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ABSTRACT: Treatment of 3 equivalents of the potassium salts derived from the B-amino ketones 1-(dimethylamino)-3,3-dimethyl-
butan-2-one (L'H), 3,3-dimethyl-1-(pyrrolidin-1-yl)butan-2-one (L?H), or 3,3-dimethyl-1-(piperidin-1-yl)butan-2-one (L*H) with an-
hydrous lanthanide(III) chlorides afforded the complexes Ln(L');(L'H) (Ln = Pr, Er, Y), Ln(L'); (Ln = Pr, Er, Lu, Y), [Nd(L');]2,
[La(L?);3]2, and Ln(L?); (Ln = La, Pr, Nd, Er, Lu, Y) in 30 to 56% yields after crystallization from solvent or sublimation. X-ray crystal
structures of Ln(L');(L'H), Lu(L')s, Er(L?)s, and Lu(L?); revealed monomeric molecular structures, whereas [Nd(L');]> and [La(L?);].
exist as dimers bridging through the oxygen atoms of two L! or L? ligands. The L!, L'H, L?, and L? ligands exist mostly with bidentate
coordination modes through the oxygen and nitrogen atoms. The new complexes sublime between 95 and 160 °C at 0.5 Torr. Ther-
mogravimetric analysis traces of Ln(L");(L'H) (Ln = Pr, Er, Y) showed two step weight losses, with the first step entailing loss of
L'H. The other complexes demonstrated single step weight losses up to their decomposition temperatures. The complexes Ln(L?)
(Ln = La, Pr, Nd, Er, Lu, Y) show the highest thermal stabilities among the new complexes, and are promising precursors for the

growth of lanthanide-containing thin films by atomic layer deposition.

INTRODUCTION

Binary lanthanide(III) oxide thin films and ternary analogs con-
taining other metal ions are of interest for applications as high
dielectric constant (k) materials in transistors and memory de-
vices, since their k values can be higher than currently used ma-
terials such as HfO,."” Oxide thin films of the formula LnAlO;
(Ln = La, Pr, Nd) grown on single crystal SrTiO; substrates
have been studied in detail for their two-dimensional electron
gas properties, where the electrical resistivities at the
LnAlQ;/SrTiOs interfaces are very low.!*1¢ For both high-k di-
electric applications and two-dimensional electron gas materi-
als, the interfaces between the oxide materials and the substrates
need to be atomically smooth for optimum performance.'*!"’
Other applications of lanthanide-containing oxides include lu-
minescent materials, optical materials, materials for quantum
computing, superconductors, catalysis, and materials for ad-
vanced microelectronics.'8? While many methods can be used
to deposit oxide films, atomic layer deposition (ALD) can af-
ford films that are atomically smooth, in addition to providing
Angstrom-level thickness control and perfect conformal cover-
age in high aspect ratio nanoscale features.?®?’ Increasingly,
synthesis and crystallization methods are taking advantage of
three-dimensional nanoscale features in which conformality
and thickness uniformity of ALD are advantageous. The scope
of applications of oxides created using ALD includes a range of
optical and electronic devices incorporating nanoscale crystal-
line features.?® The conformality and precision are possible be-
cause of the self-limited growth mechanism in ALD.

ALD requires chemical precursors that are volatile, ther-
mally stable at the deposition temperatures, and highly reactive
toward a second reagent.?%*” Many different ligands have been
employed to create volatile and thermally stable lanthanide pre-
cursors for film growth by ALD.? Ligands in previously re-
ported precursors have included B-diketonate, - cyclopenta-
dienyl and substituted cyclopentadienyl,*3*-%¢ bis(trimethylsi-
lyl)amide,” alkoxide,?**” and amidinates and guanidinates.**
43 Additionally, volatile lanthanide complexes containing N,N-
dimethylaminodiboranate ligands have been recently reported,
but have not been tested in ALD growth.*¢ Currently available
lanthanide precursors have exhibited several problems in ALD
growth, including the low reactivity of B-diketonate precursors
towards water as a co-reactant, substrate oxidation when using
ozone as a co-reactant, low thermal stability, and lack of true
self-limited growth. As a result, there is ongoing need for vola-
tile, thermally stable lanthanide precursors for ALD that ad-
dress these issues.

In envisioning new structures that might lead to new vola-
tile and thermally stable lanthanide complexes, we focused our
attention on bidentate ligands that contain very strong bonds
within the ligand backbones to promote high thermal stability.
Enaminolate ligands L'-L? (Scheme 1) are obtained upon depro-
tonation of B-amino ketones and contain a strong central C=C
bond that should contribute high thermal stability to lanthanide
complexes. The fert-butyl group is present to confer steric bulk,
which should disfavor solvent coordination and may encourage
monomeric complex formation. Moreover, there is only one
acidic hydrogen atom site for enolate formation in ketones of



the formula tBuC(=O)CH:NR,, thereby eliminating the for-
mation of isomeric enolates. Finally, the B-amino ketone
PhC(=0)CH,NMe; has a pKa value of 23.55,%” which ensures
that the the deprotonated enaminolates will react rapidly with
water (pKa 14.00 or 15.7).* This situation should allow use of
water as a co-reactant in ALD processes. There have been sev-
eral reports of structurally characterized K, Ni, Zr, Zn, and P
complexes containing enaminolate ligands that are similar to
L!-L*#2 No lanthanide complexes containing enaminolate
complexes have been described to date. Herein, we report the
synthesis, structure, volatility, and thermal stabilities of lantha-
nide complexes containing enaminolate ligands.
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Scheme 1. Enaminolate ligands used in this study.

RESULTS AND DISCUSSION

Synthesis of New Complexes. The B-amino ketones L'H-
L*H were prepared upon treatment of the bromomethyl ketone
with secondary amines, as described in the Experimental Sec-
tion. The potassium salts of L!-L* were prepared by treatment
of L'H-L*H with one equivalent of KH in THF. These freshly
prepared solutions were treated directly with anhydrous LnCls
to afford complexes 1-15, as outlined in equations 1-5 and in
the experimental section.

Initial synthetic efforts explored treatment of PrCls, ErCls,
and YCI; with three equivalents of KL! in THF. Workup, fol-
lowed by crystallization from diethyl ether, led to slow crystal-
lization of the L'H adducts 1-3 in low, variable yields, appar-
ently through partial hydrolysis and then formation of highly
crystalline 1-3. After obtaining X-ray crystal structures (vide
infra), the syntheses of 1-3 were optimized by treatment of KL
(3 equiv) and L'H (1 equiv) with LnCl; (Ln = Pr, Er, Y) to afford
1-3 in 30-36% yields after crystallization from diethyl ether (eq
1). The yields of 1-3 are low because of their high solubilities
in diethyl ether. By contrast, sublimation of the crude reaction
mixtures obtained upon treatment of KL! (3 equiv) with LnCl;
(Ln=Pr, Er, Y) at 100 to 120 °C (0.5 Torr) afforded the homo-
leptic complexes 4-6 in 36-56% yields. Complexes 4-6 were
also accessed upon sublimation of 1-3 in 42-52% yields, with
loss of coordinated L'H, as shown in equation 2. Sublimation
of 1-3 was also accompanied by some decomposition to afford
non-volatile residues, thus leading to the moderate yields. The
remaining complexes 7-15 were obtained in 37-56% yields
upon treatment of KL!, KL?, or KL? (3 equiv) with LnCl; (Ln =
La, Pr, Nd, Er, Lu, Y) in THF (eqgs 3-5), followed by sublima-
tion at the temperatures described in the experimental proce-
dures.

Complexes 1-15 were characterized by a combination of X-
ray crystallography (1-3, 7-9, 13, 14), 'H nuclear magnetic res-
onance (NMR) spectroscopy (3, 6, 8-10, 14, 15), *C{'H} NMR

spectroscopy (3, 6, 8-10, 14, 15), infrared spectroscopy, melting
points, and CHN microanalyses. 'H NMR, *C{'H} NMR, and
infrared spectra are given in the Supporting Information (Fig-
ures S1-S31). The X-ray crystal structures are presented below
and the line drawings in equations 1-5 represent the molecular
structures that were observed for 1-3, 7-9, 13, 14. 'H and
BC{'H} NMR spectra of the diamagnetic La, Lu, and Y com-
plexes 3, 6, 8-10, 14, and 15 at ambient temperature in benzene-
ds showed the expected resonances for L!, L'H, L%, or L? lig-
ands, as appropriate. The L!-L3 ligands in 3, 6, 8-10, 14, and 15
share common vinyl C-H and tBu moieties. The vinyl C-H res-
onances were observed as a sharp singlet in each spectrum be-
tween & 4.55 and 4.96. The tBu groups appeared as a sharp sin-
glet in each spectrum in the narrow range of 6 1.24 to 1.29. In
the 'H NMR spectrum of 3 at ambient temperature, separate res-
onances were observed for the L! and L'H ligands, in a 3:1 ratio.
The variable temperature 'H NMR spectra of 3 are described
below. The infrared spectra of 1-15 each show a medium to
strong absorption between 1575 and 1618 cm™ for the L!, L?, or
L* C=C bonds and C-O single bond stretches between 1325 to
1337 cm’l. For comparison, the C=0 double bond stretches in
L'H-L*H appear at 1717-1718 cm™ and L'H-L*H do not show
C=C or C-O single bond stretches. In addition to the L' C-O
single bond stretches, the C=0 double bond stretches for the
coordinated L'H ligands in 1-3 appear between 1678 and 1686
cm!. Complexes 1-10 and 12-15 gave H and N microanalysis
values that were within +0.4% of the calculated values. How-
ever, the C microanalysis values for 1-7, 9, 10, and 12-15 were
up to a few percent lower than the calculated values, despite
multiple sample submissions and use of combustion enhance-
ment. The lower C values in microanalyses might arise from
refractory metal carbide formation. Several previous reports
have reported similar low C microanalysis values in lanthanide
complexes containing oxygen-based ligands.**-*” Despite multi-
ple submissions, 11 did not afford CHN microanalysis values
that were within +0.4% of the calculated values.

To understand the solution structures of adducts 1-3, variable
temperature 'H NMR spectra were recorded for the diamagnetic
Y complexes 3 and 6 in toluene-ds (Figures S15, S16). The be-
havior of 6 was determined first. At 20 °C, sharp singlets were
observed at 8 4.52 (C-H), 2.39 (NMe), and 1.20 (tBu). The 'H
NMR spectrum at 60 °C revealed sharp singlets at § 4.52 (C-
H), 2.40 (NMe,), and 1.17 (tBu), which are essentially identical
to the chemical shifts at 20 °C. Upon cooling to -60 °C, the
spectrum was very similar to those at 20 and 60 °C, with chem-
ical shifts at & 4.55 (C-H), 2.36 (NMe»), and 1.31 (tBu). The
solid state structure of 6 was not determined because X-ray
quality crystals could not be grown, but it is likely a monomer
(by analogy with 8) or a dimer (by analogy with 7). Observation
of sharp resonances between -60 to 60 °C and minor chemical
shift changes with temperature are consistent either with a mon-
omeric structure or a dimeric structure where the exchange rate
between the bridging and terminal L' ligands is rapid on the
NMR timescale. The variable temperature '"H NMR spectra of
3 were explored next. At 20 °C in toluene-ds, 3 exhibited reso-
nances at § 4.52 (C-H), 2.39 (NMe), and 1.21 (tBu) for the L!
ligands and at § 3.01 (CHy), 2.21 (NMe;), and 0.95 (tBu) for the
L'H ligand. The L":L'H integration was 3:1. Interestingly, the
L! resonances in 3 at 20 °C had exactly the same chemical shifts
as 6 at the same temperature. Moreover, the chemical shifts of



pure L'H in toluene-ds at 20 °C (5 2.98 (CH,), 2.16 (NMe»), and
0.96 (tBu)) were very close to those exhibited by the L'H ligand
in 3 at 20 °C. These chemical shift values suggest that L'H is
weakly bound to the Y ion in 3 at 20 °C and that the equilibrium
3 <> 6 + L'H lies to the right under these conditions. Increasing
the temperature to 60 °C led to resonances at 6 4.52 (C-H), 2.40
(NMey), and 1.16 (tBu) for the L' ligands and at § 2.99 (CH>),
2.18 (NMe,), and 0.98 (tBu) for the L'H ligand. These chemical
shifts are essentially identical to those observed at 20 °C. The
'"H NMR spectrum at -60 °C consisted of three tert-butyl reso-
nances at 6 1.49, 1.37, and 0.67, in a 2:1:1 ratio. The resonance
at § 0.67 arose from the L'H ligand and showed an upfield shift
of 6 0.28 upon cooling from 20 to -60 °C. The resonances at &
1.49 and 1.37 existed as a single resonance at 6 1.39 at -40 °C
and coalesced to the two resonances at -50 °C. The NMe; reso-
nances at -60 °C consisted of a sharp resonance at 5 2.68 and
broad resonances at 6 2.60 and 2.44. These resonances over-
lapped too much to allow an accurate relative integration. The
enolate C-H resonance appeared at -60 °C as a slightly asym-
metric singlet at 8 4.63. Taken together, the 'H NMR spectrum
of 3 at -60 °C is consistent with the solid state structure de-
scribed below and shown in equation 1, since this structure
would exhibit three fert-butyl resonances in a 2:1:1 ratio. Upon
warming above -50 °C, the rate of exchange between the k>-L!
and k!-L' ligands becomes rapid on the NMR timescale and
only a single fert-butyl resonance is observed for the L! ligands.
The L'H ligand retains separate resonances over the -60 to 60
°C temperature range.

X-Ray Crystal Structures of 1-3, 7-9, 13, and 14. X-ray
crystal structures were determined for 1-3, 7-9, 13, and 14 to
understand the molecular structures. The data for 9 were of
lower resolution and are not discussed herein, but were suffi-
cient to establish the overall dimeric structure and ligand con-
nectivity. Crystallographic data are summarized in Tables S1-
S3. Figures 1-7 show representative perspective views of 1-3,
7, 8, 13, and 14, as well as selected bond lengths and angles.
Single crystals of sufficient quality for structure determinations
could not be obtained for 4-6, 10-12, and 15.

Complex 1 crystallizes as an 8-coordinate monomer with
three «?-L! ligands and one k>-L'H ligand bonded to the Pr ion
(Figure 1). The x*-L! ligands are characterized by Pr-O bond
distances of 2.332(3), 2.309(3), and 2.44(1) A and Pr-N bond
lengths of 2.846(4), 2.739(4), and 2.84(2) A. The longer Pr-
O1C distance may reflect steric crowding about the 8-coordi-
nate Pr ion. By contrast, the Pr-N distances fall within a narrow
range of 2.74 to 2.85 A. The k>-L'H ligand has Pr-O and Pr-N
bond lengths of 2.43(1) and 2.79(2) A. The Pr-O4 distance is
identical to that of Pr-O3 within experimental error. The Pr-N
bond length is within the same range as those observed for the
k?-L! ligands. The enolate C-C distances within the ligand back-
bones allow unambiguous assignment of the L! and L'H lig-
ands. Thus, the C1A-C2A, C1B-C2B, and C1C-C2C bond
lengths are 1.339(7), 1.352(7), and 1.38(8) A, and are close to
the value expected for a C-C double bond (~1.32 A). By con-
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trast, the C1D-C2D distance is 1.47(2) A, which is in the range
for a C-C single bond.

C4C C4A CGA
/ AN
CeC cac —!
- cic_ /[ C3A
csc

C
czA )
01C iy
C8A C8B
csD C7A
C7D C1B
C4B
01 D \ /

C3B
czD /
C3D ,
C4D C6B
\ ceD
C5D

Figure 1. Perspective view of 1 with thermal ellipsoids at the 50%
level. Selected bond lengths (A) and angles (°): Pr-O1A 2.332(3), Pr-
O1B 2.309(3), Pr-O1C 2.44(1), Pr-O1D 2.43(1), Pr-N1A 2.846(4), Pr-
N1B 2.739(4), Pr-N1C 2.84(2), Pr-N1D 2.79(2), C1A-C2A 1.339(7),
C1B-C2B 1.352(7), C1C-C2C 1.38(2), C1D-C2D 1.47(2); O1A-Pr-
OIB 124.9(1), O1A-Pr-O1C 88.6(3), O1A-Pr-O1D 124.9(3), O1B-Pr-
O1C 116.6(3), O1B-Pr-O1D 83.2(3), O1C-Pr-O1D 122.6(5), O1 A-Pr-
N1A 63.6(1), O1A-Pr-N1B 75.7(1), O1A-Pr-N1C 75.7(4), O1A-Pr-
N1D 153.3(3), O1B-Pr-N1A 156.6(1), O1B-Pr-N1B 64.7(1), O1B-Pr-
NI1C 75.7(3), O1B-Pr-NID 79.5(3), O1C-Pr-N1A 83.5(3), O1C-Pr-
N1B 159.2(3), O1C-Pr-N1C 61.8(4), O1C-Pr-N1D 68.9(4), O1D-Pr-
N1A 75.4(3), O1D-Pr-N1B 78.0(3), O1D-Pr-N1C 157.1(4), O1D-Pr-
NI1D 62.6(4), NIA-Pr-N1B 101.1(1), N1A-Pr-N1C 100.5(4), N1A-Pr-
N1D 98.5(3), N1B-Pr-N2C 100.5(4), N1B-Pr-N2D 129.3(3), N1C-Pr-
N1D 104.1(5).

Complex 2 crystallizes as a 7-coordinate monomer that con-
tains two k>-L! ligands, one oxygen-bound k'-L! ligand, and
one k*-L'H ligand (Figure 2). The lower coordination number
of 2, compared to 1, is consistent with the smaller ionic radius
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of the Er** ion (0.890 A) relative to the Pr** ion (0.990 A).%® The
tert-butyl and dimethylamino groups are anti with respect to
each other across the enolate C=C bond in the k'-L! ligand. The
k>-L! ligands have Er-O bond distances of 2.183(2) and
2.200(2) A and Er-N bond distances of 2.559(2) and 2.619(2)
A. The x'-L' ligand has an Er-O distance of 2.121(2) A, and is
shorter than the related distances for the k>-L! ligands because
of lower steric interactions. The Er-N distance is 4.594(2) A for
the x!-L! ligand and is clearly not a bonding interaction. The k-
L'H ligand has Er-O and Er-N distances of 2.446(2) and
2.592(2) A, respectively. The C-C distances within the L' ligand
backbones are 1.331(4), 1.334(4), and 1.338(4) A, which are
consistent with C-C double bonds that are expected for enolate
ligands. By contrast, the C-C distance for the L'H ligand is
1.502(4) A, which is in the range for a C-C single bond.
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Figure 2. Perspective view of 2 with thermal ellipsoids at the 50%
level. Selected bond lengths (A) and angles (°): Er-O1A 2.121(2), Er-
O1B 2.446(2), Er-O1C 2.200(2), Er-O1D 2.183(2), Er-N1B 2.592(2),
Er-N1C 2.559(2), Er-N1D 2.619(2), C1A-C2A 1.331(4), C1B-C2B
1.502(4), C1C-C2C 1.338(4), C1D-C2D 1.334(4); OlA-Er-O1B
86.63(7), O1A-Er-O1C 121.07(7), O1A-Er-O1D 91.62(7), O1B-Er-
01C 123.75(6), O1B-Er-O1D 81.52(6), O1C-Er-O1D 137.06(7), O1A-
Er-NI1B 80.89(7), O1A-Er-NI1C 89.76(7), O1A-Er-N1D 157.31(7),
O1B-Er-N1B  63.58(6), OIB-Er-N1C 166.00(7), OI1B-Er-N1D
81.52(6), O1C-Er-N1D 137.06(7), N1B-Er-N1C 129.12(7), N1B-Er-
NI1D 107.65(7), N1C-Er-N1D 99.92(7).



Complex 3 adopts a 7-coordinate structure that is very similar
to that of 2, with two ?-L! ligands, one oxygen-bound «!-L!
ligand, and one k*-L'H ligand (Figure 3). Like 2, the ferz-butyl
and dimethylamino groups are anti with respect to each other
across the enolate C=C bond in the k'-L! ligand. The structural
similarities of 2 and 3 are not surprising, given the similar ionic
radii of Er** (0.890 A) and Y3* (0.900 A).>® The «?-L' ligands
have Y-O bond distances of 2.206(1) and 2.187(1) A and Y-N
bond distances 0of 2.579(2) and 2.633(2) A. The «!-L! ligand has
an Y-O distance of 2.128(1) A, and is shorter than the related
distances for the k>-L! ligands because of lower steric interac-
tions. The non-bonding Y-N distance is 4.604(2) A for the k'-
L' ligand and is identical to the related value in 2. The k*-L'H
ligand has Y-O and Y-N distances of 2.457(1) and 2.612(2) A,
respectively. The C-C distances within the L' ligand backbones
are 1.337(3), 1.335(3), and 1.335(3) A, which are identical to
the values in 2 and are consistent with C-C enolate double
bonds. The C-C single bond distance for the L'H ligand is
1.501(3) A, which is identical to the value in 1 and 2.
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Figure 3. Perspective view of 3 with thermal ellipsoids at the 50%
level. Selected bond lengths (A) and angles (°): Y-O1A 2.206(1), Y-
0O1B 2.187(1), Y-O1C 2.457(1), Y-O1D 2.128(1), Y-N1A 2.579(2), Y-
N1B 2.633(2), Y-NIC 2.612(2), CIA-C2A 1.337(3), CIB-C2B
1.335(3), ClIC-C2C 1.501(3), C1D-C2D 1.335(3); Ol1A-Y-O1B
136.64(5), O1A-Y-O1C 123.80(5), O1A-Y-O1D 120.81(5), O1B-Y-
0O1C 81.93(5), O1B-Y-O1D 92.08(5), O1C-Y-O1D 86.70(5), O1A-Y-
N1A 69.05(5), O1A-Y-N1B 81.88(5), O1A-Y-N1C 73.38(5), O1B-Y-
N1A 85.07(6), O1B-Y-NIB 68.66(5), O1B-Y-N1C 144.84(5), O1C-Y-
N1A 166.39(5), O1C-Y-N1B 79.01(5), O1C-Y-N1C 63.39(5), O1D-
Y-NI1A 89.78(6), O1D-Y-NIB 157.31(5), O1D-Y-NIC 80.88(5),
NIA-Y-NIB 99.97(6), NI1A-Y-NIC 128.95(6), NIB-Y-NIC
107.65(6).

Complex 7 adopts a dimeric structure that contains two L!
ligands that bridge between the Nd ions through the oxygen at-
oms, and then two k?-L! ligands that are bonded to each Nd ion
(Figure 4). Each Nd ion is 7-coordinate. The Nd1-Nd2 distance
is 4.0205(7) A. The bridging L' ligands are characterized by
Nd-O distances of 2.410(5), 2.470(6), 2.466(6), and 2.455(5) A.
These values are essentially identical, although the Nd1-O1 dis-
tance may differ slightly from the Nd1-O4 distance within ex-
perimental uncertainty. The Nd-N bond lengths associated with
the bridging L' ligands are 2.595(7) and 2.610(7) A. The Nd-O
bond lengths for the terminal x?-L' ligands are 2.241(5),

2.256(8), 2.266(5), and 2.244(5) A. These values are shorter
than those for the bridging L! ligands, as expected. The Nd-N
bond distances for the terminal x*-L! ligands are 2.852(9),
2.93(1),2.819(7), and 2.848(7) A. Interestingly, these values are
0.20 to 0.35 A longer than those associated with the bridging L!
ligands, which may arise from greater steric interactions upon
forming Nd-N bonds in the terminal k*-L' ligands. The enolate
C-C distances within the L' ligand backbones fall within the
narrow range of 1.32(1) to 1.33(2) A, which are consistent with
double bonds and are similar to the values in the L! ligands of
1-3.
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Figure 4. Perspective view of 7 with thermal ellipsoids at the 50%
level. Selected bond lengths (A) and angles (°): Nd1-Nd2 4.0205(7),
Nd1-O1 2.410(5), Nd1-O4 2.470(6), Nd1-O5 2.241(5), Nd1-O6A
2.256(8), Nd2-01 2.466(6), Nd2-02 2.266(5), Nd2-03 2.244(5), Nd2-
04 2.455(5), Nd1-N4 2.610(7), Nd1-N5 2.852(9), Nd1-N6A 2.928(2),
Nd2-N1 2.595(7), Nd2-N2 2.819(7), Nd2-N3 2.848(7), C1-C2 1.33(1),
C9-C101.32(1),C17-C18 1.33(1), C25-C26 1.33(1), C33-C34 1.33(1),
C41A-C42A 1.33(2); O1-Nd1-04 68.4(2), O1-Nd1-O5 88.0(2), O1-
Nd1-0O6A 94.3(2), O1-Nd2-02 90.1(2), O1-Nd2-03 118.3(2), Ol1-
Nd2-04 67.8(2), O4-Nd1-O5 119.8(2), O4-Nd1-O6A 92.9(3), O5-
Nd1-O6A 75.4(3), O1-Nd2-02 90.1(2), O1-Nd2-O3 118.3(2), Ol1-
Nd2-04 67.8(2), 02-Nd2-03 129.9(2), 02-Nd2-04 145.0(2), O3-Nd2-
04 85.1(2), Nd1-O1-Nd2 111.1(2), Nd1-O4-Nd2 109.4(2), O1-Nd1-
N4 115.6(2), O1-Nd1-N5 125.8(2), O1-Nd1-N6A 94.3(2), O4-Nd1-N4
65.9(2), O4-Nd1-N5 165.7(2), O4-Nd1-N6A 103.3(3), O5-Nd1-N5
63.5(2), O5-Nd1-N6A 125.4(3), O6-Nd1-N6A 62.0(3), O1-Nd2-N1
65.5(2), O1-Nd2-N2 102.6(2), O1-Nd2-N3 164.4(2), N4-Nd1-N5
103.0(2), N4-Nd1-N6A 138.4(3), N5-Nd1-N6A 78.8(3), N1-Nd2-N2
140.8(2), N1-Nd2-N3 101.3(2), N2-Nd2-N3 82.1(2).

Complex 8 crystallizes as a 6-coordinate monomeric com-
plex that contains three k>-L! ligands (Figure 5). The geometry
about the Lu ion is distorted octahedral. The lower coordination
number in 8, relative to 1-3 and 7, arises from the smaller size
of the Lu** ion (0.861 A), relative to the other ions. The Lu-O
bond lengths are 2.115(2), 2.132(2), and 2.129(2) A, which are
identical within experimental uncertainty. The Lu-N bond dis-
tances are 2.459(2), 2.530(2), and 2.470(2) A. The N atoms as-
sociated with the two shorter Lu-N bond lengths are mutually
trans within the coordination sphere, whereas the N atom asso-
ciated with the slightly longer Lu-N1B distance is trans to an O
atom. The more strongly bonded O atom is likely responsible
for the slight lengthening of the Lu-N1B bond. The enolate C-
C distances within the L! backbones are 1.330(4), 1.336(4), and



1.336(4) A. These values are consistent with C-C double bonds
and are identical to the related values observed in the L! ligands

of 1-3 and 7.
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Figure 5. Perspective view of 8 with thermal ellipsoids at the 50%
level. Selected bond lengths (A) and angles (°): Lu-O1A 2.115(2), Lu-
OI1B 2.132(2), Lu-O1C 2.129(2), Lu-N1A 2.459(2), Lu-N1B 2.530(2),
Lu-NI1C 2.470(2), C1A-C2A 1.330(4), C1B-C2B 1.336(4), C1C-C2C
1.336(4); O1A-Lu-O1B 103.43(7), O1A-Lu-O1C 108.61(7), O1B-Lu-
OI1C 144.41(7), OlA-Lu-N1A 73.21(7), O1A-Lu-NIB 161.87(7),
O1A-Lu-NIC 97.98(7), O1B-Lu-N1B 70.09(7), O1B-Lu-N1C
83.25(7), O1C-Lu-NI1C 73.17(7), N1A-Lu-N1B 91.94(7), N1A-Lu-
N1C 153.68(7), N1B-Lu-N1C 111.02(7).

Complex 13 crystallizes as a 6-coordinate monomer that con-
tains three k-L3 ligands (Figure 6). The geometry about the Er
ion is distorted octahedral. The 6-coordinate structure of 13
with three x?-L? ligands differs markedly from the 7-coordinate
structure of 2, which contains two x*-L! ligands, one oxygen-
bound «!-L! ligand, and one x?-L'H ligand. The molecular
structure of 13 is clearly impacted strongly by the larger steric
bulk of the piperidinyl substituent in L*, compared to the dime-
thylamino group in L'. The bulkier L* ligand blocks coordina-
tion of an L*H ligand to the Er ion, but the L* ligand is not too
bulky and three x*-L* ligands can be accommodated. The Er-O
bond lengths are 2.150(5), 2.141(5), and 2.141(5) A, which are
identical within experimental uncertainty. The Er-N bond dis-
tances are 2.545(6), 2.615(6), and 2.532(6) A. As described for
8, the N atoms associated with the two shorter Er-N bond
lengths, Er-N1A and Er-N3, are mutually trans within the coor-
dination sphere, whereas N atom with the longer Er-N dis-
tances, Er-N2A, is trans to an O atom (O3). The stronger Er-O3
bond is likely responsible for the longer Er-N2A bond length.
The enolate C-C distances within the L* ligand backbone are
1.315(9), 1.324 (9), and 1.317(9) A. These values are consistent
with double bonds and are identical to the values for 1-3, 7, and
8 within experimental uncertainty.

Figure 6. Perspective view of 13 with thermal ellipsoids at the 50%
level. Selected bond lengths (A) and angles (°): Er-O1A 2.150(5), Er-
O2A 2.141(5), Er-O3 2.141(5), Er-N1A 2.545(6), Er-N2A 2.615(6),
Er-N3 2.532(6), C1A-C2A 1.315(9), C23A-C24A 1.324(9), C11-C12
1.317(9); O1A-Er-O2A 151.8(3), O1A-Er-O3 107.4(3), O2A-Er-O3
100.0(3), O1A-Er-N1A 72.1(2), O1A-Er-N2A 85.3(3), O1A-Er-N3
99.8(2), O2A-Er-N2A 68.4(2), O2A-Er-N3 94.9(3), O3-Er-N3 72.0(2),
N1A-Er-N2A 105.6(2), N1A-Er-N3 152.2, N2A-Er-N3 100.0(2).

Complex 14 adopts a 6-coordinate monomeric molecular
structure that is very similar to those found in 8 and 13. The Lu-
O bond lengths are 2.139(5), 2.117(5), and 2.112(5) A, which
are identical within experimental uncertainty. The Lu-N bond
distances are 2.479(7), 2.458(5), and 2.40(2) A. These distances
are also identical within experimental error. The enolate C-C
distances within the L* ligand backbone are 1.36(1), 1.351(9),
and 1.35(1) A. These values are consistent with double bonds
and are identical to the values for 1-3, 7, 8, and 13 within ex-
perimental uncertainty.



Figure 7. Perspective view of 14 with thermal ellipsoids at the 50%
level. Selected bond lengths (A) and angles (°): Lu-O1 2.139(5), Lu-
02 2.117(5), Lu-03 2.112(5), Lu-N1 2.479(7), Lu-N2 2.458(5), Lu-
N3B 2.40(2), C1-C2 1.36(1), C12-C13 1.351(9), C23-C24 1.35(1); O1-
Lu-02 107.8(2), O1-Lu-03 150.5(2), O2-Lu-03 101.1(2), O1-Lu-N1
74.0(2), O1-Lu-N2 98.2(2), O1-Lu-N3B 82.5(3), O2-Lu-N1 85.0(2),
02-Lu-N2 73.6(2), 02-Lu-N3B 167.1(5), O3-Lu-N3B 69.9(3), N1-Lu-
N2 153.8(2), N1-Lu-N3B 105.7(7), N2-Lu-N3B 97.7(7).

Comparison of Structure Data with Related Complexes.
Only a few examples of lanthanide complexes containing eno-
late-based ligands have been structurally characterized. A com-
mon feature of previously reported complexes is that the enolate
moieties are part of more complex chelating ligands.>*%? The
C=C double bond lengths within the enolate fragments range
from 1.33 to 1.37 A2 These previously reported bond lengths
are close to the values observed herein. A series of structurally
characterized lanthanide(IIl) aryloxides provides Ln-O bond
length comparisons with some of the complexes reported
herein. The complexes [Nd»(0-Cs-2.4,6-
M€3H2)6(THF)4]‘2THF and [Ndz(O-C6-2,4,6-
MesH,)s(DME),]toluene are dimeric with two bridging arylox-
ide ligands between the Nd ions and two terminal aryloxide lig-
ands per Nd ion.%3 This dimeric structure is broadly similar to
that of 7. The bridging Nd-O bond lengths in [Nd»(O-Ce-2,4,6-
Me;Hy)s(THF)4]*2THF (2.410(2), 2.428(2) A) and [Nd»(O-Cs-
2,4,6-Me;H,)s(DME),]stoluene (2.357(1), 2.500(1) A) are sim-
ilar to those observed in 7 (2.410(5), 2.470(6) A). The terminal
Nd-O bond distances in [Nd»(0-Cs-2,4,6-
Me;Hy)s(THF)4]*2THF (2.220(2), 2.216(2) A) and [Nd»(O-Cs-
2,4,6-Me;Ha)s(DME),Jstoluene  (2.204(2), 2.192(2) A) are
slightly shorter than the related values in 7 (2.241(5), 2.256(8),
2.266(5), 2.244(5) A), consistent with a Nd ion coordination
number of seven in 7 versus six in the Nd aryloxides. The com-
plex Er(O-Cs-2,4,6-MesH,)3(THF); has Er-O bond lengths of
2.082(6), 2.099(7), and 2.111(7) A, and can be compared to
the related values in 2 and 13. In 2, the Er-O distances associ-
ated with the anionic L' ligands are 2.121(2), 2.200(2), and
2.183(2) A. The shortest of these distances corresponds to the

k'-L! ligand, and this value is similar to the values Er-O bond
lengths in Er(O-Cs-2,4,6-MesH,);(THF);. The two Er-O dis-
tances for the anionic x*-L! ligands are longer than the values
in Er(0-C¢-2,4,6-MesH,)3(THF)s, which likely arises from ste-
ric interactions associated with the bidentate coordination
mode. The Er-O bond length for the x*L'H ligand in 2 is
2.446(2) A, which is in the range for the Er-O bond lengths for
the THF ligands in Er(O-Ces-2,4,6-MesH,)3(THF); (2.434(7),
2.435(7) A). The Er-O distances for the «?-L* ligands in 13
(2.150(5), 2.141(5), 2.141(5) A) are longer than those in Er(O-
Cs-2,4,6-Me3H,)3(THF);, likely because of steric congestion in
the coordination sphere caused by the piperidino substituents.
Since the ionic radii of Er(Ill) and Y(III) are very similar, the
Y-O bond length comparisons between Er(O-Ces-2,4,6-
Me;Hy)3(THF);% and 3 are very close to those described above
for Er(0-C¢-2,4,6-MesH,);(THF); and 2. The reported crystal
structures of Pr(O-CgH3-2,6-1Pr2)3(THF), and Lu(O-C¢Hs-2,6-
iPr2);(THF), offer bond length comparisons with 1, 8, and 14.%
The Pr-O aryloxide bond lengths in Pr(O-C¢Hs-2,6-
iPry)3(THF), are 2.142(8), 2.158(9), and 2.216(9) A, which are
shorter than those observed for the ?-L! ligands in 1 (2.332(3),
2.309(3), 2.44(1) A). The Pr-O bond distance for the k>-L'H in
1 is 2.43(1) A. The coordination numbers in Pr(O-C¢H;-2,6-
iPr;)3(THF), and 1 are five and eight, respectively, which ac-
count for the differing Pr-O bond lengths. The Lu-O aryloxide
bond lengths in Lu(O-Ce¢Hs-2,6-iPr,)s(THF), (2.041(4),
2.042(3), 2.048(4) A) are also shorter than the related values in
8 (2.115(2), 2.129(2), 2.132(2) A) and 14 (2.112(5), 2.117(5),
2.139(5) A). The coordination number of five in Lu(O-CeHs-
2,6-1Pr,)3(THF): is less crowded, compared to the coordination
number of six in 8 and 14.

The Ln-N bond lengths in 1-3, 7-9, 13, and 14 can be com-
pared with selected complexes of similar coordination numbers
containing the 1,10-phenanthroline (phen) ligand. The phen lig-
and was chosen as an analog of the NR; fragments in L! and L3
ligands, since all are neutral donors and because there are suffi-
cient previously reported structures containing phen ligands to
compare with the structures herein. The Pr-N bond lengths in
Pr(acac);(phen) (acac = 2,4-pentanedionate) are 2.659(5) and
2.690(6) A% which are shorter than the related values in 1
(2.739(4), 2.79(2), 2.84(2), 2.846(4) A), although the differ-
ences are at the edge of experimental uncertainty. The longer
Pr-N distances in 1 may reflect increased steric crowding due to
accommodation of the NMe, groups, relative to the situation
with the phen ligand in Pr(acac);(phen). The Nd-N bond lengths
in eight-coordinate Nd(pfnp)s(phen) (pfnp = 4.4,5,5,5-pen-
tafluoro-1-(2-napthyl)-1,3-butanedionate) range between 2.61
and 2.67 A,% which are similar to the shortest Nd-N bond
lengths in 7 (2.610(7), 2.595(7) A). The longer Nd-N bond
lengths in 7 (2.82 to 2.93 A) probably reflect considerable steric
crowding the coordination spheres of the Nd ions. The Er-N
bond distances in Er(pfnp)s;(phen)® are between 2.49 and 2.55
A, which are similar to slightly shorter than the related values
in2(2.592(2),2.559(2),2.619(2) A) and 13 (2.532(6), 2.545(6),
2.615(6) A), despite the coordination numbers of eight in
Er(pfnp)s(phen) and seven and six in 2 and 13, respectively.
Again, the bulky nature of the L!, L'H, and L? ligands in 2 and
13 create steric congestion about the Er ions that likely leads to
slight lengthening of the Er-N distances. The complex
Y(TTA)s(phen) (TTA = 4,44-trifluoro-1-(2-thienyl)-1,3-bu-
tanedionate) has Y-N bond lengths of 2.535(6) and 2.558(5) A,%



which are similar to slightly shorter than the analogous values
found in seven-coordinate 3 (2.579(2), 2.612(2), 2.633(2) A).
The slightly longer Y-N bond lengths in 3, compared to
Y(TTA)s(phen), are likely attributed to the steric congestion
about the Y ion that occurs through coordination of the L' and
L'H NMe, groups. The eight-coordinate complex
Lu(acac)s(phen) has Lu-N bond distances of 2.50(2) and
2.521(6) A,°® which are similar to slightly longer than the Lu-N
values in six-coordinate 8 (2.459(2), 2.470(2), 2.530(2) A) and
14 (2.40(2), 2.458(5), 2.479(7) A). The slightly longer Lu-N
distances in Lu(acac)s;(phen), compared to 8 and 14, can be at-
tributed to the differences in coordination numbers of these
complexes.

Precursor Properties. Melting point determinations, prepar-
ative sublimations, decomposition temperature measurements,
and thermogravimetric analyses (TGA) were carried out to de-
termine the suitability of 1-15 for use as ALD precursors. De-
tails of these measurements are given in the Experimental Sec-
tion and Supporting Information. Table 1 summarizes the melt-
ing point and sublimation and decomposition temperatures for
1-15.

Liquid precursors in ALD are highly desirable, because the
surface areas of liquids are constant, thereby leading to constant
gas phase precursor concentrations. By contrast, the surface ar-
eas of solid precursors may not be constant during vapor
transport, which may afford gas phase precursor concentrations
that change with precursor loading. Among 1-15, 2, 5, 7, 10-12,
and 15 have melting points that are lower than their sublimation
temperatures and thus undergo vapor transport from the liquid
state.

Clear trends are apparent in the sublimation temperatures.
The complexes containing L! ligands (1-8) sublime at the low-
est temperatures among the series, likely because they have the
lowest molecular weights. Complexes 1-3 sublime with loss of
L'H between 100 and 120 °C, and these sublimation tempera-
tures are the same as those exhibited by 4-6. Nd complex 7 is
dimeric in the solid state, but sublimes at 120 °C at 0.5 Torr.
Since 7 is a liquid at 120 °C, it is possible that there is a mono-
mer-dimer equilibrium present and vapor transport may occur
from the monomers. The dimeric La complex 9 has the highest
sublimation temperature, which may arise from its dimeric
structure and melting point that is higher than the sublimation
temperature. Complexes 10-15 contain L* ligands, and sublime
at 140-160 °C at 0.5 Torr. These higher sublimation tempera-
tures likely occur because the L? complexes have the highest
molecular weights among the monomeric complexes.

Decomposition temperatures were determined in sealed ca-
pillary tubes containing a few milligrams of 1-15 that were
heated at 5 °C per minute until a color change to orange or red
was observed. Complexes containing L? ligands (10-15)
showed the highest decomposition temperatures (255-290 °C),
while the dimeric La complex 9 containing L? ligands decom-
posed at 180 °C. Complexes containing L' ligands (1-8) exhib-
ited intermediate thermal stabilities (180-265 °C). The thermal
stability trends may arise from differences in the steric bulk of
the ligand substituents. Complexes containing the L? ligand
may be large enough to protect the metal ions from intramolec-
ular and intermolecular decomposition reactions better than
complexes containing L' and L? ligands. Interestingly, decom-
position temperatures of 1-3 in sealed capillary tubes were 8 to
46 °C lower than those of the analogous complexes 4-6 that do

not contain L'H. It is likely that the presence of L'H in liquid 1-
3 leads to decomposition at lower temperatures than for pure 4-
6.

Table 1. Melting points, sublimation temperatures, and decomposi-
tion temperatures for 1-15.

mp (°C) | Subl. Temp. Dec.

at 0.5 Torr | Temp. (°C)

°O

1, Pr(LY);(LH) 128-130 120 206
2, Er(LY3(LH) 107-110 110 229
3, Y(LY3(LH) 120-123 100 180
4, [Pr(LY3]n 133-136 120 220
5, [Er(LY)3]a 93-95 110 265
6, [Y(LYs3]a 111-115 100 188
7, [Nd(LYs]2 73-76 120 210
8, Lu(LY); 112-116 95 255
9, [La(L*)s]. 171 160 180
10, La(L%); 140-144 155 255
11, Pr(L%); 124-128 150 280
12, Nd(L?); 144-148 160 280
13, Er(L%); 155-158 140 290
14, Lu(L%); 167-172 140 272
15, Y(L%);s 152-155 160 280

The thermal behavior and volatility of 1-15 were further in-
vestigated by TGA. Figure 8 shows the representative TGA
plots for 1-6 and 13-15. TGA traces for 7-12 are presented in
the supporting information (Figures S32, S33). Table S4 lists
the onsets of volatization and percent residual masses for 1-15.
The TGA traces of 1-3 show two-step weight losses, with the
first weight loss of about 20% beginning at around 80 °C, con-
sistent with evolution of loosely coordinated L'H (Figure 8a).
For comparison, the weight percentages of L'H are 23.3% (1),
19.4% (2), and 21.7% (3). Another weight loss event occurs be-
tween 120 and 180 °C with non-volatile residues after heating
to 500 °C of 15%, 19%, and 7% for 1-3, respectively. The TGA
traces of 4-6 show single-step weight losses starting at about
140 °C. Interestingly, the percent non-volatile residues for 4-6
upon reaching 500 °C are lower than those observed for 1-3
(e.g., non-volatile residues of 4 < 1,5 <2, 6 < 3). This observa-
tion is consistent with the lower decomposition temperatures of
1-3, compared to 4-6 and is likely related to enhanced decom-
position of 1-3 in the presence of L'H. Complexes 13-15 show
single step weight losses up to their decomposition tempera-
tures (272 to 290 °C). The 50% weight loss temperatures for 13-
15 (~260 to 280 °C) are more positive than those for 4-6 (~220



to 230 °C), suggesting lower volatility of 13-15. This trend is
consistent with the sublimation temperatures for 4-6 and 13-15
shown in Table 1. The TGA traces of 10-12 (Figure S33) are
very similar to those of 13-15 shown in Figure 8b. The TGA
traces of 7-9 also show single step weight losses (Figure S32),
but the non-volatile residues (~20 to 30%) are higher than those
of 1-6 and 10-15.
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Figure 8. TGA traces of (a) L'-containing complexes 1-6 and (b) L*-
containing complexes 13-15.

The thermal stability of 6 was probed further by preparative
sublimations. As noted above, sublimation of 3 gave a moderate
yield of 6 (52%) and was accompanied by the formation of a
non-volatile residue. A sample of 6 that was purified by subli-
mation was resublimed at 100 °C and 0.5 Torr, and afforded a
86% recovery of 6. There was a small amount of non-volatile
residue left after the sublimation, suggesting some decomposi-
tion during the vaporization process. Moreover, a 25 mg sample
of 6 was sealed in a glass ampoule under argon and was heated
in a furnace at 130 °C for 24 hours. The sample of 6 was initially
a pale yellow solid, and became a red-orange oil after heating
for 24 hours. 'H NMR analysis (Figure S34) of the red-orange
oil revealed a complex spectrum, of which the resonances for 6
were absent. Accordingly, 6 decomposed completely after heat-
ing at 130 °C for 24 hours and thus has low thermal stability at
this temperature. It is likely that the L' ligand lacks sufficient

steric bulk to protect the Ln-O and Ln-N bonds from decompo-
sition reactions.

The decomposition temperatures shown in Table 1 demon-
strate that the L*-containing complexes 10-15 are more stable
thermally than the remaining complexes 1-9 that contain L' or
L? ligands. To provide further insights into long term stabilities,
25 mg samples of 10-15 were heated in sealed glass ampoules
near their sublimation temperatures (140 °C for 13 and 14, 150
°C for 10-12, 15) for 24 hours. The heated samples were ana-
lyzed by 'H NMR spectroscopy for signs of decomposition
(Figures S35-S41). The 'H NMR spectra of 11-13 and 15 after
24 hours of heating were very similar to those prior to heating,
suggesting that these complexes do not decompose under the
heating conditions. Complexes 10 and 14 showed about 10-
20% of free L°H after 24 hours of heating, suggesting a small
amount of decomposition. Accordingly, complexes containing
the mid-sized Pr, Er, and Y ions have the highest thermal stabil-
ities, whereas La*" (largest ion) and Lu** (smallest ion) have
slightly lower thermal stabilities. It is possible that the L? ligand
has just the right steric profile to protect the Pr, Er, and Y ions
from intramolecular and intermolecular reactions. The L? ligand
may not be large enough to encapsulate the La** ion in 10 and
may be too large for to fit around the Lu*" ion in 14. Accord-
ingly, achieving the highest thermal stability for a given lantha-
nide ion will likely require “tuning” the ligand structures to ob-
tain optimum steric interactions. Fortunately, analogs of L'-L?
can be easily prepared with alkyl and amino substituents of var-
ying steric profiles.

Comparison of Precursor Properties with Previously Re-
ported Lanthanide ALD Precursors. The L*-containing com-
plexes 10-15 are more stable thermally than 1-9, which contain
L' and L? ligands. However, the higher molecular weights of the
L? ligands in 10-15, relative to the ligands in 1-9, lead to higher
sublimation temperatures (140 to 160 °C at 0.5 Torr) than those
found in L! complexes 1-8 (100 to 120 °C at 0.5 Torr). Complex
9 is dimeric, is the only complex containing L? ligands, and has
a high sublimation temperature (160 °C at 0.5 Torr) and low
decomposition temperature (180 °C).

Of the complexes reported here, 10-15 clearly have the best
ALD precursor properties, because of their high thermal stabil-
ities at the sublimation temperatures. It is difficult to compare
the precursor properties of the compounds in the present work
with those of precursors that have been previously used in the
ALD of lanthanide-containing thin films, however, since pre-
cursor decomposition temperatures are rarely given. The de-
composition temperature of a precursor is often close to the up-
per temperature limit of the ALD window in an ALD pro-
cess.®’ This similarity can be used to perform an initial com-
parison of previous precursors with 10-15.

Among previous lanthanide complexes, precursors contain-
ing P-diketonate or cyclopentadienyl ligands have been the
most widely used.?’ Lanthanide complexes of the formula Ln(p-
diketonate)s; have very high thermal stabilities and can exhibit
self-limited growth of oxides up to 400 °C.**32 However,
Ln(B-diketonate)s precursors are unreactive toward water and
require ozone as a co-reactant for oxide growth.*?*3? QOzone is
highly reactive and causes oxidation of silicon substrates. Lan-
thanide cyclopentadienyl complexes also have very high ther-
mal stabilities and water can be used as a co-reactant for the
growth of oxide films.?*33-* For example, growth of Er,Oj; films
with Er(CsHsMe); and water exhibits an ALD window from



about 250 to 350 °C on Si(100) substrates.”! The growth of
PrAlO; films using Pr(CsH4iPr);, AlMes, and water shows an
ALD window from about 275 to 325 °C.% Accordingly, the
thermal stabilities of lanthanide cyclopentadienyl precursors
appears to be higher than those of 1-15. However, the close sim-
ilarity of the pKa values for water (pKa = 14.00, 15.7)*® and
cyclopentadiene (pKa = 16)’> may lead to low reactivity of lan-
thanide cyclopentadienyl precursors with water in oxide
growth. Moreover, ALD growth of some lanthanide cyclopen-
tadienyl precursors with water do not exhibit self-limited
growth.”’ Finally, the ALD growth of Pr,O; films using
Pr(CsH4iPr); and ozone showed an ALD window from 200 to
250 °C, suggesting that not all lanthanide cyclopentadienyl pre-
cursors have high upper temperature limits for self-limited
growth.” Precursors containing alkoxide, bis(trimethylsilyla-
mide), and amidinate ligands have been evaluated as precursors
for the growth of lanthanide oxide films, but exhibit problems
that include lack of self-limiting growth, low decomposition
temperatures, variable reactivity toward water, and impurity in-
corporation in the films.?’ Precursors containing new ligands
such as guanidinate*® and malonate®® are promising. For exam-
ple, ALD growth of Er,O; using the guanidinate precursor
Er(iPrNC(NMe;)NiPr); and water exhibited an ALD window
from about 175 to 275 °C.*° The upper limit of the ALD window
for Er(iPrNC(NMe;)NiPr); is similar to the decomposition tem-
peratures of 10-15 herein.

CONCLUSIONS

In this work, we have described the synthesis, molecular
structures, volatilities, and thermal stabilities of lanthanide
complexes 1-15 that contain enaminolate ligands. Among the
structurally characterized complexes, 1-3, 8, 13, and 14 have
monomeric molecular structures, whereas 7 and 9 adopt dimeric
structures. Complexes 1-15 are volatile, and sublime between
95 and 160 °C at 0.5 Torr. Complexes 1-8, which contain NMe,
groups in the L' ligand, sublime at the lowest temperatures (95
to 120 °C at 0.5 Torr), whereas complexes with L? (9) and L3
ligands (10-15) sublime at 140 to 160 °C at 0.5 Torr. The trend
of increasing sublimation temperatures (1-8 < 9-15) approxi-
mately follows the trend of increasing molecular weights for the
monomeric complexes. Interestingly, the dimeric complexes 7
and 9 sublime at similar temperatures to the monomeric com-
plexes, suggesting that the dimers may sublime as monomers.
Complexes containing L! (1-8) and L? ligands (9) decompose in
heated capillary tubes at temperatures between 180 and 265 °C,
whereas the complexes with L* ligands (10-15) decompose be-
tween 255 and 290 °C. The higher thermal stabilities of 10-15
are attributed to the large steric bulk of the piperidinyl groups
in L? ligands, which protects the lanthanide ions from intramo-
lecular and intermolecular decomposition reactions better than
the dimethylamino and pyrrolidinyl substituents in L' and L?
ligands, respectively. Heating of 6 at 130 °C for 24 h led to com-
plete decomposition, whereas similar treatment of 10-15 at their
sublimation temperatures (140 to 150 °C) revealed a small
amount of decomposition for 10 and 14 and no decomposition
for 11, 13, and 15. Accordingly, 10-15 have the best overall thin
film precursor properties among the complexes described
herein, in spite of their moderate sublimation temperatures
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(140-160 °C at 0.5 Torr). The use of 10-15 and related com-
plexes in lanthanide oxide ALD film growth trials will be re-
ported separately.

EXPERIMENTAL SECTION

General Considerations. All reactions and manipulations were car-
ried out under an argon atmosphere using standard glovebox and
Schlenk techniques, except that L'H-L*H ligands were synthesized in
ambient atmosphere. Tetrahydrofuran and diethyl ether were distilled
from purple solutions of sodium/benzophenone ketyl under an argon
atmosphere. Hexane was distilled from sodium under an argon atmos-
phere. Anhydrous LaCls, ErCls, LuCls, and YCl3 were purchased from
Strem Chemicals, Inc. Anhydrous PrCls and NdCls were purchased
from ProChem Inc. All of the anhydrous lanthanide chlorides were
used as received. Potassium hydride (30 wt % dispersion in mineral oil)
was purchased from Sigma-Aldrich and was washed with hexane be-
fore use. 1-Bromopinacolone was purchased from Combi-Blocks and
triethylamine, dimethylamine, piperidine, and pyrrolidine were pur-
chased from Sigma-Aldrich and were used as received. 1-(Dimethyla-
mino)-3,3-dimethylbutan-2-one (L'H),”® 3,3-dimethyl-1-(pyrrolidin-1-
yl)butan-2-one (L?H),”® and 3,3-dimethyl-1-(piperidin-1-yl)butan-2-
one (L*H)”” were synthesized according to published procedures, ex-
cept that diethyl ether was used as the reaction solvent for L'H and L?H,
instead of benzene. Yields for 1-15 are based upon the amounts of lan-
thanide(III) chloride starting materials.

'H and '3C{'H} NMR spectra were recorded using an Agilent 400
MHz spectrometer in benzene-ds or toluene-ds, as indicated. All spectra
were recorded at ambient temperature unless otherwise noted. Infrared
spectra were measured using a Shimadzu IRTracer-100 spectrometer.
Melting points and solid state thermal decomposition temperatures
were determined using an Electrothermal-IA-9000 series digital melt-
ing point apparatus with a heating rate of 5 °C/min. TGA data were
obtained using a TA instrument TGA Q-50 inside a nitrogen-filled
glove box with a ramp of 10 °C/min. Elemental analyses were per-
formed by Galbraith Laboratories, Inc., Knoxville, TN. We have pre-
viously described detailed procedures for decomposition temperature
measurements and preparative sublimations.”

Preparation of Pr(L!);(L'H) (1). A 100-mL Schlenk flask was
charged with a magnetic stir bar, anhydrous PrCl3 (0.432 g, 1.75 mmol),
and tetrahydrofuran (10 mL). To this stirred solution at ambient tem-
perature was slowly added a solution of KL'! (prepared from L'H (0.750
g, 5.25 mmol) and KH (0.231 g, 5.77 mmol) in tetrahydrofuran (25
mL)), followed by a solution of L'H (0.250 g, 1.75 mmol) in tetrahy-
drofuran (5 mL). This solution was refluxed for 24 h. Upon cooling to
room temperature, the volatile components were removed under re-
duced pressure and the resultant green-brown solid was dissolved in
diethyl ether (40 mL). The solution was filtered through a 1-cm pad of
Celite on a coarse glass frit and concentrated to about 15 mL under
reduced pressure. The flask was then placed in a -30 °C freezer for 3
days. This procedure gave pale green X-ray quality crystals of 1 (0.375,
30%): mp 128-130 /°C, dec. 206 °C; IR (cm™) 2947 (m), 1682 (m),
1616 (m), 1333 (s), 1332 (s), 1132 (s), 1036 (m), 918 (m), 869 (m), 578
(m), 515 (w), 422 (m).

Anal. Calcd. for C32HssPrN4O4: C, 54.07; H, 9.22; N, 7.88. Found:
C, 52.96; H9.24; N 7.70.

Preparation of Er(L");(L'H) (2). In a fashion similar to the prepa-
ration of 1, treatment of anhydrous ErCls (0.478 g, 1.75 mmol) with a
solution of KL! (prepared from L'H (0.75 g, 5.25 mmol) and KH (0.231
g, 5.77 mmol)) was followed by addition of a solution of L'H (0.250 g,
1.75 mmol). In contrast to 1, the reaction mixture was stirred at ambient
temperature instead of refluxing. Crystallization from diethyl ether af-
forded 2 as pale orange X-ray quality crystals (0.421 g, 33%): mp 107-
110 °C, dec. 229 °C; IR (cm™) 2947 (m), 1678 (m), 1618 (m), 1454
(m), 1334 (s), 1136 (s), 1033 (m), 922 (m), 723 (m), 694 (m), 590 (m),
465 (m).



Anal. Calcd. for C32HesErN4O4: C, 52.14; H, 8.89; N, 7.60. Found:
C, 50.42; H, 8.64; N, 7.25.

Preparation of Y(L');(L'H) (3). In a fashion similar to the prepara-
tion of 2, treatment of anhydrous YCls (0.342 g, 1.75 mmol) with a so-
lution of KL! (prepared from L'H (0.75 g, 5.25 mmol) and KH (0.231
g, 5.77 mmol)), followed by a solution of L'H (0.250 g, 1.75 mmol)
afforded 3 (0.412 g, 36%) as yellow crystals from diethyl ether: mp
120-123 °C, dec. 180 °C; 'H NMR (benzene-ds, 23 °C, §) 4.55 (brs, 3
H, CH), 3.05 (br s, 2 H, CH>), 2.39 (br s, 18 H, N(CH5)2), 2.24 (br s, 6
H, N(CH5)2), 1.25 (br s, 27 H, C(CH5)3), 0.94 (br s, 9 H, C(CH5)3);
BC{'H} NMR (benzene-ds, 23 °C, ppm) 167.00 (s, C-O), 109.80 (s,
CHN), 63.63 (br s, N(CHsz)2), 47.82 (s, N(CHs)2), 45.48 (s, CHaN),
43.40 (s, C(CH3)3), 35.56 (s, C(CHs)3), 28.75 (br s, C(CHs)3), 26.47 (br
s, C(CH3)3); IR (ecm™) 2945 (m), 1680 (m), 1618 (m), 1450 (m), 1337
(s), 1138 (s), 922 (m), 869 (m), 723 (m), 696 (m), 590 (m), 521 (m),
430 (m).

Anal. Calcd. for C32HesYN4O4: C, 58.34; H, 9.94; N, 8.50. Found:
C, 57.23; H,9.98; N, 8.29.

Preparation of Pr(L'); (4). A 0.300 g sample of 1 was placed in a
1 cm diameter glass tube and sublimed under reduced pressure (0.5
Torr) at 120 °C to afforded 4 as a pale green solid (0.101 g, 42%): mp
133-136 °C, dec. 220 °C; '"H NMR (benzene-ds, 23 °C, 8) 15.96 (br s),
9.55 (s), 6.74 (br s), -4.03 (br s), -22.49 (br s), -29.10 (br s); IR (cm™)
2949 (m), 1616 (w), 1458 (m), 1332 (s), 1134 (s), 1110 (m), 1041 (m),
918 (m), 867 (m), 581 (m), 424 (m).

Anal. Caled. for C24HasN3Os3Pr: C, 50.78; H, 8.52; N, 7.40. Found:
C,49.70; H, 8.78; N, 7.19.

Preparation of Er(L!); (5). Similar to the preparation of 4, subli-
mation of 0.400 g of 2 at 110 °C/0.5 Torr afforded 5 as pale orange
solid (0.142 g, 44%): mp 93-95 °C, dec. 265 °C; '"H NMR (benzene-ds,
23 °C, 8) 113.84 (brs), -47.83 (br s), -54.34 (br s); IR (cm™) 2947 (m),
1618 (m), 1454 (m), 1335 (s), 1136 (s), 1004 (m), 922 (m), 866 (w),
723 (m), 590 (m), 426 (m).

Anal. Calcd. for C24HasErN3Os: C, 48.53; H, 8.15; N, 7.08. Found:
C,47.25; H, 8.33; N, 6.95.

Preparation of Y(L'); (6). In a fashion similar to the preparation of
4, sublimation of 0.400 g of 3 at 100 °C/0.5 Torr afforded 6 as a pale
yellow solid (0.162 g, 52%): mp 111-115 °C, dec. 188 °C; 'H NMR
(benzene-ds, 23 °C, 3) 4.55 (s, 3 H, CH), 2.40 (s, 18 H, N(CH5)2), 1.25
(s, 27 H, C(CH3)3); 3C{'H} NMR (benzene-ds, 23 °C, ppm) 167.17 (s,
C-0), 109.62 (s, CHN), 47.69 (s, N(CHs)2), 35.49 (s, C(CHa)3), 28.66
(s C(CH3)3); IR (cm™) 2945 (m), 1618 (m), 1452 (m), 1336 (s), 1138
(s), 1002 (m), 923 (m), 866 (m).

Anal. Calcd. for C24H4sN303Y: C, 55.91; H, 9.38; N, 8.15. Found:
C, 54.67; H, 9.42; N, 8.02.

Preparation of [Nd(L")3]2(7). A 100-mL Schlenk flask was charged
with a magnetic stir bar, anhydrous NdCl; (0.584 g, 2.33 mmol), and
tetrahydrofuran (20 mL). To this stirred solution at ambient tempera-
ture was slowly added a solution of KL' (prepared in situ from L'H
(1.000 g, 6.98 mmol) and KH (0.336 g, 8.38 mmol)) in tetrahydrofuran
(30 mL). This solution was refluxed for 20 h. The volatile components
were removed under reduced pressure and the resultant pale blue-col-
ored solid was subjected to sublimation at 120 °C/0.5 Torr to afford 7
as a pale blue solid (0.487 g, 37%). X-ray quality crystals were grown
by slow evaporation of a solution of sublimed 7 in hexane at 23 °C
under an argon atmosphere: mp 73-76 °C, dec. 210 °C; IR (cm™) 2949
(m), 1616 (m), 1454 (m), 1330 (s), 1134 (s), 918 (m), 869 (m), 580 (m),
424 (m).

Anal. Calcd. for C4gHosNd2NeOs: C, 50.49; H, 8.47; N, 7.36. Found:
C,49.99; H, 8.51; N, 7.14.

Preparation of Lu(L'); (8). In a fashion similar to the preparation
of 7, treatment of anhydrous LuCl3 (0.655 g, 2.33 mmol) with a solution
of KL! (prepared from L'H (1.000 g, 6.98 mmol) and KH (0.336 g, 8.38
mmol) in tetrahydrofuran (30 mL)) was followed by stirring at ambient
temperature for 20 h. Sublimation of the crude product at 95 °C/0.5
Torr afforded 8 (0.571 g, 40%) as white, X-ray quality crystals: mp
112-116 °C, dec. 255 °C; '"H NMR (benzene-ds, 23 °C, §) 4.60 (s, 3 H,
CH), 2.38 (s, 18 H, N(CH3)3), 1.24 (s, 27 H, C(CH3)3; *C{'H} NMR
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(benzene-ds, 23 °C, ppm) 167.61 (s, C-O), 110.30 (s, CHN), 48.75 (s,
N(CH3)2), 35.65 (s, C(CHa)3), 28.74 (s, C(CHs)3); IR (cm') 2949 (m),
1618 (w), 1458 (m), 1334 (s), 1138 (s), 1010 (m), 921 (m), 867 (m),
592 (m).

Anal. Calcd. for C24H4sLuN3Os: C, 47.92; H, 8.04; N, 6.98. Found:
C, 48.06; H, 8.18; N, 6.91.

Preparation of [La(L?)3]> (9). In a fashion similar to the preparation
of 7, treatment of anhydrous LaCls (0.483 g, 1.97 mmol) with a solution
of KL? (prepared from L?H (1.000 g, 5.92 mmol) and KH (0.284 g, 7.09
mmol) in tetrahydrofuran (30 mL)) afforded 9 (0.628 g, 50%) as white,
X-ray quality crystals upon sublimation at 160 °C/0.5 Torr: mp 171 °C,
dec. 180 °C; 'H NMR (benzene-ds, 23 °C, 8) 4.74 (s, 6 H, CH), 2.87
(br m, 24 H, N(CH2)2(CHz)2), 1.80 (br m, 24 H, N(CH2)2(CH>)2), 1.27
(s, 54 H, C(CH3)3); *C{'H} NMR (benzene-ds, 23 °C, ppm) 166.53 (s,
C-0), 105.64 (s, CHN), 55.08 (s, N(CH2)2(CHa)2), 35.92 (s, C(CHs)3),
28.99 (s, C(CH3)3), 24.04 (s, N(CH2)2(CH2)2); IR (em'!) 2956 (m), 1606
(m), 1477 (w), 1344 (m), 1325 (s), 1143 (s), 1097 (m), 920 (m), 572
(m), 475 (w).

Anal. Calcd. for CsoHiosLa2NsOs: C, 55.98; H, 8.46; N, 6.53. Found:
C, 54.24; H, 8.37; N, 6.36.

Preparation of La(L?); (10). In a fashion similar to the preparation
of 7, treatment of anhydrous LaCl; (0.446 g, 1.82 mmol) with a solution
of KL (prepared from L*H (1.000 g, 5.46 mmol) and KH (0.263 g, 6.55
mmol) in tetrahydrofuran (30 mL)) afforded 10 (0.490 g, 39%) as a
white solid upon sublimation 155 °C/0.5 Torr: mp 140-144 °C, dec.
255 °C; 'H NMR (benzene-ds, 23 °C, 8) 4.79 (s, 3 H, CH), 2.84 (br m,
12 H, N(CH>)2(CH2)2(CH2)), 1.76 (br m, 12 H, N(CH2)2(CH>)2(CH>)),
1.36 (br m, 6 H, N(CH2)2(CH2)2(CH2)), 1.29 (s, 27 H, C(CH5)3);
BC{'H} NMR (benzene-ds, 23 °C, ) 164.98 (s, C-0), 105.36 (s,
CHN), 54.62 (s, N(CH2)2(CH2)2(CH2)), 36.25 (s, C(CH3)3), 29.25 (s,
C(CHs)3), 24778 (s, N(CH2)2(CH2)2(CHz)), 2428 (s,
N(CH2)2(CH2)2(CHz); IR (cm™) 2935 (s), 1576 (w), 1450 (w), 1335 (s),
1148 (m), 1093 (m), 1049 (m), 983 (m), 858 (m).

Anal. Calcd. for C33HeoLaN30s: C, 57.79; H, 8.82; N, 6.13. Found:
C, 56.40; H, 8.94; N, 6.05.

Preparation of Pr(L%); (11). In a fashion similar to the preparation
of 7, treatment of anhydrous PrCl; (0.450 g, 1.82 mmol) with a solution
of KL (prepared from L*H (1.000 g, 5.46 mmol) and KH (0.263 g, 6.55
mmol) in tetrahydrofuran (30 mL) afforded 11 (0.513 g, 41%) as a pale
yellow-green solid upon sublimation at 150 °C/0.5 Torr: mp 124-128
°C, dec. 280 °C; IR (cm™) 2930 (m), 1618 (w), 1456 (w), 1454 (w),
1329 (m), 1145 (m), 1099 (m), 1091 (m), 725 (m), 581 (m).

Anal. Calcd. for C33HsoPrN3Os: C, 57.63; H, 8.79; N, 6.11. Found:
C, 52.42; H, 8.30; N, 5.60.

Preparation of Nd(L3); (12). In a fashion similar to the preparation
of 7, treatment of anhydrous NdCl; (0.456 g, 1.82 mmol) with a solu-
tion of KL! (prepared from L*H (1.000 g, 5.46 mmol) and KH (0.263
g, 6.55 mmol) in tetrahydrofuran (30 mL)) afforded 12 (0.674, 54%) as
a pale blue solid upon sublimation 160 °C/0.5 Torr: mp 144-148 °C,
dec. 280 °C. IR (cm™) 2931 (s), 2852 (w), 1575 (w), 1454 (w), 1330
(s), 1147 (m), 1091 (m), 1053 (m), 981 (s), 860 (m), 570 (s).

Anal. Caled. for C33HeoNdN3O3: C, 57.35; H, 8.75; N, 6.08. Found:
C, 55.84; H, 8.59; N, 6.03.

Preparation of Er(L%); (13). In a fashion similar to the preparation
of 7, treatment of anhydrous ErCl; (0.498 g, 1.82 mmol) with a solution
of KL (prepared from L*H (1.000 g, 5.46 mmol) and KH (0.263 g, 6.55
mmol) in tetrahydrofuran (30 mL)) afforded 13 (0.613 g, 47%) as pink,
X-ray quality crystals upon sublimation of the crude solid at 140 °C/0.5
Torr: mp 155-158 °C, dec. 290 °C; IR (cm™) 2931 (m), 1613 (m), 1450
(m), 1331 (s), 1146 (s), 1096 (m), 1043 (m), 987 (m), 923 (s), 696 (m),
586 (s).

Anal. Calcd. for C33HsoErN3Os: C, 55.50; H, 8.47; N, 5.88. Found:
C, 54.33; H, 8.75; N, 5.81.

Preparation of Lu(L3); (14). In a fashion similar to the preparation
of 7, treatment of anhydrous LuCl3 (0.512 g, 1.82 mmol) with a solution
of KL (prepared from L*H (1.000 g, 5.46 mmol) and KH (0.263 g, 6.55
mmol) in tetrahydrofuran (30 mL)) afforded 14 (0.519 g, 40%) as a
white solid upon sublimation at 140 °C/0.5 Torr: mp 167-172 °C, dec.



272 °C; 'H NMR (benzene-ds, 23 °C, ) 4.96 (s, 3 H, CH), 2.92 (br m,
12 H, N(CH2)2(CHz)2(CHz)), 1.71 (br m, 12 H, N(CH2)2(CH2)2(CHy)),
1.38 (br m, 6 H, N(CH2)2(CH2)2(CH2)), 1.27 (s, 27 H, C(CH5)3);
BC{'H} NMR (benzene-ds, 23 °C, ppm) 167.05 (s, C-O), 106.37 (s,
CHN), 56.52 (s, N(CH2)2(CH2)2(CH2)), 35.83 (s, C(CH3)3), 28.65 (s,
C(CHs)3), 2434 (s, N(CH2)2(CH2)2(CHz)), 22.80 (s,
N(CH2)2(CH2)2(CH2)); IR (em™") 2932 (m), 1616 (m), 1450 (m), 1384
(m), 1332 (s), 1145 (s), 1093 (m), 1043 (m), 987 (m), 923 (s), 860 (m),
590 (s).

Anal. Calcd. for C33HsoLuN3Os: C, 54.91; H, 8.38; N, 5.82. Found:
C,52.09; H, 8.11; N, 5.61.

Preparation of Y(L3); (15). In a fashion similar to the preparation
of 7, treatment of anhydrous YCl3(0.355 g, 1.82 mmol) with a solution
of KL? (prepared from L3H (1.000 g, 5.46 mmol) and KH (0.263 g, 6.55
mmol) in tetrahydrofuran (30 mL)) afforded 15 (0.647 g, 56%) as a
white solid upon sublimation at 160 °C/0.5 Torr: mp 152-155 °C, dec.
280 °C; '"H NMR (benzene-ds, 23 °C, §) 4.88 (s, 3 H, CH), 2.91 (br m,
12 H, N(CH2)2(CHz)2(CH2)), 1.71 (br m, 12 H, N(CH2)2(CH2)2(CHy)),
1.38 (br m, 6 H, N(CH2)2(CH2)2(CH>)), 1.27 (s, 27 H, C(CH3)3);
BC{'H} NMR (benzene-ds, 23 °C, ppm) 166.48 (s, C-O), 106.12 (s,
CHN), 55.92 (s, N(CH2)2(CH2)2(CH>)), 35.64 (s, C(CHs)3), 28.72 (s,
C(CHa)3), 24.40 (N(CH2)2(CH2)2(CH>)), 22.99 (s,
N(CH2)2(CHa)2(CHz)); IR (em) 2933 (m), 1612 (m), 1450 (m), 1381
(m), 1333 (s), 1146 (s), 1043 (m), 985 (m), 860 (m), 587 (s).

Anal. Calcd. for C33HeoYN3Os: C, 62.34; H, 9.51; N, 6.61. Found:
C, 60.42; H, 9.47; N, 6.46.
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