding
metals/metal oxides. Thus, they are used in diverse applications including refractory materials, semi-
conductors, electronic devices and energy storage/conversion systems. Here, we present a simple,
novel, scalable and general route to metal nitride precursors by reactions of metal chlorides with
hexamethyldisilazane [HMDS, (Me;Si),NH] in THF or ACN at low temperatures (ambient to 60 °C/N,).
Such reactions have received scant attention in the literature.

The work reported here focuses primarily on the AI-HMDS precursor produced from reaction of AlCl;
with HMDS (mole ratio = 1:3) characterized by MALDI-ToF, FTIR, TGA-DTA, and multinuclear NMRs
for chemical and structural analyses. The AI-HMDS precursor heated to 1600 °C/4 h/N, produces
AIN, characterized by XRD, XPS, SEM/EDX and MAS NMR. On heating to 800-1200 °C/4 h/N,, the pre-
cursor transforms to an amorphous, oxygen-sensitive powder with very high surface areas (>200
m?/g) indicating nanosized particles, which can be used as additives to polymer matrices to modify
their thermal stabilities. Al,Os is also presented in the final product after heating, due to high suscep-
tibility to oxidation.

This approach was extended via proof-of-concept studies to other metal chloride systems, including
Zn-HMDS, Cu-HMDS, Fe-HMDS and Bi-HMDS. The formed precursors are volatile, offering the poten-
tial utility as gas-phase deposition precursors for their corresponding metal nitrides.
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1. Introduction

Metal nitrides, in comparison to oxides, are richer in their bonding schemes as more electrons are

{

present in the bonds than are localized on the anion lattice, reflecting in their electronic and optical
properties.l'2 Metal nitrides are well known to offer very high melting points, excellent corrosion
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esistance, high hardness and mechanical strength, but are also brittle, typical ceramic materials.™?

In addition, many metal nitrides are conductors/semiconductors with electronic properties exceed-

ing their parental metals, making them alternatives to pure elemental metals and metal oxides.™**

As a result, metal nitrides are used in a variety of applications, including long-lasting hard coatings,>®

3,811

refractory materials,®’ semiconductors,®° diffusion barriers in electronic devices, and energy

storage and conversion systems.>**™**

Among the metal nitrides, aluminum nitride (AIN) shows high thermal conductivity (~180 W/mK),
negligible electrical conductivity (10*-10™"" S/cm), relatively high electrical breakdown voltage (12-
18 kV/mm), piezoelectric properties with wide bandgap (~6 eV), good mechanical strength (e.g.,
flexural strength ~350 MPa) and high hardness (1000 kg/mm?). As a ceramic, it suffers solely from

low fracture toughness of 3-3.5 MPa m*2.2>™" As a result, AIN can be used in power electronic sub-

18,1 10,2 15,21,22
strates,'®*’ 0.20 >2L

and deep-ultraviolet optoelectronic applications.

active materials for microelectromechanical systems (MEMS)
23,24

semiconductors,

Common AIN powder synthesis methods include direct nitridation and carbothermal reduction; re-

28 puring direct nitridation, aggregates form easily as molten Al

actions (1) and (2), respectively.
powder is used, mandating intermediate pulverizing (e.g., ball milling) to minimize average particle

sizes (APSs), often with concomitant contamination.

The milling step often leads to surface oxidation, resulting in O contents of 2-5 wt.%. Furthermore,

d.>?® For carbothermal reduc-

unreacted metallic Al is typically included, and acid washing is neede
tion methods, high temperatures are required (typically 1500-1700 °C) and toxic CO gas is produced.

Excess carbon is generally required to achieve full conversion, and a carbon burnout step is required

(typically 600-900 °C in dry air), which also introduces oxygen impurities.”>*°
>1200°C
241(D) + N,(g) ——5 24IN(s) (1)
~1600 °C
AL,O5 + 3C + Ny, ——— 24IN + 3C0 2)

To produce fully dense monolithic products, the as-synthesized powders are then subjected to green
processing prior to sintering, typically tape casting using organic solvents with plasticizers and bind-
ers.” Such process must be carefully controlled as AIN undergoes low temperature hydrolysis. The
sintering of AIN generally requires high temperatures of 1750-1900 °C with sintering aids such as
Y,0; or Ca0.2>%¢
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More recent AIN synthesis methods involve gas phase deposition for electronic device applications,

15,27 28,29

chemical vapor deposition (CVD), molecular beam

35,36
1,

such as reactive magnetron sputtering,

epitaxy (MBE),>** pulsed laser deposition (PLD),**** atomic layer epitaxia etc. In general, gas
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phase deposition offers impurity-free products with perfectly defined structures. However, com-

modity scale production is challenging given the required specialized and expensive apparatus and

low production rates (generally <100 nm/min).>"~**

{

Here, we report a simple reaction of AlCl; with hexamethyldisilazane [HMDS, (Me;Si),NH] in tetrahy-
drofuran (THF) or acetonitrile (ACN) at 60 °C/N, to produce an AIN precursor, AI(NHSiMes); (denoted
as Al-HMDS for convenience), as suggested by reaction (3). The byproduct Me;SiCl (boiling point = 57
°C) can be removed easily along with THF/ACN and excess HMDS by drying at 80 °C/1 h/vacuum
(vac). The dried AI-HMDS precursor can be further heated to 1600 °C/4 h/N, in a tube furnace to
produce AIN, characterized by various analytical methods including X-ray powder diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX), and magic-angle spinning magnetic resonance spectroscopy (MAS NMR).
However, as discussed below, the heated products are highly susceptible to oxidation due to their
quite high surface areas (>200 m?/g), and therefore it is hard to eliminate oxidation products typical-
ly in the form of Al,Os. Process optimization needs further attention; however, this approach should
offer the potential for making coatings and, as we show in preliminary examples, seems to be a gen-
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eral, low cost and low temperature approach to making a variety of metal nitrides.

The high surface areas are indicative of nanoscale particles. We show that the heated AI-HMDS
powders can be used as additives to polymer matrices to modify their thermal stabilities, offering
another potential application.

\/ \ // THF/ACN
S ~ /SI _—
N 60 °C/N, HM
H N

AICl; + 3 +3 MegSiCl  (3)

In related work, Riedel et al.”’ describe the reaction of a 1:1 AICl;:HMDS molar ratio at 140 °C under
argon (Ar) to form Cl,AINHSiMe; (as a dimer), shown as reaction (4). To obtain AIN, the product was
first heated at 1000 °C/1 h/Ar, and then annealed in an ammonia flow at 1000-1100 °C/5-6 h. How-
ever, to eliminate the Cl content completely, the product required heating to 1200 °C/Ar/7 h. Oxy-
gen contamination was also a serious issue due to high moisture sensitivity.** To our knowledge, this
is the only other effort targeting production of AIN (or other nitrides) using HMDS or Me;SiCl as a
leaving group reported to date, despite its obvious simplicity.

140°C/Ar 1
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In comparison, our proposed synthesis runs at a lower temperature (up to 60 °C) in solvent with
simple heating to give an AIN precursor (and other metal nitride precursors, see below) that can
generate nanosized particles, likely can be used for coating purposes directly from solution and has
the advantage of avoiding some of the important issues noted in the introduction.
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In contrast to the Riedel et al.*> work, we find that a 3:1 mole ratio of HMDS to AlCl; helps minimize
Cl retention. We were also able to extend our study to different metal-HMDS (M-HMDS) systems,
including Zn-HMDS, Cu-HMDS, Fe-HMDS and Bi-HMDS, as potential precursors to metal nitrides.

{

It is important to note that the present M-HMDS systems differ from traditional metal hexamethyl-
disilazides, M[N(SiMejs),],, typically discussed as M(hmds),. Some examples of M(hmds), syntheses
are presented in Scheme 1. Alkali M(hmds) (M = Li, Na) is typically synthesized from "BuM with
HMDS, where "BuM is obtained by reacting alkali metal with chloro/bromobutane.**™ Alkali

M(hmds) can then be reacted with metal halides to produce different M(hmds),, including transition
44,45
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metal complexes. One-step direct reactions of metals with HMDS are also used to synthesize
some s-block M(hmds), (typically for M = Rb, Cs).***” However, the use of highly reactive Rb or Cs
metal and the generated H, gas requires additional safety measures. For p-block complexes such as

Al(hmds)s, LiAlH, is used, which reacts exothermically with water and releases H,.

In comparison, our proposed reactions of MCl, with HMDS involve only single-step syntheses and
avoid the use of alkali metals and other hazardous chemicals. Such reactions have received little at-
tention in the literature, hence further motivation for the work presented here.

2. Experimental procedures

2.1. Materials

All chemicals and solvents were obtained from commercial suppliers. Anhydrous AlICl; and FeCl;
were purchased from Acros Organics. HMDS and anhydrous BiCl; were obtained from Alfa Aesar.
Anhydrous ZnCl, was purchased from Honeywell Fluka. THF, ACN and CuCl, were supplied by Sigma-
Aldrich.

2.2. Syntheses of metal-HMDS complexes

In general, M-HMDS complexes are synthesized by reactions between metal chlorides with HMDS.
Since metal chlorides are typically hygroscopic, they were first dried by reaction with SOCI, or by
simply heating at ~120 °C/vacuum/24-48 h to remove adsorbed moisture. This step was followed by
reaction with HMDS in THF or ACN. An exemplary synthesis of AI-HMDS is given below.

Synthesis of AI-HMDS

In a 200 mL Schlenk flask equipped with a magnetic stirrer, AICl; (4 g, 0.03 mol) was first added to
SOCl, (5 mL, 0.07 mol) for drying. The mixture was kept under N, flow overnight connected to a
NaOH aqueous solution to trap HCl and SO,. It was then heated to 70 °C/24 h/N, to remove SOCl,.
Thereafter, to the dried AICl3;, 80 mL distilled THF and HMDS (22 mL, 17.0 g, 0.11 mol) were added
via graduated pipettes under N,. The mole ratio of HMDS to AICl; is 3.5. The reaction was kept run-
ning at 60 °C/N.,/3 d with a reflux condenser connected. Figure S1 shows a representative reaction
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mixture of the AI-HMDS precursor synthesis.

This article is protected by copyright. All rights reserved.



To obtain the yield, a small sample (5 mL) was transferred to a 25 mL Schlenk flask and vacuum dried
at 80 °C/1 h to remove solvent and unreacted HMDS, which gave a yellow solid (0.3 g). The total
yield was calculated to be 6.1 g, which is ~70 % of the theoretical yield (8.7 g).

{

Other M-HMDS precursor syntheses

P

Representative reaction mixtures of other M-HMDS precursor syntheses are shown in Figures S2a-d.
Zn-HMDS and Fe-HMDS reactions generate clear solutions, while Cu-HMDS and Bi-HMDS reaction
mixtures remain as suspensions. Therefore, centrifugation was run on Cu-HMDS and Bi-HMDS reac-
tions to separate the soluble and insoluble parts, and they were vacuum dried separately at 80 °C/1
h for further characterization.

Table 1 summarizes MCl,/HMDS molar ratios, typical solvents used and appearances for different
M-HMDS precursor syntheses. Detailed analytical methods are provided in the supplementary in-
formation (SI).

The following sections focus primarily on reactions of AICl; with HMDS targeting identification and
characterization of intermediates and products by matrix-assisted laser desorption/ionization-time
of flight (MALDI-ToF), Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA) and differential thermal analysis (DTA), and multinuclear NMRs. To produce AIN, the precur-
sors were heated to different temperatures (800-1600 °C under N,), followed by characterization
using XRD, XPS, SEM/EDX and MAS NMR.

We then used high surface areas (>200 m?/g) Al-HMDS (800 °C/4 h/N,) powders with two different
polymer matrices, exploring their potential utility to modify polymer thermal properties.

Finally, we present proof-of-concept efforts with other metal chlorides, including Zn-HMDS, Cu-
HMDS, Fe-HMDS and Bi-HMDS, characterized by FTIR, MALDI-ToF, multinuclear NMRs and TGA-DTA.

3. Results and discussion

3.1. Characterization of AI-HMDS

The molecular weights (MWSs) and chemical structures of the AI-HMDS precursor were analyzed by
both negative- and positive-ion MALDIs. The ion source in the negative-ion mode comes directly
from the precursor when it loses Al**. The ion source for the positive-ion mode is Ag* from AgNO;.
Possible structures were predicted using a Python program, MALDI-Calculation (see Sl). Similar
MALDI analyses were done previously on Li,PON-like and Li,SiON precursors for lithium-ion battery

applications.>’38

Figures 1a and b show negative- and positive-ion MALDIs of the AI-HMDS precursor, respectively.
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Both exhibit oligomeric peaks in the range of 300-500 m/z. Possible structural components and
composition calculations are given in Scheme S1 and Table S1, respectively. Predicted example
structures based on MALDI analyses are shown in Figure 1c.
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Overall, both ion mode MALDI spectra show peaks that can be ascribed to 2-4 units containing Al-N
bonds, suggesting oligomers and/or cyclomers with Al-N backbones, Figure 1c. Some peaks also indi-
cate -Cl inclusion and complexes with THF, consistent with NMR and EDX studies below.

Chemical environments were characterized by 'H and ?°Si NMRs on both the reaction mixtures (50
L THF solution in 1 mL CDCls) and dried Al-HMDS precursor (0.1 g/mL in CDCl;).

As shown in Figure 2a, the dried AI-HMDS shows groups of small peaks at 3.7, 3.4 ppm and 1.8, 1.6
ppm, suggesting the presence of -CH,0 (3.7 ppm) and -CH, (1.8 ppm) from THF, perhaps derived
from reaction or complexation with THF, corresponding to MALDI analyses above. Similarly, the re-
action mixture also shows small peaks at 3.6 and 1.1 ppm in addition to THF peaks, likely from A[**-
THF complexes that shifted due to solvent effects.

In addition, the dried product shows two major -CH; peaks at 0.03 and 0.27 ppm. The peak at 0.03
ppm may be from excess HMDS (0.06 ppm), or -NHSiMe; group similar to HMDS. The peak at 0.27
ppm can be ascribed to Al-NSiMe; units from the AI-HMDS product. The downfield shift is likely a
result of the interaction of -N(H)SiMe; with AI*".

Similarly, the reaction mixture shows methyl peaks at 0, 0.07 and 0.4 ppm. The peak at 0.4 ppm can
be ascribed to Me;SiCl. The two peaks at 0 and 0.07 ppm are suggested to be -NHSiMe; and Al-
NSiMe;, respectively. Compared to the dried product, the two peaks shift upfield due to solvent ef-
fects.

Figure 2b compares 2°Si NMR spectra of AI-HMDS and HMDS. No peaks were observed for the dried
product, likely due to low solubility and/or fluxional behavior.* For the reaction mixture, three *Si
peaks appear at 2.3, 16.8 and 30.9 ppm. The peaks at 2.3 and 30.9 ppm are assumed to be -NHSiMe;
(similar to HMDS) and Me;SiCl,*® respectively, consistent with 'H NMR data above. The peak at 16.8
ppm is likely from Al-NSiMes. Similar to *H NMR, the Al-NSiMe; peak from the product shifts down-
field compared to -NHSiMe; due to interaction with Al**.

Overall, NMR studies show good agreement with MALDI analyses on the as-synthesized Al-HMDS
precursor. To further characterize the properties of AI-HMDS after heating, the dried Al-HMDS (80
°C/1 h/vac) was then pelletized hydraulically at 5 ksi/1 min/RT and heated to 800-1600 °C/4 h/N, in a
graphite boat in a tube furnace. Figure S3 compares AlI-HMDS pellets after heating to different tem-
peratures.

As listed in Table 2, the pellets heated to 800 °C/4 h/N, show lower mass loss, volume shrinkage and
density increases compared to pellets heated to 1600 °C/4 h/N,. The mass loss at 800 °C corre-
sponds to a ceramic yield (CY, 33 %) from TGA, Figure S4.

Density increases after heating to both 800° and 1600 °C/4 h/N,, suggesting densification occurs
with increasing temperature, as expected and discussed below.

Al-HMDS powders were also heated to 800-1600 °C/4 h/N, for BET analyses. Table 3 compares spe-
cific surface areas (SSAs), average pore diameters and average particle sizes (APSs) of AI-HMDS pow-
ders heated to different temperatures. Al-HMDS heated to 800° or 1200 °C show similar SSAs >200
m?/g. On heating to 1600 °C, the resulting powders exhibit a much-reduced SSA of 28 m?/g coinci-
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dent with grain growth. The high SSAs at 800° and 1200 °C indicate small pore sizes (4-5 nm) and
APSs of ~20 nm.

As discussed above, AI-HMDS pellets heated to 1600 °C/4 h/N, exhibit ~27 % density increases cor-
responding to the reduced SSAs. XRD data for lower temperatures show primarily amorphous mate-
rials and only at 1600°C are clear crystalline peaks for AIN observed, see below.

Figure 3a compares FTIRs of AI-HMDS heated to 80-600 °C. Similar spectra are seen after heating to
<200 °C: broad vN-H/O-H peak centered at 3100 cm™, vC-H at the right of 3000 cm™, a small N-H/O-
H overtone at 1640 cm™, 6N-H/C-H at ~1400 cm™, and vSi-CH; at ~1250 cm™. On heating to 300 °C,
peak intensities for vC-H, 8N-H/C-H and vSi-CH; start to decrease, suggesting decomposition of or-
ganic components, corresponding to the major mass loss at ~250 °C from TGA (Figure S4).

The vN-H/O-H peak intensity decreases as temperature increases. When heated to 600 °C, there is
mainly a broad peak at ~600-800 cm?, likely C, SiC, AIN and/or VAI-0.7%?

When heated to 800-1600 °C/N,, similar peaks at ~600-800 cm™ are observed, Figure 3b. Only after
heating to 1600 °C/4 h/N, do peaks separate at ~500 cm™ with sharper features, suggesting in-
creased crystallinity compared to AI-HMDS heated to lower temperatures, as confirmed by XRD
studies below.

As shown in Figure 4a, Al-HMDS pellets heated to 800-1200 °C/4 h/N, show amorphous diffraction
patterns, with small a-Al,03 peaks observed for pellets heated to 1200 °C. When heated to 1600
°C/2 h/N,, a mixture of a-Al,O5; and wurtzite AIN phases are exhibited, and the AIN phase intensity
increases with prolonged heating (1600 °C/4 h/N,). As given in Table 4, the AIN phase content in-
creased from 11 to 45 wt.% when the heating time increased from 2 to 4 h. The presence of Al,03 is
likely due to moisture uptake as AI-HMDS shows high SSAs, discussed above, making it highly suscep-
tible to oxidation. Similar results were reported by Riedel et al.”’ It's also possible that AIN is not fully
crystallized, resulting in lower apparent content.

Figure 4b shows *’Al MAS NMR spectra of AI-HMDS powders heated to different temperatures. After
drying at 80 °C/1 h/vac, a peak at 6.6 ppm is observed, accompanied by a small peak at 35 ppm, re-
vealing that Al is primarily present in [AlOg] units with a small amount of [AlOs] units.”® The [AlOs]
peak intensity increased after heating to 800 °C/4 h/N,. After heating to 1600 °C/4 h/N,, a large peak
at 114 ppm occurs, indicating AIN.>*>® Another peak at 14 ppm suggests [AlO¢] units, but with differ-
ent [AlOg] peak positions and narrower when compared to AI-HMDS heated to 80° and 800 °C. This
suggests that the Al environment is more symmetrical for AI-HMDS heated to 1600 °C, likely a result
of increased crystallinity, consistent with XRD in Figure 4a.

Al-HMDS powders heated to different temperatures were further characterized by EDX and XPS for
elemental composition analyses. Figure S5 compares SEM images and EDX maps of AI-HMDS pow-
ders heated to different temperatures. Figure S6 shows wide-scan survey XPS spectrum of AI-HMDS
heated to 1600 °C/4 h/N,. Table 5 compares atomic percentages (At.%) of Al-HMDS heated to 80-
1600 °C from EDX and 1600 °C/4 h/N, from XPS analyses.

EDX analysis suggests ~15 at.% Cl content for the as-dried AI-HMDS precursor, corresponding to -Cl
inclusion indicated by MALDI (Figure 1). The Cl content reduces as temperature increases and is fully
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eliminated after heating to 1600 °C/4 h/N,. This is in agreement with the work by Riedel et al; albeit
with ammonia flow.*® They proposed that Cl may be removed as Me;SiCl and HCl during heat treat-
ment and can be fully eliminated after heating to 1200 °C/Ar/7 h.

EDX also shows that the C content decreases with increasing temperature, a result of organic com-
onent decomposition. Coincident obvious increases in O, N, and Al contents result at higher tem-
peratures. Moisture uptake is likely responsible for the O content increase, as nanosized Al-HMDS is
highly susceptible to oxidation.

For AI-HMDS heated to 1600 °C/4 h/N,, both XPS and EDX analyses show similar results. Note that
EDX generally has low sensitivity for O, C, and N, which can lead to inaccuracy, hence the discrepan-
cy for O and C contents.

Core-level XPS spectra of AI-HMDS pellets heated to 1600 °C/4 h/N, are presented in Figure 5. Three
C 1s peaks are observed (Figure 5a), including a large C-Si peak at 282 eV, small peaks of C-C/C=C at
283 eV and C-O/C-N at 286 eV. This reveals the presence of SiC when heated to 1600 °C/4 h/N,, of-
fering potential applications for AIN/SiC refractory materials, microelectronic and optoelectronic
applications.>**"*®

For N 1s in Figure 5b, a large peak at 394 eV is observed, which can be ascribed to N-Al. A small
broad peak appears at 395 eV, likely N-N/N-C from an amorphous phase. For Al 2p (Figure 5c), two
deconvoluted peaks at 70.9 and 71.7 eV are exhibited, which can be assigned to Al-N and Al-O
bonds, respectively, corresponding to AIN and Al,O;, as observed in XRD (Figure 4a).

3.2. Polymer matrix with AI-HMDS powders (800 °C/4 h/N,)

As discussed above, Al-HMDS powders heated to 800 °C/4 h/N, show the highest SSA of 250 m?/g
(Table 3), making it possible to disperse into polymer matrices to modify their thermal properties.
Previously studied polymers, DGEBA-TMDS and DEO-OHS, are used as matrices. Their detailed syn-
thesis methods and properties are reported elsewhere.”® Selected amounts (5, 10, and 25 wt.%) of
Al-HMDS powders heated to 800 °C/4 h/N, were added to the matrices. Fabrication procedures for
these polymer + AI-HMDS composites are provided in SI.

DGEBA-TMDS + 0-25 wt.% Al-HMDS composites are all viscous liquids. Figures S7 compares TGAs
(1000 °C/10 °C min™/air) of pristine DGEBA-TMDS and composites with AI-HMDS, and Table 6 lists
their decomposition temperatures (T4se) and CYs.

Compared to pristine DGEBA-TMDS, with 5 and 10 wt.% AI-HMDS, T4sy increases slightly (increments
of ~5 °C), and CY increases from 5 to 14 %. However, DGEBA-TMDS + 25 wt.% Al-HMDS shows a 4 °C
decrease for Tys. Nevertheless, the overall change for Tysy is very little. There is an obvious increase
for the CY at 1000 °C for DGEBA-TMDS + 25 wt.% AI-HMDS, which is likely due to the increased
amount of AI-HMDS itself.

To make composites that form solid films, AI-HMDS (800 °C/4 h/N,) powders were added in situ to a
DEO-OHS synthesis, which gels slowly and can be cast into transparent flexible thin films,*® Figure 6a.
As shown in Figure 6b-c, DEO-OHS + 10 and 25 wt.% Al-HMDS composites form black, flexible films.
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Figure S8 and Table 6 reveal that with 10 wt.% Al-HMDS, Tgsy, shows an ~100 °C increment, and CY
increases from 59 to 62 % compared to pristine DEO-OHS, suggesting significant improvement in the
polymer’s thermal stability.

{

However, when the AI-HMDS content is further increased to 25 wt.%, both T4s and CY decrease,
even lower than the pristine DEO-OHS. It is likely that the large amount of AI-HMDS, impedes the

P

reaction between DEO and OHS as the catalyst likely binds preferentially to nitrogen, leaving consid-
erable amounts of unreacted Si-H groups, resulting in less rigid structures with poorer thermal stabil-
ities.

As seen in Figure S9, the IR of DEO-OHS + 25 wt.% Al-HMDS shows vSi-H with higher intensity com-
pared to that with 10 wt.% AI-HMDS. In contrast, DEO-OHS + 10 wt.% Al-HMDS shows a much small-
er vSi-H band compared to pristine DEO-OHS, indicating that a smaller amount of AI-HMDS addition
may promote the reaction of DEO and OHS, resulting in improved thermal stabilities.

This also explains small improvements in Tysy and CYs for DGEBA-TMDS + 5-10 wt.% AI-HMDS, and
the slight decrease in Tgysy for DGEBA-TMDS + 25 wt.% AI-HMDS.

In conclusion, we can cast flexible solid films with AI-HMDS (800 °C/4 h/N,) powders added to DEO-
OHS effectively modifying the thermal stabilities of polymer matrices with controlled loadings.

3.3. Other M-HMDS systems

The above studies show that the reaction between AICl; and HMDS forms Al-N bonds, and the pro-
duced AI-HMDS can be used as a precursor to AIN. In a proof-of-concept effort to extend this ap-
proach to other metal chloride systems, we briefly explored the systems Zn-HMDS, Cu-HMDS, Fe-
HMDS and Bi-HMDS. Clearly, there are many other metal chlorides that are likely amenable to this
same approach, particularly rare earth chlorides, where their nitrides offer multiple useful proper-
ties, including electrical, optical and magnetic properties, and are difficult to synthesize by tradition-

al means because they are all high melting materials.>*%

Figures S10a-d compare FTIRs of as-synthesized Zn-HMDS, Cu-HMDS, Fe-HMDS and Bi-HMDS pre-
cursors (dried at 80 °C/1 h/vac), respectively. Similar to the AI-HMDS precursor above, they all show
main peaks of vN-H at ~3100 cm™, vC-H to the right of 3000 cm™, an N-H overtone at ~1600 cm™,
8N-H/C-H at ~1400 cm™, and vSi-CH; at ~1250 cm™. Precursors reacted in ACN also exhibit vC=N at
~1700 cm™, suggesting ACN may participate in the reaction or is a strongly bound solvent molecule.

These M-HMDS precursors were also characterized by both negative- and positive-ion MALDIs, Fig-
ure S11. Table S2 lists possible composition predictions based on MALDI calculations. Example struc-
tures based on MALDI analyses are shown in Scheme 2.

Overall, MALDI calculations indicate monomers, oligomers and/or cyclomers with M-N bonds,
Scheme 2. Like AI-HMDS above, -Cl inclusion and solvated complexes with THF/ACN are also predict-
ed by some of the MALDI peaks.
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'H and ?°Si NMRs were also run on both the reaction mixtures (50 puL THF/ACN solution in 1 mL
CDCl;) and dried M-HMDS precursors (0.1 g/mL in CDCl;). No NMR signals were observed for Cu-
HMDS and Fe-HMDS precursors as the metal ions are paramagnetic.
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Figure 7a compares "H NMR spectra of Zn-HMDS, HMDS and ACN. Both the dried product and reac-
tion mixture of Zn-HMDS show a peak at ~2 ppm, suggesting -CH; from ACN, likely from complex-

“ es/reactions with ACN, as also indicated by MALDI (Scheme 2). The dried product also exhibits peaks
at 0.06 and 0.16 ppm, which can be ascribed to -NHSiMej; similar to that from HMDS, and Zn-

QN(H)SiMe3, respectively. For the reaction mixture, the peaks at 0.03 ppm suggest -NHSiMe; (from
HMDS and/or reaction products). The peak at 0.33 ppm can be ascribed to byproduct Me;SiCl.

For *°Si NMR in Figure 7b, no peaks are observed for the dried product, likely due to low solubility
and/or fluxional behavior. For the reaction mixture, two peaks appear at 2.4 and 7.3 ppm. The peaks
at 2.4 should be -NHSiMes, similar to HMDS, consistent with the 'H NMR. The peak at 7.3 ppm is like-
ly from CHs-Si-Cl, Zn-N(H)SiMe; or a shifted CHs-Si-N peak.

Figure 8a presents the '*H NMR of Bi-HMDS in the reaction mixture, which shows an obvious peak at
~2 ppm from ACN, while only a very small peak at ~2 ppm is observed for the dried product, suggest-
ing minimal interaction between the Bi-HMDS product with ACN. For the dried product, peaks at
0.06 and 0.44 ppm, and small peaks at 0.1-0.3 ppm are also found. Again, the peak at 0.06 ppm is
likely -NHSiMe; similar to HMDS, and the peak at the peak at 0.44 ppm can be ascribed to CH;-Si-Cl.
The peaks at 0.1-0.3 ppm are likely from Bi-N(H)SiMe; species, given that MALDI shows mixtures of
products.

For the reaction mixture, the peaks at 0.03 ppm appear to be -NHSiMe; from HMDS and/or reaction
products, and that at 0.4 ppm can be ascribed to CH;-Si-Cl; similar to Zn-HMDS above.

For *°Si NMR in Figure 8b, again no peaks are observed for the dried product. For the reaction mix-
ture, two 2°Si peaks appear at 2.3 and 7.3 ppm. Again, the interpretation is that 2.3 should be -
NHSiMe; similar to HMDS. The peak at 7.3 ppm is likely from CH3-Si-Cl, Zn-N(H)SiMe; or shifted CHs-
Si-N; again similar to the 295i NMR of Zn-HMDS above.

The Figure 9 TGA-DTAs (800-1000 °C/10 °C min"*/N,) were used to characterize these M-HMDS pre-
cursors with a view to their utility as ceramic precursors.

In general, all M-HMDS precursors show an initial mass loss at ~100-300 °C, which may be volatiliza-
tion of residual HMDS and Me;SiCl, as well as decomposition of organic components. Some possible
decomposition pathways are suggested in Scheme 3. When the precursors are further heated to
500-700 °C, another mass loss associated with an endotherm occurs, and CY approaches 0 %. This
indicates sublimation/evaporation of the preceding decomposition products and/or further decom-
position.

It’s noteworthy that for Cu-HMDS in Figure 9b, the soluble product shows an exotherm at ~200 °C,

which may be crystallization, but its true nature is not yet clear. Both the soluble and insoluble parts
show an endotherm without mass loss at ~420 °C, which may be melting of CuCl. Indeed, the Figure
S$12 XRD suggests the presence of CuCl (melting point = 426 °C). Although no CuCl phase is observed

Author Manuscr

for the solute, it’s possible that there is residual -Cl that forms CuCl as a decomposition product.
Both soluble and insoluble parts show a large second mass loss at ~500-700 °C, likely evaporation of
melted CuCl and/or volatilization of other decomposition products as suggested in Scheme 3.
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For Bi-HMDS in Figure 9d, both solute and insoluble parts show multiple mass loss procedures >400
°C, suggesting stepwise decomposition/volatilization procedures.

L

Overall, TGA-DTA reveals the volatile nature of these M-HMDS precursors, offering the potential to
be used as gas-phase deposition precursors for their corresponding metal nitrides.

P

4. Conclusions

In summary, we demonstrate here a simple, novel, scalable and general route to metal nitride pre-
cursors by reactions of metal chlorides with HMDS in solvent at low temperatures (ambient to 60
°C/N,). The primary focus of the above work targets a detailed characterization of the AI-HMDS pre-
cursor by MALDI, FTIR, TGA-DTA, NMR, XRD, XPS, and SEM/EDX. MALDI analyses suggest oligomer-
ic/cyclomeric structures with Al-N backbone, and predicted chemical environments are consistent
with *H and ?°Si NMR studies. Al-HMDS pellets heated to 1600 °C/4 h/N, show evidence of densifica-
tion, and XRD, MAS NMR and XPS analyses reveal the formation of AIN. However, Al,O; is also pre-
sented, resulting from high susceptibility to oxidation due to the high SSAs (>200 m?/g). Al-HMDS
powders heated to 800 °C/4 h/N, shows the highest SSA of 252 m?/g, and they are able to disperse
into polymer matrices to modify their thermal stabilities with controlled loadings.

Other metal chloride systems were also briefly explored including Zn-HMDS, Cu-HMDS, Fe-HMDS
and Bi-HMDS, as potential precursors to corresponding metal nitrides. MALDI study indicates oligo-
mers/cyclomers with M-N bonds, similar to AI-HMDS. TGA-DTA suggests that these M-HMDS precur-
sors are volatile when heated (typically 500-700 °C), providing the potential to be used as gas-phase
deposition precursors for their corresponding metal nitrides.
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Tables

Table 1. Syntheses of M-HMDS precursors.
-HMDS I\:InCollxérngoS SSIS\gednt Reaction appearance Dried product appearance
Al- 3.5 TAHC'::,\? r Dark red/brown solution Yellow/orange solid
Zn- 2.5 TAHCI::'\?r Transparent solution Yellow/orange viscous liquid
; ; Solute: brown solid
Cu- 2.5 THF Brown solution + green solid Insoluble part: green solid
Fe- 3.5 ACN Brown solution Dark brown solid viscous liquid
Bi- 3.5 ACN Transparent solution + Soluble and insoluble parts:
) white/light-yellow solid light-yellow solid

Author Manuscript

Table 2. Evolution of AI-HMDS pellets heated to 800° and 1600 °C/4 h/N,.

800 °C/4 h/N, | 1600 °C/4 h/N,
Mass loss (wt.%) 67+£0.9 74 +£2.1
Vol.% shrinkage 69+24 8022
Green density (g/cm?) 1.3+0.01 1.3+0.03
Final density (g/cm®) 1.4 £0.07 1.6 £ 0.08
Density increase (%) 753 27+£6.0

Table 3. Average SSAs, pore diameters and APSs of AI-HMDS powders heated to different tempera-

tures.
SSA (m°/g) | Ave. pore diameter (hm) | APS (nm)
800 °C/4 h/IN, 252 4.4 17
1200 °C/4 h/IN, 228 5.2 19
1600 °C/4 h/IN, 28 16 133

Table 4. Phase contents (wt.%) from XRD quantitative analyses of Al-HMDS pellets heated to 1600

°C/2, 4 h/N,.
Phase Content (wt.%)
Condition | 1600 °C/2 h/N, | 1600 °C/4 h/N,
AlL,O, 89 55
AIN 11 45

This article is protected by copyright. All rights reserved.

16




Author Manuscript

Table 5. Atomic percentages (At.%) of AI-HMDS powders heated to different temperatures
from EDX and XPS analyses.

Analysis Condition (6] C N Si Al Cl
80°C/1h/vac {219 1417 | 59 |27 (123 ] 155
EDX 800°C/4h/N, 309239 92 |17 1295 4.8
1600 °C/4 h/N, | 33.7 | 14.3 | 154 [ 1.1 | 35.5 -
XPS 1600 °C/4 h/N, | 23.8 | 28.7 | 10.7 | 3.9 | 32.9 -

Table 6. Tysy and CYs of composites with AI-HMDS (800 °C/4 h/N,).

Composite

o o,
Polymer matrix | AIFHMDS content (wt.%) Tasw (°C) | CY (%)
0 279 5
5 284 14
DGEBA-TMDS 10 291 12
25 275 25
0 238 60
DEO-OHS 10 340 62
25 225 52
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Scheme captions

== s.block complexes

2Li + BuX — "BuLi + LiX
(Bu = C,H,, X = Cl, Br)

"BuLi + NH(SiMe;), — Li(hmds) + C,H,,
Or
M + NH(SiMe;), — M(hmds) + 2 H,

d-block complexes

MCI; + 3Li(hmds) — M(hmds); + 3LiCl
(M =Sc, Ti,V, Cr, Fe, etc.)

p-block complexes
LiAIH, + 4NH(SiMe;), — Li(hmds) + Al(hmds); + 4H,

Scheme 1. Examples of different M(hmds), syntheses.
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Scheme 2. Example structures of M-HMDS precursors based on MALDI analyses (Figure S11 and Ta-
ble S2).
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M(I1)-HMDS: Zn, Cu

M—N\SiMe3
Me3SiN\ /M —> M;sN; + NH(SiMej3),

M—NH

Mes Mej; Mej
(¢]] ﬁi ﬁi Cl Me3SiHN ﬁi N’

—> Negsl .+ Me3SIiCl —» M3N, + 2 MesSiCl
\M/ \M/ \M/ \IVI/ \M/ \M 3 3N2 3
Me;  Meg Me;
. Si Si . Si . .
MesSIHN, N N _NHSiMe; —— MeSIHN._ N_ _N__ +NH(SiMes), — M3Ny+2 NH(SiMe;);
M M M M M M

Me;  Mes Mes
) Si Si Si .
Me;SnHN\M,N\M,N\M/CI — MeasiHN\M/N\M/N\M_ + MesSICl — M3N, + MesSiCl + NH(SiMe3),

M(IIl)-HMDS: Fe, Bi

Me;SiHN _ Me;SiHN
M—NSiMe, M—N’
. / — /| +NH(SMes), — 2MN +2NH(SiMes),
Me3SiN—M_ Me3SIN—M_,
NHSiMe; NH
Mes Mej;
cl N _NHSIM HN' N SiM
iMe . _N NHSiMe
D ~mZ L TN N 4+ MesSICl — 2 MN + NH(SiMes); + Me3SiCl + HCI
Me3SiHN Cl >l
Mea Mea MAES M_EB
Me;SiHN N. N Me3SiHN No N . _Nsive
eSS S S — oMM N ? 4 MesSiCl — 3 MN + 2 NH(SiMe3), + Me;SICl + HCI
c” \ “N(SiMe3), cl \H
NH, 2
Me;SiHN Me;SiHN
N ) \ ,
M—NSiNies M—NSiMe,
MesSIN M—Cl  —>  MesSiN M +MesSiCl — 3 MN + 2 NH(SiMej), + MesSiCl
N
M—NSiMe; M—
N y
Me3SiHN Me;SiHN

Scheme 3. Example thermal decomposition pathways for M-HMDS precursors.
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Figure captions
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Figure 1. Negative- (a) and positive- (b) ion mode MALDIs of the AI-HMDS precursor and predicted
example structures based on MALDI calculations (c).
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(@) Reaction mixture HNMR (b)AI-HMDS reaction mixturci6 . 29Gi NMR

Me;SiCl (30.9)

Dried product
(80 °C/1 h/vac.)

I
|
|
I
1
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Figure 2. ’H (a) and *°Si (b) NMR spectra of the Al-HMDS precursor solution before and after drying
(80 °C/1 h/vac), compared to HMDS and THF.
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Figure 3. FTIRs of AI-HMDS heated to a. 80-600 °C and b. 800-1600 °C.
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Figure 4a. XRDs of AI-HMDS pellets heated to different temperatures, compared to AIN (hexagonal,
PDF 00-025-1133) and a-Al,05 (hexagonal, PDF 01-071-1683) phases. b. >’Al MAS NMR spectra of Al-
HMDS powders heated to 80 °C/1 h/vac, 800° and 1600 °C/4 h/N,.
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Figure 5. C 1s (a), N 1s (b) and Al 2p (c) core-level XPS spectra of AI-HMDS pellets heated to 1600
°C/4 h/N,.
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Figure 6. Optical images of DEO-OHS (a), DEO-OHS + 10 (b) and 25 (c) wt.% AI-HMDS (800 °C/4 h/N,)
films.
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(a) H NMR (b) 29Si NMR
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Figure 7. 'H (a) and *°Si (b) NMR spectra of the Zn-HMDS precursor solution before and after drying
(80 °C/1 h/vac), compared to HMDS and THF.
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Figure 8. 'H (a) and *°Si (b) NMR spectra of the Bi-HMDS precursor suspension before and after dry-
ing (80 °C/1 h/vac), compared to HMDS and THF.
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Figure 9. TGA-DTAs (800-1000 °C/10 °C min'l/Nz) of a. Zn-HMDS, b. Cu-HMDS, c. Fe-HMDS and d. Bi-
HMDS precursors dried at 80 °C/1 h/vac.

This article is protected by copyright. All rights reserved.

27



