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Treatment of tetrakis(dimethylamido)zirconium or tetrakis(dimethylamido)hafnium with four equiva-
lents of N-tert-butylacetamide, N-isopropylisobutyramide, N-isopropylacetamide, N-methylacetamide,
or N-tert-butylformamide in refluxing toluene, followed by sublimation of the crude products at 105
—125 °C/0.05 Torr, afforded tetrakis(N-tert-butylacetamido)zirconium (81%), tetrakis(N-
isopropylisobutyramido)zirconium (87%), tetrakis(N-isopropylacetamido)zirconium (51%), tetrakis(N-
tert-butylacetamido)hafnium (83%), tetrakis(N-isopropyliso-butyramido)hafnium (79%), tetrakis(N-
isopropylacetamido)hafnium (67%), tetrakis(N-methylacetamido)zirconium (5%), and tetrakis(N-tert-
butylformamido)zirconium (1%) as colorless crystalline solids. The structural assignments for the new
complexes were based upon spectral and analytical data and by X-ray crystal structure determinations
for tetrakis(N-tert-butylacetamido)zirconium, tetrakis(N-isopropylacetamido)zirconium, tetrakis(N-iso-
propylacetamido)hafnium, tetrakis(N-methylacetamido)zirconium, and tetrakis(N-tert-butylformamido)
zirconium. These complexes are monomeric in the solid state, with eight-coordinate metal centers
surrounded by four k?-N,0-amidate ligands. Six of the eight new complexes undergo sublimation on a
preparative scale from 130 to 140 °C at 0.05 Torr, with 84.5—95.8% sublimed recoveries and 0.68—3.06%
nonvolatile residues. Tetrakis(N-methylacetamido)zirconium and tetrakis(N-tert-butylformamido)zirco-
nium decompose extensively upon attempted sublimation. Solid state decomposition temperatures for
the zirconium complexes range between 218 and 335 °C and 290—360 °C for the hafnium complexes.
Tetrakis(N-isopropylisobutyramido)zirconium, tetrakis(N-tert-butylacetamido)hafnium, and tetrakis(N-
isopropylacetamido)hafnium exhibit the highest solid state decomposition temperatures in the series,
possess good volatility, and have useful properties for chemical vapor deposition and atomic layer
deposition precursors.

© 2017 Published by Elsevier B.V.

1. Introduction

{22--24}, and optical coatings {2527}, due to their high dielectric
constants, low leakage currents, interface compatibility with Si and

HfO, is widely used as the gate dielectric material in metal oxide
semiconductor field-effect transistors {!,2}. Moreover, ternary and
quaternary HfO,-based materials are of significant interest as
advanced high-k material substitutes in future microelectronics
devices | 3—10].ZrOy | 13— {5 and other zirconium-containing high-
k materials | {620} are also structurally compatible with silicon
semiconductors and are of interest as alternative gate dielectrics in
future transistor structures. Zirconium- and hafnium-based thin
films are also components in capacitors {47,211, tunnel junctions
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Si0y, high chemical and thermodynamic stability in contact with Si
at elevated temperatures, large band gap energies, and high
refractive indices.

Atomic layer deposition (ALD) { 2830 has been widely used to
grow ZrO; and HfO; films, for several reasons. The self-limited
growth mechanism of ALD gives constant growth rates per cycle,
which allows sub-nanometer control over film thicknesses
{28301 The dielectric layers used in transistor structures need to
be <10 nm thick, and the thicknesses and uniformities must be
precisely controlled. The surfaces must also be atomically smooth
to avoid the accumulation of trapped interface charges [1a].
Moreover, the self-limited ALD growth mechanism enables high
conformal coverage in nanoscale features, since growth occurs in a
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layer-by-layer fashion [2&--30]. Applications such as resistive
random access memories and vertical transistor designs require
perfect growth of conformal dielectric coatings in high aspect
features as well as excellent film thickness control {24,31]. ALD
precursors must combine volatility, thermal stability at the film
growth temperature, and high reactivity toward a second reagent
to afford the desired thin film material | 28--30}. The tetragonal and
cubic phases of ZrO, and HfO, have higher k values than the
monoclinic phase or amorphous films, and growth of the tetragonal
and cubic phases is favored at deposition temperatures of >300 °C
{32—34]. Additionally, growth at >300 °C affords higher density
films with better crystallinity, compared to films grown at lower
temperatures. Precursors containing many different ligands have
been used in the ALD growth of ZrO, and HfO, films {3234}, of
which selected examples include halides {35,361}, dialkylamides
{37391, alkoxides {40421, cyclopentadienyls | 32344347} and
others {48--51]. Zirconium and hafnium halides have high thermal
stabilities and high growth rates, but form corrosive HX as a reac-
tion byproduct, lead to undesired halogen impurities in the films,
and are powders that can lead to particle incorporation into the
films {32--36]. Dialkylamides have good volatility, high reactivity,
and high growth rates, but carbon and nitrogen incorporation in
the films can be a problem and their low thermal stabilities limit
deposition  temperatures to <300 °C [32-34,37-391
Cyclopentadienyl-based precursors can have high thermal stabil-
ities, but growth rates are often lower than those of halides and
dialkylamides and the reactivities are not as high as those of dia-
lkylamides |{32-34.43--47]. For these reasons, there is continuing
interest in the development of new precursors for ZrO, and HfO,
films that combine volatility, high thermal stability, high reactivity
toward oxygen sources, and high growth rates in ALD processes.

In contemplating new directions for zirconium and hafnium
ALD precursors, we sought to identify ligands that would confer
high thermal stabilities. Organic amides have strong C-N and C-O
bonds due to delocalization, and are widely used in organic poly-
mers that exhibit high thermal stabilities {52]. Amidate ligands
derived from deprotonation of organic amides containing N-H
bonds therefore might lead to new classes of highly thermally
stable precursors. Zirconium and hafnium complexes containing
amidate ligands have been reported recently, mostly within the
context of catalyst development for organic transformations
{53—641. Most of these zirconium and hafnium complexes contain
mixed ligand sets with amidates and other ligands. Only a few
complexes of the formula M(amidate)s (M = Zr, Hf) have been re-
ported {51,53,64]. Herein we describe the synthesis, structure,
properties, volatility, and thermal stability of zirconium and
hafnium amidate complexes of the formula M(RC(O)NR')4
(M = Zr(IV), Hf(IV)). Many of these new complexes sublime at
moderate temperatures under reduced pressures and have
decomposition temperatures above 300 °C. These properties sug-
gest that the new amidate complexes may serve as useful ALD and
chemical vapor deposition (CVD) precursors.

2. Results and discussion
2.1. Synthesis of new complexes

Treatment of tetrakis(dimethylamido)zirconium with four
equivalents of N-tert-butylacetamide, N-isopropylisobutyramide,
or N-isopropylacetamide in refluxing toluene, followed by subli-
mation of the crude products at 110—120 °C/0.05 Torr, afforded
tetrakis(N-tert-butylacetamido)zirconium (1, 81%), tetrakis(N-
isopropylisobutyr-amido)zirconium (2, 87%), and tetrakis(N-
isopropylacetamido)zirconium (3, 51%), respectively, as colorless
crystalline solids (eq 1) Similar treatment of

tetrakis(dimethylamido)hafnium with the same amides afforded
tetrakis(N-tert-butylacetamido)hafnium (4, 83%), tetrakis(N-
isopropylisobutyramido)hafnium (5, 79%), and tetrakis(N-
isopropylacetamido)hafnium (6, 67%), as colorless crystalline
solids (eq 1). The synthesis of lower molecular weight complexes
was explored by treatment of tetrakis(dimethylamido)zirconium
with N-methylacetamide and N-tert-butylformamide in refluxing
toluene, to afford tetrakis(N-methylacetamido)zirconium (7) and
tetrakis(N-tert-butylformamido)zirconium (8), respectively (eq 1).
Sublimation of the crude product mixtures afforded very low yields
of 7 (~5%) and 8 (~1%), although the products were obtained as high
purity single crystals. The syntheses were repeated, but 7 and 8
were extracted with hexane from the crude reaction residues ob-
tained upon removal of the toluene. Filtration through a pad of
Celite, followed by removal of the hexane under reduced pressure,
afforded the products with ~95% purity by '"H NMR and in much
higher yields (7, 77%; 8, 47%). Accordingly, 7 and 8 appear to
decompose substantialty upon sublimation. The lower thermal
stabilities of 7 and 8, compared to 1—6, may arise because of the
smaller amidate carbon and nitrogen atom substituents, which
allow more access to the polar, reactive zirconium-oxygen and
zirconium-nitrogen bonds. Additional experiments were conduct-
ed in which tetrakis(dimethylamido)zirconium was treated in
refluxing toluene with four equivalents of the primary organic
amides acetamide, isobutyramide, and trimethylacetamide or the
secondary organic amide N-isopropylformamide. Analysis of the
crude products by '"H NMR showed complex mixtures, and these
reactions were not pursued further.

R
toluene BOA
o) reflux, 3 h RN = Nwpg
J_R  -4HNMe, YONi/
MNMez), + 4RTN™ —————— 0—M=—0Q

1, M=2Zr,R=Me, R =1Bu, 81%
2, M=2Zr,R=iPr,R =iPr, 87%
3,M=2Zr,R=Me, R =iPr, 51%
4, M = Hf, R = Mg, R' = tBu, 83%
5 M=Hf R=iPr,R" =iPr, 79%
6, M=Hf R=Me, R =iPr, 67%
7, M =2Zr, R =Me, R'= Me, 5%
8 M=2Zr,R=H,R =tBu, 1%

The structural assignments for 1-8 were based upon spectral
and analytical data and by X-ray crystal structure determinations
for 1,3, 6,7 and 8, as described below. Due to poor quality crystals,
structure determinations for 2 and 5 were not possible. A low
precision X-ray crystal structure determination of 4 revealed a
molecular structure similar to that of 1. Complexes 1, 3,4, 6,7, and 8
are monomeric in the solid state, with eight-coordinate metal
centers surrounded by four k?-N,0-amidate ligands. Complexes 2
and 5 likely possess similar molecular structures. The 'H and '*C
('H} NMR spectra of 1-8 in benzene-dg are consistent with the
solid state structure assignments and show only one set of reso-
nances for all four amidate ligands in the same chemical environ-
ment. Complexes 1 and 2 were reported recently {G4]. The NMR
spectra for 1 and 2 described herein are identical to the previously
reported values. In the present study, melting points were observed
for 1 (255—258 °C) and 2 (285—288 °C), whereas the previous
paper {64} stated that the complexes did not melt up to their
decomposition temperatures.

2.2. X-ray structural aspects

The X-ray crystal structures of 1, 3, 6, 7, and 8 were determined
to establish the geometries about the metal centers and the
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amidate ligand bonding modes. Crystallographic data are summa-
rized in Table 1 and selected bond lengths and angles are given in
Tables 2 and 3. Figs. 15 show the perspective views of 1, 3, 6, 7, and
8.

Complexes 1, 3, 6, and 7, and 8 exist as eight-coordinate
monomers in which the amidate ligands are coordinated in a
chelating k?-N,0-fashion through the amidate nitrogen and oxygen
atoms. The geometry around the zirconium and hafnium metal
centers can be approximated as dodecahedral. In 1, 3, 6, and 8, four
amidate ligand nitrogen atoms form an approximate square plane
around the metal center and four oxygen donor atoms occupy
apical positions, with one pair above and one pair below the four
nitrogen atom square plane. The geometry in 7 is also dodecahe-
dral, except that the approximate square plane is composed of
three nitrogen atoms and one oxygen atom, and the apical pairs
consist of two oxygen atoms and one nitrogen and one oxygen
atom. The slightly different ligand arrangement in 7 may occur
because the amidate nitrogen atoms have the least sterically
demanding substituents (methyl groups). The metal-oxygen bond
lengths associated with the amidate ligands (1, 2.173(1)-2.185(1) A;
3,2.197(1)-2.222(1) A; 6, 2.183(4)-2.206(4) A, 7, 2.201(1)-2.234(1)
A; 8,2.194(3)-2.219(3) A) are very similar and show no trend with
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Table 2
Selected Bond lengths (A) and Angles (deg) for 1, 3, 6, and 7.
1(M = 2r) 3(M = 2Zr) 6 (M = Hf) 7 (M = Zr)
M-0(1) 2.183(1) 2.207(1) 2.198(4) 2.211(1)
M-0(2) 2.185(1) 2.197(1) 2.183(4) 2.234(1)
M-0(3) 2.173(1) 2.222(1) 2.206(4) 2.201(1)
M-0(4) 2.183(1) 2.203(1) 2.201(4) 2.227(1)
M(1)-N(1) 2.328(2) 2.297(1) 2.284(5) 2.252(1)
M(1)-N(2) 2.310(1) 2.272(1) 2.248(5) 2.237(1)
M(1)-N(3) 2.316(1) 2.290(1) 2.273(5) 2.237(1)
M(1)-N(4) 2.323(2) 2.270(1) 2.253(5) 2.266(1)
0(1)-M-0(2) 127.45(4) 127.78(4) 128.43(15) 80.15(4)
0(1)-M-0(3) 129.74(4) 74.88(4) 74.67(16) 84.23(4)
0(1)-M-0(4) 75.12(3) 131.27(4) 130.82(15) 124.38(4)
0(2)-M-0(3) 75.78(3) 131.29(4) 131.19(16) 81.91(4)
0(2)-M-0(4) 130.33(4) 74.08(4) 73.90(15) 127.95(4)
0(3)-M-0(4) 127.44(4) 127.07(4) 127.41(16) 138.62(4)
N(1)-M-N(2) 88.95(4) 91.10(5) 90.5(2) 92.95(5)
N(1)-M-N(3) 92.26(5) 168.71(4) 168.1(2) 162.74(4)
N(1)-M-N(4) 168.17(4) " 88.01(5) 88.85(19) 82.21(5)
N(2)-M-N(3) 167.51(4) 89.79(5) 90.28(19) 90.43(6)
N(2)-M-N(4) 88.74(5) 168.86(5) 168.26(19) 138.56(5)
N(3)-M-N(4) 92.50(5) 93.26(5) 92.7(2) 84.07(5)
0(1)-M-N(1) 58.14(5) 58.25(4) 58.67(19) 58.77(4)
0(2)-M-N(2) 58.25(3) 58.68(4) 59.44(19) 58.60(4)°
0(3)-M-N(3) 58.46(3) 58.16(4) 58.53(17) 58.75(5)"
0(4)-M-N(4) 58.18(5) 58.59(4) 58.57(16) 58.66(5)"

the steric bulk of the amidate ligand substituents. The metal-
nitrogen bond lengths (1, 2.310(1)-2.328(2) A; 3, 2.270(1)-
2297(1) A; 6, 2.248(5)-2.284(5) A; 7. 2.237(1)-2.266(1) A; 8,
2.276(3)-2.300(3) A) are similar for 1, 3, and 8, but are slightly
shorter for the hafnium complex 6. The ionic radius of hafnium(IV)
(r = 0.71 A for six coordination) is slightly smaller than that of
zirconium(IV) (r = 0.72 A for six coordination) {65, which accounts
for the slightly shorter metal-nitrogen bond distances in 6,
compared to 3. The slightly shorter zirconium-nitrogen distances in
7, compared to 1, 3, and 8, may arise from the small steric profile of
the methyl groups on the amidate core nitrogen atoms. The nitro-
gen square planes in 1, 3, 6, and 8 are characterized by angles close
to 90° (1, 88.95(4)-92.50(5)°; 3, 88.01(5)-93.26(5)°; 6, 88.85(19)-
92.7(2)°; 8, 88.61(12)-92.27(12)°). In 7, the N3O square plane has
angles that range from 82.21(5)-92.95(5)°. There are two different
types of oxygen-metal-oxygen angles in 1, 3, 6, and 8, one in which
the two oxygen atoms are located on the same side of the plane of
nitrogen atoms (1, 75.12(3), 75.78(3)°; 3, 74.08(4), 74.88(4)°; 6
73.90(15), 74.67(16)°; 8, 75.44(10), 76.00(10)°) and one in which
they are on the opposite side of the plane (1, 127.44(4)-130.33(4)°;
3, 127.07(4)-131.29(4)°; 6, 127.41(16)-131.19(16)°; 8, 126.38(10)-
131.14(11)°). The nitrogen-metal-oxygen bite angles within each
amidate ligand are also similar and range from 58.14(5) to
59.44(19)°. Relevant structurally characterized zirconium and
hafnium amidate complexes are limited to Hf(iPrOC(O)NiPr)4 {51},

¢ Due to different atom numbering in 7, these angles correspond to O(2)-Zr-N(3),
(03)-Zr-N(4), and O(4)-Zr-N(2), respectively.

Table 3

Selected Bond lengths (A) and Angles (deg) for 8.
Zr(02)-0(004) 2.199(3) Zr(02)-N(009) 2.276(3)
Zr(02)-0(005) 2.194(3) Zr(02)-N(00B) 2.300(3)
Zr(02)-0(006) 2.213(3) Zr(02)-N(00C) 2.285(3)
Zr(02)-0(008) 2.219(3) Zr(02)-N(00D) 2.290(3)
0(004)-Zr(02)-0(005) 75.44(10) N(009)-Zr(02)-N(00b) 91.11(11)
0(004)-Zr(02)-0(006) 129.93(11) N(009)-Zr(02)-N(00c) 91.03(12)
0(004)-Zr(02)-0(008) 126.38(10) N(009)-Zr(02)-N(00d) 166.59(11)
0(005)-Zr(02)-0(006) 126.88(10) N(00b)-Zr(02)-N(00c) 166.90(12)
0(005)-Zr(02)-0(008) 131.14(11) N(00b)-Zr(02)-N(00d) 88.61(12)
0(006)-Zr(02)-0(008) 76.00(11) N(00c)-Zr(02)-N(00d) 92.27(12)
0(004)-Zr(02)-N(00d) 58.70(10) 0(005)-Zr(02)-N(009) 59.22(10)
0(006)-Zr(02)-N(00b) 58.67(11) 0(008)-Zr(02)-N(00c) 58.48(11)

Hf(MeEtNC(O)NiPr)s |51}, Zr(tBuC(O)N(2,6-Me-CgHy))s {531,
Hf(PhC(O)N(2,6-Mea-CgHa))s (53], Zr(iPrC(O)NtBu)s  |G4),
Zr(tBuC(O)NiPr)4 {64], and Zr(iPrC(O)NiPr)s {&4]. All of these
complexes are mononuclear and exhibit approximate dodecahedral
geometry. The metal-oxygen and metal-nitrogen bond lengths in
Hf(iPrOC(O)NiPr); (Hf-O 2.208—2.238 A; Hf-N 2.231-2.252 A),

Table 1
Crystal data and data collection parameters for 1, 3, and 6—8.
1 3 6 74 8

Formula Co4H4gN4OZr C2oH4oN404Zr CaoH4oHIN4O4 Ci2H24N404Zr Cy5H27N303Zrg 75
FW 547.88 491.78 579.05 379.57 365.81
space group Pna2, -4 1-4 P2,/c - Q2fc
a(A) 11.7562(3) 22.3810(4) 22.4048(4) 11.3585(6) 21.5363(12)
b (A) 14.7522(4) 22.3810(4) 22.4048(4) 12.3292(6) 11.6298(6)
a(A) 16.7681(5) 10.1522(2) 10.1105(2) 11.5666(6) 31.6186(15)
V(A3) 2910.31(14) 5085.33(16) 5075.22(16) 1619.17(14) 7773.9(7)
Z A4 8 8 4 16
Temp (K) 100(2) 100(2) 100(2) 100(2) 100(2)
Pealcd (g cm™3) 1.250 1.285 1.516 1.557 1.250
p(mm~1) 0.410 0.461 4.140 0.699 0.452
R(F) (%) 2.67 2.00 2.80 2.68 6.73
Rw(F) (%) 5.89 4.84 5.25 3.54 8.32

= ClIFoll-IFc]| / S| Foll: RW(F) = [ w(Fo? - F P/ w(Fo? 2] for I > 2a(1).
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Fig. 3. Perspective view of 6 with thermal ellipsoids at the 50% probability level.

Hf(MeEtNC(O)NiPr)4 (Hf-O 2.167—2.199 A; Hf-N 2.263—-2.293 A),
Zr(tBuC(O)N(2,6-Mey-CgHy))s  (Zr-O  2.114—2.124 A;  Zr-N
2.288—2.323 A), and Hf(PhC(O)N(2,6-Me,-CgHy))s (Hf-O 2.163 A;
Hf-N 2325 A), Zr(iPrC(O)NtBu); (Zr-O 2.089—2.280 A; Zr-N
2.298-2.378 A), Zr(tBuC(O)NiPr); (Zr-O 2.194-2.202 A; Zr-N
2.289-2.315 A), and Zr(iPrC(O)NiPr)4 (Zr-O 2.189—2.207 A; Zr-N
2.272-2.302 A) are similar to slightly shorter than those found in
1, 3, 6, 7, and 8. The slightly shorter bond lengths in some of these
literature complexes may reflect larger steric profiles of the ami-
date core carbon and nitrogen substituents in 1, 3, 6, 7, and 8.
Interestingly, Hf(iPrOC(O)NiPr)4 {51}, Hf(MeEtNC(O)NiPr)s {511},
Zr(iPrC(O)NtBu)s {64}, Zr(tBuC(O)NiPr)4 {541, and Zr(iPrC(O)NiPr)4
adopt ligand arrangements similar to 1, 3, 6, and 8, where the
amidate core ligand nitrogen atoms form an approximate square
plane with the amidate core oxygen atoms in the apical positions.
By contrast, Zr(tBuC(O)N(2,6-Mey-CgH4))a {53! and Hf(PhC(O)
N(2,6-Mey-CeHa))s {537 adopt ligand arrangements in which the
amidate oxygen atoms form a square plane and the amidate ni-
trogen atoms lie in the apical positions. The exact ligand arrange-
ments about the metal atoms is likely subtly dependent upon the
steric profiles of the amidate ligand substituents.

2.3. Volatility and thermal stability study

The volatility and thermal stability of 1—-8 were studied to assess
their viability as ALD and CVD precursors. Since 7 and 8 decom-
posed extensively upon sublimation, their properties were not
studied in as much detail as the others. Fiz. & shows the ther-
mogravimetric analyses of selected compounds 2 and 3. These
compounds were chosen because they sublime with high yields
and low non-volatile residues. Complexes 2 and 3 show very
similar behavior, with weight loss onsets of ~175 °C and residues at
500 °C of 2.5 and 3.4%, respectively. Accordingly, 2 and 3 sublime in
single step events, have low nonvolatile residues, and thus exhibit
ideal behavior for application as film growth precursors. Interest-
ingly, the thermogravimetric analysis of 2 in a previous report {64
showed a multistep weight loss process, with an onset of decom-
position starting at about 150 °C and 25—30% nonvolatile residue
upon reaching 400 °C. Such behavior for 2 is very different from
that observed herein. It is possible that 2 was exposed to air briefly
during the previous thermogravimetric analysis experiment {&4],
which would lead to partial decomposition. In the present work,
the thermogravimetric analyses were carried out with an instru-
ment enclosed in a glove box containing high purity nitrogen. The
vapor pressures of 2 and 3 were measured using the Knudsen
effusion method. Complex 2 exhibited a vapor pressure of 0.67 Torr
at 190 °C, whereas the vapor pressure for 3 was 1.0 Torr at 170 °C.
Accordingly, 3 is slightly more volatile than 2, consistent with its
slightly lower molecular weight and the thermogravimetric anal-
ysis trace in Fig, G.

Preparative sublimation and decomposition temperature data
for 1-8 are summarized in Table 4. Complexes 1-8 are all high
melting solids, with 7 having the lowest melting point (181 °C). The
capillaries were inspected under a microscope at the end of the
melting point experiments, and none of the samples showed any
discoloration or evidence of decomposition upon melting. To
determine the solid state decomposition temperatures, a few mil-
ligrams of each complex were sealed in high purity argon-filled
capillary tubes. The tubes were then heated at a rate of 5 °C/min
starting at 25 °C until there was qualitative evidence of decompo-
sition through discoloration of the initially colorless samples.
Complexes 1-8 all undergo abrupt visual discoloration from
colorless to orange-brown liquids, and have decomposition tem-
peratures of 280, 335, 270, 300, 360, 290, 218, and 263 °C,
respectively. These thermal decomposition temperatures were
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Fig. 4. Perspective view of 7 with thermal ellipsoids at the 50% probability level.

Co13

Fig. 5. Perspective view of 8 with thermal ellipsoids at the 50% probability level.

established unambiguously by heating two sets of samples in
sealed melting point tubes to 5 °C below their visual decomposition
temperatures, and then remelting the first set of samples and by
taking "H NMR spectra of the other set of samples. For 16, the

melting points of the first set of samples were identical to those of
virgin samples, and the 'H NMR spectra of the preheated samples
showed no evidence of decomposition. As noted above, 1 and 2
were previously reported to undergo thermal decomposition
starting at about 150 °C in the thermogravimetric analyses {54}{. The
solid state decomposition temperatures reported herein for 1 and 2
are much higher. Complexes 7 and 8 showed extensive decompo-
sition in the "H NMR spectra after the melting point experiments. In
terms of thermal stability trends, the hafnium complexes 4—6 have
decomposition temperatures that are 20—25 °C higher than the
zirconium analogs 1—-3. The complexes derived from the N-iso-
propylisobutyramide ligand exhibit the highest solid state
decomposition temperatures (2, 335; 5, 360 °C). In previous ALD
studies, we have found that the solid state decomposition tem-
peratures of metal-containing precursors are often very similar to
the upper temperature limit of self-limited ALD growth [66—-63].
Accordingly, several of the precursors described herein may exhibit
self-limited ALD growth at >300 °C. Such high growth tempera-
tures should favor the desirable tetragonal and cubic phases of ZrO,
and HfO,.

In preparative sublimation studies, 0.5—1.0 g of previously
sublimed samples of 1-6 were resublimed between 130 and 140 °C
at 0.05 Torr, and the sublimed recoveries and nonvolatile residues
were determined. Complete sublimation of the samples was ach-
ieved within 4—6 h by conducting the experiments at temperatures
~20 °C higher than the sublimation temperatures reported in the
experimental section. Complexes 7 and 8 were not studied, since
they undergo extensive decomposition under sublimation condi-
tions. The recoveries of sublimed 1—6 ranged between 84.5 and
96.4%, and showed no obvious trend with structure (Table 4). The
air sensitivity of 1-6 complicated efforts to obtain higher recovered
yields, and losses of up to 10% could have occurred upon isolation,
depending upon the morphologies of the solids and their
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Fig. 6. Thermogravimetric analyses of 2 and 3.

Table 4
Preparative sublimation data and decomposition temperatures for 1-8.

Compound Preparative sublimation temperature (°C/0.05 Torr) % Recovery % Nonvolatile residue Decomposition temperature (°C)
1 135 92.2 3.06 280
2 130 845 1.42 335
3 130 96.4 0.95 270
4 140 949 1.09 300
5 135 86.8 1.31 360
6 130 95.8 0.68 290
7 130 <5% - 218
8 130 <5% - 263

sensitivities to static electricity buildup in the glove box. However,
nonvolatile residues for 1-6 were <3%, indicating a minimum
amount of decomposition during sublimation. Precursors 1—6
exhibit moderate sublimation temperatures with high recoveries
and low nonvolatile residues, which indicate that they may be good
CVD and ALD precursors. For comparison, Hf(iPrOC(O)NiPr)4 and
Hf(MeEtNC(O)NiPr)s were evaluated as CVD precursors for the
growth of HfO; films {51]. Hf(MeEtNC(O)NiPr)4 showed a narrow
temperature window between sublimation and thermal decom-
position, and was thus not explored further as a precursor. Hffi-
PrOC(O)NiPr)4 could be vaporized at 80 °C over > 3 h, but showed a
complicated thermogravimetric trace that likely entails decompo-
sition at ca. 150—200 °C It is possible that the decompositions
of Hf(iPrOC(O)NiPr)4 and Hf(MeEtNC(O)NiPr)4 occur by deinsertion
of iPrN=C=0 at moderate temperatures. In the present work, 1-8
are much more stable thermally than Hf(iPrOC(O)NiPr)s and
Hf(MeEtNC(O)NiPr)4, because low energy decomposition paths are
eliminated and isocyanate deinsertion is disfavored by the alkyl
substituents on the amidate ligand core carbon atoms. Zr(iPrC(0)
NiPr)4 was explored as a single-source precursor to ZrO; films using
aerosol-assisted CVD between 350 and 600 °C {64]. These de-
positions afforded cubic ZrO, films, consistent with the high
growth temperatures.

1511
i i
{51

3. Conclusions

This work describes the synthesis, structure, and characteriza-
tion of the zirconium(IV) and hafnium(IV) complexes 1-8 that
contain k*-N,O-amidate ligands as the anionic donors. These

complexes are monomeric and adopt approximate dodecahedral
geometry in the solid state. Complexes 1—6, which contain larger
alkyl groups on the amidate core nitrogen and carbon atoms, are
thermally robust and can be isolated in moderate to good yields
upon direct sublimation from the crude reaction mixtures. By
contrast, 7 and 8 contain smaller alkyl groups on the amidate core
nitrogen and carbon atoms (7) or a hydrogen atom on the amidate
core carbon atom (8), and undergo extensive decomposition upon
attempted sublimation. Accordingly, bulky alkyl groups appear to
be required for high thermal stability, most likely because they
reduce intermolecular interactions. The thermal stability and
volatility of 1—-8 were evaluated. Complexes 2 and 3 undergo single
step sublimations in thermogravimetric analyses, and have low
nonvolatile residues. Complexes 1—6 undergo sublimation on a
preparative scale from 130 to 140 °C at 0.05 Torr, with 84.5—95.8%
sublimed recoveries and 0.68—3.06% nonvolatile residues. Solid
state decomposition temperatures for the zirconium complexes
1-3 range between 270 and 335 °C and 290—360 °C for the
hafnium complexes 4—6. Complexes 2, 4, and 5 have thermal
decomposition temperatures of >300 °C and sublime at moderate
temperatures. These compounds therefore have useful properties
for application as chemical vapor deposition and atomic layer
deposition precursors.

4. Experimental section
4.1. General considerations

All manipulations were performed under argon using standard
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glovebox and Schlenk line techniques. Toluene was freshly distilled
from sodium, tetrahydrofuran was distilled from a purple solution
of sodium benzophenone ketyl, and hexane was distilled from
phosphorus pentoxide. N-tert-butylformamide and tetrakis(di-
methyl)amidozirconium were purchased from Sigma-Aldrich. Tet-
rakis(dimethyl)amidohafnium was purchased from Strem
Chemicals, Inc. N-methylacetamide was purchased from Oakwood
Chemicals. Commercial chemicals were used as received. N-tert-
butylacetamide |70}, N-isopropylisobutyramide {71}, and N-iso-
propylacetamide {72] were prepared and purified by reported
methods.

'H and "*C{'H} NMR spectra were obtained at 500 and 125 MHz
in benzene-dg. Infrared spectra were obtained using Nujol as the
medium. Elemental analyses were performed by Midwest Micro-
lab, Indianapolis, Indiana. Melting points and solid state decom-
position temperatures were obtained on a Haake-Buchler HBI
digital melting point apparatus and are uncorrected. Thermogra-
vimetric analyses of 2 and 3 were carried out with a Mettler-Toledo
TGA/DSC 1 instrument situated in a nitrogen filled glove box. The
heating rate was 10 °C/min. Vapor pressure measurements of 2 and
3 were estimated using the Knudsen effusion method {734,74}. The
latter two sets of measurements were carried out at Nova-Kem, LLC.

4.2. Compound preparation

4.2.1. Preparation of Zr(MeC(O)NtBu)4 1

A 100 mL Schlenk flask fitted with a reflux condenser was
charged with tetrakis(dimethylamido)zirconium (0.200 g,
0.748 mmol) and N-tert-butylacetamide (0.344 g, 2.99 mmol). With
vigorous stirring, 20 mL of toluene was added and the colorless
reaction mixture was then refluxed for 3 h. Upon cooling to room
temperature, the volatile components were removed under
reduced pressure to give a white solid. Sublimation of the crude
solid at 120 °C/0.05 Torr afforded 1 as colorless crystals (0.332 g,
81%): mp 255—258 °C; IR (Nujol, cm™') 1563 (s), 1365 (s), 1339 (s),
1217 (s), 1050 (m), 1036 (m), 994 (m), 922 (w), 838 (m), 778 (m),
602 (s), 583 (s); 'H NMR (CgDg, 23 °C, 3) 1.89 (s, 12H, CH3), 1.34 (s,
36H, C(CHs3)3); *c{'H} NMR (CgDe, 23 °C, ppm) 182.09 (s, C=0),
52.26 (s, C(CH3)3), 31.23 (s, C(CH3)3), 22.26 (s, CH3).

Anal. Calcd for Co4H4gN404Zr: C, 52.61; H, 8.83; N, 10.23. Found:
C, 52.55; H, 8.94; N, 10.27.

4.2.2. Preparation of Zr(iPrC(O)NiPr)4 2

In a fashion similar to the preparation of 1, treatment of tetra-
kis(dimethylamido)zirconium (0.200 g, 0.748 mmol) with N-iso-
propylisobutyramide (0.386 g, 2.99 mmol) in refluxing toluene
(20 mL) for 3 h afforded 2 as a colorless crystalline solid (0.393 g,
87%) upon sublimation at 115 °C/0.05 Torr: mp 285-288 °C; IR
(Nujol, cm™') 1563 (s), 1416 (s), 1364 (s), 1347 (s), 1312 (s), 1178 (s),
1127 (m), 1078 (s), 1021 (s), 927 (w), 900 (m), 875 (m), 758 (m), 645
(m), 580 (s); 'H NMR (CgDg, 23 °C, 8) 3.56 (septet, ] = 6.5 Hz, 4H,
CH(CH3);), 2.59 (septet, ] = 7.0 Hz, 4H, CH(CH3);),1.32 (d, ] = 6.5 Hz,
24H, NCH(CHs)3), 1.12 (d, ] = 7.0 Hz, 24H, CCH(CH3)); *C{'H} NMR
(CeDs, 23 °C, ppm) 188.30 (s, C=0), 47.73 (s, NCH(CH3);), 28.65 (s,
CCH(CH3)2), 24.58 (s, NCH(CH3);), 19.34 (s, CCH(CH3)y).

Anal. Calcd for CogHsgN4O4Zr: C, 55.68; H, 9.35; N, 9.28. Found:
C, 55.52; H, 9.28; N, 9.34.

4.2.3. Preparation of Zr(MeC(O)NiPr)s 3

A 100 mL Schlenk flask fitted with a reflux condenser was
charged with tetrakis(dimethylamido)zirconium (0.200 g,
0.748 mmol) and toluene (10 mL). A solution of N-iso-
propylacetamide (0.302 g, 2.99 mmol) in toluene (10 mL) was
added slowly and the resultant mixture was refluxed for 3 h. Upon
cooling to room temperature, the volatile components were

removed under reduced pressure and sublimation of the crude
solid at 110 °C/0.05 Torr afforded 3 as colorless crystals (0.188 g,
51%): mp 206—209 °C; IR (Nujol, cm~") 1576 (s), 1456 (s), 1403 (s),
1363 (s), 1342 (s), 1319 (m), 1186 (s), 1170 (m), 1126 (m), 1051 (m),
987 (m), 886 (m), 822 (m), 814 (m), 614 (s), 582 (s); 'H NMR (CgDe,
23 °C, d) 3.34 (septet, ] = 6.2 Hz, 4H, CH(CH3)3), 1.71 (s, 12H, CH3),
1.24(d, ] = 6.2 Hz, 24H, CH(CH3),); *C{"H} NMR (CgDs, 23 °C, ppm)
183.00 (s, C=0), 48.94 (s, CH(CH3z)z), 23.86 (s, CH(CH3)z), 17.06 (s
CH3).

Anal. Calcd for CygH40N404Zr: C, 48.85; H, 8.20; N, 11.39. Found:
C, 48.69; H, 8.06; N, 11.44.

4.24. Preparation of Hf(MeC(O)NtBu)4 4

In a fashion similar to the preparation of 1, treatment of tetra-
kis(dimethylamido)hafnium (0.200 g, 0.563 mmol) with N-tert-
butylacetamide (0.260 g, 2.25 mmol) in refluxing toluene (15 mL)
for 3 h afforded 4 as a colorless crystalline solid (0.297 g, 83%) upon
sublimation at 125 °C/0.05 Torr: mp 255—258 °C; IR (Nujol, cm™!)
1562 (s),1389(s), 1364 (s), 1341 (s),1218 (s), 1053 (m), 1036 (m), 995
(m), 922 (w), 839 (m), 799 (w), 779 (m), 754 (w), 604 (m), 588 (m);
TH NMR (CgDg, 23 °C, 3) 1.89 (s, 12H, CH3), 1.34 (s, 36H, C(CH3)3); *C
{'H} NMR (CgDg, 23 °C, ppm) 181.68 (s, C=0), 51.97 (s, C(CH3)3),
31.34 (s, C(CH3)3), 22.76 (s, CH3).

Anal. Calcd for Co4H4gHfN4O4: C, 45.38; H, 7.62; N, 8.82. Found:
C,45.22; H, 7.96; N, 8.91.

4.2.5. Preparation of Hf(iPrC(O)NiPr)4 5

In a fashion similar to the preparation of 1, treatment of tetra-
kis(dimethylamido)hafnium (0.200 g, 0.563 mmol) with N-iso-
propylisobutyramide (0.291 g, 2.25 mmol) in refluxing toluene
(15 mL) for 3 h afforded 5 as a colorless crystalline solid (0.308 g,
79%) upon sublimation at 115 °C/0.05 Torr: mp 283-286 °C; IR
(Nujol, cm~") 1565 (s), 1421 (s), 1365 (s), 1350 (s), 1313 (s), 1261 (m),
1180 (s), 1127 (m), 1079 (s), 1023 (s), 927 (w), 900 (m), 876 (m), 798
(w), 759 (m), 647 (m), 581 (s); "H NMR (CgDs, 23 °C, ) 3.68 (septet,
J=6.5Hz,4H, CH(CH3),), 2.57 (septet, ] = 7.0 Hz, 4H, CH(CH3);), 1.31
(d,] = 6.5 Hz, 24H, NCH(CH3),), 1.13 (d, ] = 7.0 Hz, 24H, CCH(CH3),);
13C('H} NMR (CgDs, 23 °C, ppm) 187.80 (s, C=0), 47.39 (s,
NCH(CH3)3), 29.10 (s, CCH(CH3)z), 24.59 (s, NCH(CH3)3), 19.33 (s,
CCH(CH3)2).

Anal. Calcd for CogHs6HfN4O4: C, 48.65; H, 8.17; N, 8.11. Found: C,
48.76; H, 8.14; N, 8.18.

4.2.6. Preparation of HffMeC(O)NiPr)4 6

In a fashion similar to the preparation of 1, treatment of tetra-
kis(dimethylamido)hafnium (0.200 g, 0.563 mmol) with N-iso-
propylacetamide (0.228 g, 2.25 mmol) in refluxing toluene (15 mL)
for 3 h afforded 6 as colorless crystals (0.219 g, 67%) upon subli-
mation at 105 °C/0.05 Torr: mp 207—210 °C; IR (Nujol, cm~) 1579
(s),1404 (s), 1365 (s), 1344 (s), 1319 (m), 1188 (s), 1170 (m), 1127 (m),
1053 (m), 988 (m), 887 (m), 823 (m), 816 (m), 618 (s), 584 (s); 'H
NMR (CgDg, 23 °C, d) 3.47 (septet, ] = 6.5 Hz, 4H, CH(CH3),), 1.70 (s,
12H, CH3), 1.23 (d, ] = 6.5 Hz, 24H, CH(CH3),); *C{'H} NMR (CgDs,
23 °C, ppm) 18244 (s, C=0), 48.67 (s, CH(CHs)), 23.86 (s,
CH(CH3)3), 17.37 (s, CH3).

Anal. Calcd for CoH4oHfN404: C, 41.48; H, 6.96; N, 9.68. Found:
C, 41.32; H, 6.85; N, 9.77.

4.2.7. Preparation of Zr(MeC(O)NMe)4 7

Two 100 mL Schlenk flasks were charged separately with tet-
rakis(dimethylamido)zirconium (0.250 g, 0.934 mmol) and N-
methylacetamide (0.273 g, 3.74 mmol). To each flask was added
toluene (10 mL). The flask containing the zirconium solution was
cooled to —78 °C using a dry ice/acetone bath. The ligand solution
was transferred into the zirconium flask via cannula to generate a
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clear, colorless solution. Upon warming to room temperature, the
reaction flask was fitted with a reflux condenser and the solution
was then refluxed for 1 h. Upon cooling to room temperature, the
volatile components were removed under reduced pressure from
the turbid yellow solution to yield an off-white solid. The white
solid was extracted with hexane (20 mL), and then the hexane
solution was filtered through a 2-cm pad of Celite on a coarse glass
frit to afford a colorless solution. Removal of the volatile compo-
nents under reduced pressure afforded 7 as an off-white powder
(0.275 g, 77% crude yield). Sublimation of crude material at 100 °C/
0.05 Torr afforded 7 as colorless crystals (0.018 g, 5%): mp
180181 °C; IR (Nujol, cm~") 1633 (s), 1583 (s), 1344 (s), 1282 (m),
1155 (m), 993 (m), 912 (s), 848 (s), 825 (s), 721 (s), 669 (s), 638 (s),
584 (s); "H NMR (CgDg, 23 °C, 3) 2.83 (s, 12H, NCH3), 1.64 (s, 12H,
CCHs); C{'H} NMR (CgDs, 23 °C, ppm) 168.42 (s, C=0), 33.10 (s,
NCH3), 17.45 (s, CCH3). A CHN microanalysis was not conducted
because of the low isolated yield of 7.

4.2.8. Preparation of Zr(HC(O)NtBu)4 8

In a fashion similar to 7, treatment of tetrakis(dimethylamido)
zirconium (0.250 g, 0.934 mmol) with N-tert-butylformamide
(0.378 g, 3.74 mmol) afforded crude 8 as a fine, off-white powder
(0.210 g, 46%). Sublimation of the crude material at 120 °C/0.05 Torr
afforded 8 as colorless crystals (0.005 g, 1%): mp 243—-244 °C; IR
(Nujol, cm™") 1584 (s), 1560 (s), 1344 (s), 1280 (m), 1238 (s), 1211 (s),
999 (s), 806 (s), 721 (s), 669 (s); 'H NMR (CgDg, 23 °C, 3) 8.65 (s, 4H,
CH), 1.22 (s, 36H, C(CH3)3); "*C{'"H} NMR (CgDg, 23 °C, ppm) 174.75
(s, C=0), 53.79 (s, C(CH3)3), 31.02 (s, C(CH3)3). A CHN microanalysis
was not conducted because of the low isolated yield of 8.

4.2.9. X-ray diffraction studies

CCDC-1530353 (1), CCDC-1530354 (3), CCDC-1530355 (6),
CCDC-1530356 (7), and CCDC-1530357 (8) contain the supple-
mentary crystallographic data for this paper. The data can be ob-
tained free of charge from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: ++44-1223-
336-033; email: depesit@ccde.canacuk). Diffraction data were
measured on a Bruker X8 APEX-II kappa geometry diffractometer
with Mo radiation and a graphite monochromator. Frames were
collected at 100 K as a series of sweeps with the detector at 40 mm
and 0.3—0.5° between each frame. For 1, 3, and 6, APEX-I1 {75} and
SHELX-97 {761 software was used in the collection and refinement
of the models. For 7 and 8, the frames were integrated with the
Bruker SAINT software package using a narrow-frame algorithm
with Olex2 {77}, the structure was solved with the ShelXT {78}
structure solution program using direct methods, and was refined
with the ShelXL {79! refinement package using least squares
minimization.
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