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ABSTRACT: Several dialkyltriazenide complexes of the lanthanide o4
elements neodymium, europium, and erbium have been prepared;
these include the homoleptic complex Er(Bu'N;Bu'),, the tetrahy- L
drofuran monoadducts Ln(Bu'N;Bu');(THF) where Ln = Nd or Eu,
and the lithium salts [Li(THF)][Ln(MeN;Bu"),] where Ln = Eu or
Er. Crystal structures, nuclear magnetic resonance data, and infrared
data are reported for all complexes. The di-tert-butyltriazenide
complexes are thermally stable, sublime at reasonably low temper-
atures, and show smooth volatilization without decomposition, which
make them potentially useful in lanthanide separation processes and as .
chemical vapor deposition precursors for lanthanide nitrides and other

phases.

Bl INTRODUCTION

Lanthanide nitrides exhibit a variety of interesting optical,
electronic, and magnetic properties that make them promising
materials for several technological applications such as
spintronics.”” Bulk lanthanide nitrides have been synthesized
in a number of ways: bgr thermal decomposition of europium and
ytterbium amides,” ® by ammonolysis of homoleptic bis-
(trimethylsilyl)amido or cyclopentadienyl lanthanide com-
plexes,”® by salt elimination from lanthanide chlorides and
lithium nitride,” and more recently by the thermal decom-
position of lanthanide complexes bearing nitrogen-rich bis-
(tetrazolato)amine ligands.10 Several methods for the deposi-
tion of thin films of lanthanide nitrides have been reported,
primarily by physical vapor deposition (PVD) techniques such
as molecular beam epitaxy,''~"? reactive evaporation,'*”'® or
pulsed laser deposition.'>"”"®

In comparison to PVD, chemical vapor deposition (CVD) has
several advantages, including a large deposition area, high film
uniformity, control over film composition, and the ability to
grow conformal coatings or completely fill complex device
structures such as trenches with high aspect ratios.'”” CVD
processes, however, depend on the availability of precursors that
can be vaporized. Many volatile lanthanide compounds are
known,*® but it is difficult to design lanthanide compounds with
high vapor pressures because their ionic radii are large. The large
radii mean that sterically bulky ligands are needed to saturate the
coordinate sphere; the resulting compounds tend to have large
molecular surface areas and thus strong intermolecular London
attractive forces.

In part because of the scarcity of suitable precursors, there
have been only a few reports of the growth of lanthanide nitride
thin films by CVD. Some of the more promising precursors for
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this purpose are complexes that possess an all-nitrogen
coordination environment such as homoleptic lanthanide
amidinates and guanidinates;”'~*° such compounds are most
likely to afford films that are free of oxygen and carbon
impurities. In fact, dysprosium and gadolinium nitride thin films
have been grown by CVD from tris(guanidinate) and tris-
(amidinate) complexes at deposition temperatures of 650—850
°C; the guanidinato compounds produce lanthanide nitride
films under single-source precursor conditions with relatively
small amounts of carbon contamination, whereas the amidinato
compounds produce lanthanide nitride films at temperatures as
low as 450 °C but only when ammonia is used as a co-
reactant.”* %% Despite these advancements, there is a clear need
for the development of new lanthanide-containing CVD
precursors that are volatile, are reactive at lower temperatures,
and do not contain metal—carbon or metal—oxygen bonds.

Closely related to amidinates and guanidinates are the
triazenides; in the latter anions, the central carbon atom has
been replaced with nitrogen:
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formula C,sHgNoNdO
formula weight 685.10

temp (K) 100(2)

A (deg) 0.71073
crystal system monoclinic
space group P2,/c

a(A) 9.5288(2)

b (A) 20.0267(5)

¢ (A) 19.0713(5)
a/p/y (deg) 90/101.005(1)/90
V (A%) 3572.46(15)
V4 4

Peac (g em™) 1.274

pu (mm™) 1.486

F(000) 1444

crystal size (mm) 0.778 % 0.344 X 0.182
0 range (deg) 30.541-2.178
R(int) 0.0392

Abs corr type multiscan
max, min transmission factors 0.5546, 0.7461
data/restraints/parameters 10920/0/371
goodness of fit on F* 1.146

R, [F, > 46(Fy)]* 0.0221

wR, (all data)” 0.0494

max, min Ap .. (e A73) 1.01, —0.70

Table 1. Crystallographic Data for Lanthanide Di-tert-butyltriazenide Complexes 1—3

2 3
C,sHgNgEuO C,,Hs,ErNy
692.82 636.02
200(2) 100(2)
0.71073 0.71073
monoclinic trigonal
P2,/c P321
9.6042(2) 17.5161(3)
20.3998(3) 17.5161(3)
18.6570(3) 9.3281(2)
90/98.8894(5)/90 90/90/120
3611.44(11) 2478.55(10)
4 3
1.274 1.278
1.769 2.564
1456 987
0.283 X 0.162 X 0.129 0.625 X 0.442 X 0.346
28.292-2.282 28.291-2.325
0.0334 0.0484
multiscan multiscan
0.6304, 0.7457 0.4679, 0.7457
8956/63/403 4128/0/179
1.073 1.071
0.0213 0.0223
0.0523 0.0561
0.51, —0.57 0.79, —0.68

R, = YIF,| — IFII/IYIF,| for reflections, where F,> > 26(F,2). “wR, = [Yw(F.2 — F.2)*/ Y (F,?)*]"? for all reflections.

Because (other things being equal) the nitrogen content and
thermal reactivity of triazenides are higher than that of
amidinates and guanidinates, lanthanide triazenides might
serve as better CVD precursors and afford lanthanide nitride
thin films at lower growth temperatures.

Triazenide complexes of the alkali metals,” transition

3 -
4=37 are well-known, and

metals,’* ™ and main group metals
homoleptic triazenide complexes of some main group elements
have been used as precursors for the deposition of nitride films
by atomic layer deposition (ALD).***° Although several
lanthanide triazenide complexes are known, all of them contain

1,3-diaryltriazenide ligands,“ 9

and the large London forces
and 7—n stacking characteristic of aryl groups render the
complexes essentially nonvolatile and thus unsuited for use as
CVD precursors. For example, tris(1,3-diphenyltriazenido)bis-
(pyridine) complexes of erbium and lutetium were studied in the
context of vapor deposition, but these complexes decompose
before subliming.*!

Interestingly, there have been no reports of lanthanide
complexes of 1,3-dialkyltriazenides, which should be more
volatile than similar aryl counterparts. Here we describe the
synthesis, structure, and properties of a series of neodymium,
europium, and erbium complexes bearing 1,3-dialkyltriazenide
ligands of the form [RN;Bu‘]~, where R = Me or Bu". As we will
show, several of these compounds have properties that make
them potentially useful as precursors for the CVD of lanthanide-
containing thin films. In addition to CVD, these compounds
may be of interest for other applications such as in separation
technology, particularly as it relates to the reprocessing of spent
nuclear fuel.”®

B RESULTS AND DISCUSSION

Synthesis of Lanthanide Dialkyltriazenide Com-
pounds. The reaction of the anhydrous lanthanide trihalides
MCl;, where M = Nd, Eu, or Er, with 3 equiv of lithium 1,3-di-
tert-butyltriazenide, Li(Bu'N;Bu'), gives the compounds Nd-
(Bu'N;Bu");(THF) (1), Eu(Bu'N,Bu);(THF) (2), and Er-
(Bu'N;Bu); (3).

N
tBu,_ -\ _1Bu
|

Bu. Bu
thf N\\L//N/
LnCl; + 3Li(Bu'N;Bu) —————> /A +3LiCl
RT, 20h NL /IN 2N
N N
lBu/ tBu

Ln=Nd (1) Yield: 47%, Eu (2) Yield: 26%

N
tBu._ -\ __1Bu

tBu ,Bu
. diethyl ether N\\E//N
ErCl; + 3Li(Bu'N;Bu) ———— > /[ 0, .
RT, 20h N / \ 2N
N N
lBu/ tBu
3)
Yield: 40%

The reactions to synthesize tetrahydrofuran adducts 1 and 2
were carried out in THF, and the products were crystallized
from pentane. The analogous reaction of ErCl; with Li-
(Bu'N3Bu') in THF affords a bright orange pentane soluble
product that we were unable to crystallize. We found, however,
that treatment of ErCl; with 3 equiv of Li(Bu'N;Bu") in diethyl
ether followed by crystallization from pentane gives orange
crystals of the THF-free erbium compound, Er(Bu'N;Bu'); (3).
Attempts to synthesize the THF-free europium triazenide
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complex in diethyl ether gave a pentane soluble yellow solid that
we were unable to crystallize or sublime. The stoichiometries of
all of these products (i.e., whether the complex is preferentially
isolated as a THF adduct) are consistent with periodic trends.
Tons of the early lanthanides, such as Nd** and Eu®*, have larger
ionic radii and tend to form complexes with coordination
numbers that are higher than those of ions of the later
lanthanides, such as Er®*, which are smaller.

In an effort to synthesize lanthanide dialkyltriazenide
complexes with higher volatilities, we investigated reactions of
lanthanide trichlorides with triazenide anions bearing smaller
alkyl groups on nitrogen. The reaction of EuCl; and ErCl; with 3
equiv of lithium methyl-tert-butyltriazenide, Li(MeN;Bu"), in
THEF at room temperature does generate isolable compounds,
but the products are the ionic tetrakis compounds [Li(THF)]-
[Eu(MeN;Bu'),] (4) and [Li(THF)][Er(MeN;Bu"),] (5),
which can be isolated as red-orange and light-orange crystals,
respectively, after crystallization from pentane.

) t THF . t )
LnCl; + 4Li(MeN,Bu') —— [Li(THF)][Ln(MeN;Bu'),] + 3LiCl
RT,20h Ln=Eu(4)Yield:62%,Ex(S)Yield: 36%

The steric bulk of the methyl-tert-butyltriazenide ligand is
small enough that four of them can be accommodated in the
coordination sphere; the ionic nature of the compounds means
that they are not volatile.

All five of the new dialkyl triazenide compounds are highly
soluble in tetrahydrofuran, diethyl ether, toluene, and pentane,
even the two ionic salts.

Crystal Structures of the New Lanthanide Dialkyl-
triazenide Compounds. Crystal data for the new lanthanide
dialkyltriazenide complexes are listed in Tables 1 and 2.
Complexes 1 and 2, which are isomorphous, crystallize in
space group P2,/c with one molecule (residing on a general
position) per asymmetric unit; selected bond distances and
angles are listed in Tables 3 and 4. In both complexes, the
lanthanide atom is bound to three chelating triazenide anions
and one THF ligand; the seven atoms bound to the Ln atom
form a distorted pentagonal bipyramid (Figures 1 and 2). In the
Nd complex, 1, the Nd—N distances range between 2.45 and
2.57 A: presumably because of steric repulsion, the four nitrogen
atoms closest to the THF molecule (i.e., those having smaller
O—Nd—N angles) form the longest contacts of 2.52—2.57 A.
The Nd—O distance is 2.50 A. In Eu complex 2, the geometry is
similar but the metal—ligand bonds are 0.03—0.06 A shorter
than the corresponding bonds in Nd complex 1. This difference
correlates well with the approximately 0.03—0.05 A difference in
ionic radius between Nd** and Eu*".”" As a result of the different
ionic radii, the average N—Ln—N bite angle of the triazenide
ligands is slightly larger in 2 (52.0°) than in 1 (51.3°).

THEF-free Er complex 3 crystallizes in trigonal space group
P321 with one molecule residing on a site of 32 crystallographic
symmetry and another molecule residing on a site of 3-fold
crystallographic symmetry (adding up to half a molecule per
asymmetric unit); the two independent molecules have similar
geometries, and selected bond distances and angles are listed in
Table S. The metal atom is bound to three chelating triazenide
ligands in which the six metal-bound nitrogen atoms describe a
distorted octahedron (Figure 3). The average Er—N distance in
3 is 2.33 A, which is shorter by 0.09 and 0.13 A than even the
shortest of the Ln—N distances in 1 and 2, respectively. The
latter difference correlates well with the change in the ionic
radius of 0.12 A between seven-coordinate Eu** and six-
coordinate Er**>' The average bite angle of the triazenide

Table 2. Crystallographic Data for Lanthanide Methyl-tert-
butyltriazenide Complexes 4 and §

4 S
formula C,,Hs6EuLiN,,O C,,HErLiN,O
formula weight 687.70 703.00
temp (K) 100(2) 100(2)

2 (deg) 0.71073 0.71073
crystal system monoclinic monoclinic
space group P2,/n P2,/n

a (A) 11.0412(2) 10.9648(3)

b (A) 17.9475(4) 17.8083(6)
c(A) 18.0768(4) 18.0227(6)

B (deg) 102.1085(5) 101.6762(10)
V (A%) 3502.44(13) 3446.37(19)
VA 4 4

Peac (g cm™) 1.304 1.355

u (mm™) 1.825 2470

F(000) 1432 1452

crystal size (mm) 0.222 X 0.156 X 0.096  0.197 X 0.13 X 0.107
0 range (deg) 28.288—-2.201 28.305—-2.308
R(int) 0.0377 0.0436

Abs corr type multiscan multiscan

max, min transmission

0.6762, 0.7457

0.6651, 0.7457

factors

data/restraints/ 8683/0/388 8569/51/388
parameters

goodness of fit on F* 1.063 1.083

R, [Fy > 46(Fy)]* 0.0147 0.0178

wR, (all data)” 0.0356 0.0388

max, min Apg. (e A7) 042, —0.42 0.42, —0.37

“R, = YMF,| — IFl/IYIF,| for reflections, where F,2 > 26(F,2). "wR,
= [Zw(F2 — E2?*/ Y (F.)*] for all reflections.

ligands in 3 is 55.7°%; this angle is larger than the bite angles
measured for 1 and 2 and consistent with the smaller size of the
Er** ion.

The M—N bond distances in complexes 1—3 are generally
similar to those reported for Nd, Eu, and Er guanidinate and
amidinate complexes with similar steric properties.”"”*** The
Er—N distances of 2.320(5)—2.348(4) A in 3 are insignificantly
shorter than those of 2.350(14)—2.408(11) and 2.354(3)—
2.360(3) A in the amidinate Er(Bu'NCMeNBu'),>* and the
guanidinate Er[Pr'NC(NMe,)NPr'];,*>* respectively. Despite
the similar Er—N bond distances, the ligand bite angles in 3 are
smaller (by ~1.5°) than those in the amidinate Er-
(Bu'NCMeNBu");, because of the shorter N—N bonds in the
backbone of the triazenide ligand in 3 versus the longer N—C
bonds in the backbone of the amidinate ligand. The average N—
N-—N ligand backbone angle in 3 of 111(1)° is identical to the
N—C—N angle seen in this latter amidinate complex.

1-Methyl-3-tert-butyltriazenide complexes 4 and S, which are
isomorphous, crystallize in space group P2,/n with one molecule
(residing on a general position) in the asymmetric unit; selected
bond distances and angles are listed in Tables 6 and 7. Unlike the
tris(di-tert-butyltriazenide) complexes 1-3, in 4 and S, the
lanthanide centers are bound to four chelating triazenide
ligands; a Li(THF) cation balances the charge (Figures 4 and ).
The eight nitrogen atoms of the four chelating triazenide ligands
delineate a D,; dodecahedron about the lanthanide center. The
lithium ion binds to three nitrogen atoms of two of the triazenide
ligands and is also bound to one THF molecule, giving a
distorted tetrahedral environment about lithium. The ability of
four triazenide ligands to coordinate to the metal center in 4 and

https://doi.org/10.1021/acs.inorgchem.2c02545
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Nd(1)-N(1)
Nd(1)-N(2)
Nd(1)-N(3)
Nd(1)-N(4)
Nd(1)-N(5)
Nd(1)-N(6)

0(1)-Nd(1)-N(1)
0(1)-Nd(1)-N(3)
O(1)—-Nd(1)~N(4)
0(1)-Nd(1)-N(6)
0(1)~Nd(1)~N(7)
0(1)-Nd(1)-N(9)

Table 3. Selected Bond Distances and Angles for Nd(Bu'N;Bu‘);(THF)

Distances (A)

2.5348(13)
2.9489(13)
2.4540(13)
2.5209(13)
3.013(13)

2.5470(13)

Angles (deg)

85.59(4)
137.28(4)
100.43(4)

78.50(4)
119.93(4)

89.42(4)

Nd(1)-N(7)
Nd(1)-N(8)
Nd(1)-N(9)
Nd(1)-0(1)

N(1)—-Nd(1)—-N(3)
N(4)—-Nd(1)-N(6)
N(7)-Nd(1)—-N(9)
N(1)-N(2)-N(3)
N(4)-N(5)-N(6)
N(7)-N(8)-N(9)

2.4813(13)
2.9921(13)
2.5711(13)
2.4995(11)

51.87(4)

50.77(4)

51.16(4)
113.44(12)
112.29(12)
113.62(12)

Table 4. Selected Bond Distances and Angles for
Eu(Bu'N;Bu'),;(THF)

Distances (A)

Eu(1)-N(1) 2.5138(16) Eu(1)-N(7) 2.5017(15)

Eu(1)-N(2) 2.9241(16) Eu(1)-N(8) 2.9689(15)

Eu(1)-N(3) 2.4253(16) Eu(1)-N(9) 2.4804(16)

Eu(1)-N(4) 2.4892(16) Eu(1)—0(1) 2.4630(15)

Eu(1)-N(5) 2.9316(13)

Eu(1)-N(6) 2.4620(16)

Angles (deg)

0O(1)—Eu(1)-N(1) 84.84(6)  N(1)—Eu(1)-N(3) 52.34(6)
O(1)—Eu(1)-N(3)  137.17(6)  N(4)—Eu(1)-N(6) 52.29(5)
O(1)—Eu(1)—N(4) 89.77(5)  N(7)—Eu(1)-N(9) 51.43(5)
O(1)—Eu(1)-N(6)  122.12(6)  N(1)-N(2)-N(3) 113.45(16)
0(1)—Eu(1)-N(7) 77.18(5)  N(4)-N(5)-N(6) 113.88(15)
O(1)—Eu(1)-N(9) 93.50(6)  N(7)-N(8)-N(9) 112.22(15)

Figure 1. ORTEP representation of Nd(Bu'N;Bu');(THF) (1).
Ellipsoids are drawn at the 35% probability level. Hydrogen atoms
have been omitted for the sake of clarity.

§ is indicative of the decreased steric profile of the methyl-tert-
butyltriazenide ligand relative to the di-tert-butyltriazenide
ligand in complexes 1-3.

C(26)
C(2 O]
O3S P
"~ C2IA\ S C(25) AC(17)
N, N/ /] INe X\B crie)
o AN Sl NDY
: G C(23) C(20)
og(///) r R Eu(l)
) & 7
N2 g N(4> NIBIC(10)
e N £)
& |L, \Z -[
e CB=e=t=1A cue)
CO™ o p ) CION(5) ~ (Pt
J Bt \ I ci3) “Gus)
D W\
Ciel 0(12 &
Ci14)

Figure 2. ORTEP representation of Eu(Bu'N;Bu');(THF) (2).
Ellipsoids are drawn at the 35% probability level. Hydrogen atoms
have been omitted for the sake of clarity.

The Eu—N distances in 4 range between 2.43 and 2.50 A for
the nitrogen atoms that bind to only europium; this range is
similar to that observed in di-tert-butyltriazenide europium
complex 2. The three nitrogen atoms in 4 that bind to both
europium and lithium have longer Eu—N distances of 2.55, 2.56,
and 2.59 A. The bite angles of the triazenide ligands in 4 are
between 49.3° and 52.5°. The two ligands that do not bind to the
lithium ion have larger bite angles, both between 52.3 and 52.5°,
consistent with their shorter Eu—N distances; the ligands that
bind both europium and lithium have correspondingly smaller
bite angles of 49.3 and 50.4°. In §, the Er—N distances and the
ligand bite angles show similar behavior, except that the Ln—N
distances in § are shorter by ~0.06 A as expected from the
difference in ionic radius between eight-coordinate Eu** and
Er**>! The ligand bite angles in 5 (53.6° for the triazenide
ligands that do not bind to lithium and 50.5° and 51.6° for the
other two triazenide ligands), are all slightly larger than those in
4 due to the shorter M—N bond lengths.

Spectroscopic Properties. The 'H nuclear magnetic
resonance (NMR) spectra of the electrically neutral Nd, Eu,

https://doi.org/10.1021/acs.inorgchem.2c02545
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Table S. Selected Bond Distances and Angles for Er(Bu‘'N;Bu‘);”

Distances (A)

Er(1)—-N(1) 2.331(4) Er(2)-N(21) 2.320(5)
Er(1)-N(1)’ 2.331(4) Er(2)-N(21)’ 2.320(5)
Er(1)-N(1)” 2.331(4) Er(2)-N(21)” 2.320(5)
Er(1)-N(1)" 2.331(4) Er(2)—-N(22) 2.811(S)
Er(1)-N(1)* 2.331(4) Er(2)-N(22) 2.811(5)
Er(1)-N(1)* 2.331(4) Er(2)-N(22)" 2.811(5)
Er(1)-N(2) 2.806(5) Er(2)-N(23) 2.348(4)
Er(1)-N(2)’ 2.806(5) Er(2)-N(23)’ 2.348(4)
Er(1)-N(2)” 2.806(5) Er(2)-N(23)” 2.348(4)
Angles (deg)
N(1)—Er(1)-N(1)* 55.52(18) N(21)—Er(2)—-N(23) 55.8(2)
N(1)—Er(1)-N(1)" 105.04(11) N(21)—Er(2)-N(21)’ 106.56(14)
N(1)=Er(1)-N(1)" 152.6(2) N(21)—Er(2)-N(23)’ 153.9(2)
N(1)—Er(1)-N(1)’ 105.04(11) N(21)—Er(2)-N(21)” 106.56(14)

N(1)—Er(1)-N(1)" 99.2(2)
N(1)-N(2)-N(1)* 111.2(5)

N(21)—Er(2)-N(23)” 97.6(2)
N(21)-N(22)—-N(23) 110.9(4)

“Symmetry transformations used to generate equivalent atoms: /, =y, x — 3,z ", —x +y, =%,z ", y, %, =z , x — ¥, =y, =% P ox, —x + ¥, —z.

Figure 3. ORTEP representation of one of the two independent
molecules of Er(Bu'N;Bu'); (3). Ellipsoids are drawn at the 35%
probability level. Hydrogen atoms have been omitted for the sake of
clarity.

and Er compounds 1—3 feature a paramagnetically broadened
and shifted resonance due to the tert-butyl groups of the
triazenide ligands at & 0.39, 2.69, and 5.59, respectively. In
complexes 1 and 2, two additional resonances at  0.75 and 0.19
for 1 and 0 3.68 and 1.47 for 2 are also observed for the bound
THF molecule. The '"H NMR spectrum of Er salt 5§ shows a
resonance for the tert-butyl substituent at 6 18.21 and a
resonance for the methyl substituent at § —87.61, in addition to
resonances for the THF groups at §9.79 and 2.6S. The 'H NMR
spectrum of the Eu salt 4 is similar, but the shifts due to the
paramagnetism are smaller.

In the 1970s, it had been proposed that the various binding
modes of the triazenide ligand (unidentate, chelating, and
bridging) can often be distinguished by infrared (IR) spectros-
copy: N—N stretching absorptions generally appear between
1190—1210 and 1260—1300 cm™" for unidentate triazenide

ligands, 1260—1300 cm™! for chelating triazenide ligands, and
1350—1375 cm™" for bridging triazenide ligands.”> > These
correlations were based on studies of platinum—metal
coordination complexes, and more recent data suggest that
they are not particularly useful outside this class of
compounds.”” The IR spectra of 1—5 also suggest that the
correlations above are not universal: there are several strong N—
N stretching absorptions between 1200 and 1357 cm™, which
span the reported ranges of all three binding modes, even though
the triazenide ligands in all five compounds are clearly chelating
as determined crystallographically. No peaks in the range of
3200—3300 cm™' corresponding to N—H groups of neutral
triazenes were observed in the IR spectra.

Thermal Properties and Volatility. When heated as solids
in closed capillaries under 1 atm of argon, THF adducts 1 and 2
change color (green to yellow-green for 1 and red to dark red for
2) at 80—100 °C and release THF (evident as a condensate on
the cooler parts of the capillary). When heated further, 1 darkens
above 280 °C whereas 2 melts at 292 °C and subsequently
darkens. Complex 3 undergoes no visible changes until it is
heated to 280 °C, at which point it begins to darken without
melting.

As part of determining the suitability of the new lanthanide
triazenide complexes as precursors for CVD and ALD, and
potentially in separations technology, we carried out more
quantitative studies of the volatility of 1—3 under 1 atm of
nitrogen by thermogravimetric analysis (TGA) at ramp rates of
10 °C/min (Figure 6). For all three compounds, smooth
volatilization is observed with no obvious thermal decom-
position below 300 °C. The TGA curves of 1 and 2 are very
similar, showing two clear weight loss steps: one step between 70
and 90 °C (mass loss of 10—12%) that we attribute to the loss of
bound THF and a second step at higher temperatures due to
volatilization of the THF-free complex. For this latter step, the
onset of volatilization (at ~279 and ~272 °C) and the
temperature at which volatilization is complete (~300 and
~310 °C) are very similar for the two compounds. In contrast to
the TGA curves of 1 and 2, that for the THF-free complex 3
shows only one weight loss step, with the onset of volatilization
occurring at 273 °C and the temperature at which volatilization
is complete being 310 °C. The agreement of these latter
temperatures with those seen for the second weight loss step in 1
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Table 6.

Selected Bond Distances and Angles for [Li(THF)][Eu(MeN;Bu'),] (4)

Distances (A)

Eu(1)-N(1) 2.4338(10) Eu(1)-N(10) 2.5615(10)
Eu(1)-N(2) 2.9171(11) Eu(1)-N(11) 2.9396(10)
Eu(1)-N(3) 2.4738(11) Eu(1)-N(12) 2.4988(11)
Eu(1)-N(4) 2.4441(11) Li(1)-N(7) 2.172(3)
Eu(1)-N(S) 2.9181(11) Li(1)-N(9) 2.104(3)
Eu(1)-N(6) 2.4589(11) Li(1)—N(10) 2.075(3)
Eu(1)-N(7) 2.5456(11) Li(1)—0O(1) 1.892(3)
Eu(1)-N(8) 2.9582(11)
Eu(1)-N(9) 2.5867(11)
Angles (deg)
N(1)—Eu(1)-N(3) 52.37(4) N(7)-N(8)-N(9) 109.13(10)
N(4)—Eu(1)—N(6) 52.47(4) N(10)—N(11)-N(12) 110.51(10)
N(7)—Eu(1)-N(9) 49.32(4)
N(10)—Eu(1)—-N(12) 50.41(3)
N(1)-N(2)-N(3) 111.80(10)
N(4)-N(5)—-N(6) 111.76(11)
Table 7. Selected Bond Distances and Angles for [Li(THF)][Er(MeN;Bu"),] (5)
Distances (A)
Er(1)-N(1) 2.3725(13) Er(1)-N(10) 2.4983(13)
Er(1)-N(2) 2.8609(14) Er(1)—-N(11) 2.9033(14)
Er(1)-N(3) 2.4137(14) Er(1)—-N(12) 2.4408(14)
Er(1)—-N(4) 2.3785(14) Li(1)-N(7) 2.183(3)
Er(1)=N(5) 2.8634(14) Li(1)-N(9) 2.109(3)
Er(1)-N(6) 2.4033(14) Li(1)-N(10) 2.065(3)
Er(1)-N(7) 2.4820(15) Li(1)-0(1) 1.888(3)
Er(1)—N(8) 2.9213(15)
Er(1)-N(9) 2.5311(14)
Angles (deg)
N(1)—Er(1)-N(3) 53.57(5) N(7)-N(8)-N(9) 109.19(14)
N(4)—Er(1)-N(6) 53.58(5) N(10)-N(11)—-N(12) 110.26(13)
N(7)—Er(1)-N(9) 50.54(5)
N(10)—Er(1)-N(12) 51.62(S)
N(1)-N(2)-N(3) 111.33(14)
N(4)-N(5)-N(6) 111.16(14)

and 2 further supports the conclusion that the first weight loss
step in 1 and 2 is due to the loss of THF.

In a dynamic vacuum (~0.01 Torr), compounds 1—3 sublime
slowly between 60 and 80 °C and relatively rapidly at 90—120
°C. Under the conditions studied, 1 and 2 sublime with partial
but not complete loss of THF. A comparison of the volatility of
1-3 with those of similar lanthanide amidinates and
guanidinates is reported in Table 8.

These data suggest that 1—3 are more volatile than amidinate
and guanidinate complexes with the same tert-butyl substituents
on the terminal atoms of the ligand backbone, probably because
1-3 lack substituents on the central atom of the backbone.
Compounds 1—3 have volatilities that are in the same range as
those of lanthanide amidinates and guanidinates that bear
terminal isopropyl groups and small substituents (Me or NMe, )
on the central atom.

B CONCLUSIONS

We have synthesized a series of lanthanide complexes bearing
chelating di-tert-butyltriazenide and methyl-tert-butyltriazenide
ligands. The di-tert-butyltriazenide complexes of neodymium,
europium, and erbium are thermally stable, sublime at
reasonably low temperatures, and show smooth volatilization

without decomposition (except for loss of bound THF
molecules). The smaller steric profile of the methyl-tert-
butyltriazenide ligand affords ionic tetrakis lanthanide com-
plexes [Li(THF)][Ln(MeN,;Bu'),] (Ln = Eu or Er) that are not
volatile. The crystal structures show that the triazenide ligands
(as expected) bind to lanthanide ions in a fashion similar to that
seen for chemically related amidinate and guanidinate ligands,
except that the bite angles are slightly smaller in the triazenides
because of the shorter N—N—N backbone.

Our findings suggest that lanthanide triazenide complexes
may be useful as precursors for the deposition of thin films of
lanthanide nitrides by CVD techniques. In addition, as
mentioned in the introduction, although extractions and
chromatographic methods are most often employed to separate
and purify f-block elements in their +3 oxidation states,”" it may
be possible to separate f-metals on the basis of the differential
volatilities of their triazenide complexes, as has been
demonstrated for certain f3-diketonate complexes.®”

B EXPERIMENTAL SECTION

All experiments were carried out under vacuum or under argon by using
standard Schlenk techniques. Solvents were distilled under nitrogen
from sodium/benzophenone immediately before use. Anhydrous
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Figure 4. ORTEP representation of [Li(THF)][Eu(MeN;Bu"),] (4).

Ellipsoids are drawn at the 35% probability level. Hydrogen atoms have
been omitted for the sake of clarity.

Figure 5. ORTEP representation of [Li(THF)][Er(MeN;Bu"),] (5).
Ellipsoids are drawn at the 35% probability level. Hydrogen atoms have
been omitted for the sake of clarity.

NdCl;, EuCly, and ErCl; were purchased from Strem and used as
received. Compounds Li(Bu'N;Bu’)* and Li(MeN;Bu')®® were
prepared by literature routes. Microanalyses were performed by the
University of Illinois Microanalytical Laboratory using combustion
techniques. '"H NMR data were collected on a Varian Unity Inova
spectrometer at 400 MHz; chemical shifts are reported in J units
(positive chemical shifts to higher frequency) relative to tetramethylsi-

T T T T
100 200 300 400 500
Temperature (°C)

Figure 6. TGA plots for lanthanide triazenides 1—3 under 1 atm of
nitrogen at ramp rates of 10 °C/min.

Table 8. Vacuum Sublimation Temperatures and
Vaporization Onset Temperatures at 1 atm (from TGA
curves) of 1—3 Along with Data for Related Lanthanide
Amidinato (AMD) and Guanidinato (guan) Complexes”

Ty (°C) in vacuum T, (°C) at 1 atm

Nd(N;tBu,);(THE) (1) 120 270
Eu(N;tBu,);(THE) (2) 120 270
Er(N;tBu,); (3) 120 270
Ln("Pr-Me-AMD),***"%° 80—140 210-225
Ln(‘Bu-Me-AMD),* 220 not available
Ln(*Pr-c-C,H,-AMD);** 150—200 not available
Ln(iPr-Me,N-guan);*"*>* 120-135 220-240
Ln(*Pr-Et,N-guan),” 150—165 2294
Ln("Pr- 'Pr,N-guan),” not available 238
Ln("Pr-c-C,H,-guan) )2 150-200 not available

“Multiple weight loss steps and high residual mass.

lane (TMS). The IR spectra were recorded on a Nicolet Impact 410
instrument as Nujol mulls between KBr plates.

Caution: Catenated nitrogen compounds often present explosion
hazards. Although we have not experienced any problems in the
synthesis, characterization, sublimation, or handling of the compounds
described here, their energetic properties have not been fully
investigated and therefore they should be handled using standard
safety precautions for explosive materials (safety glasses, face shield,
blast shield, puncture resistant gloves, and ear protection).

Tris(1,3-di-tert-butyltriazenido)(tetrahydrofuran)-
neodymium(lll), Nd(Bu‘N3Bu");(THF) (1). To a suspension of NdCl,
(0.26 g, 1.04 mmol) in THF (20 mL) at 0 °C was added a solution of
lithium di-tert-butyltriazenide (0.567 g, 3.48 mmol) in THF (20 mL)
dropwise. The yellow-green mixture was warmed to room temperature
and stirred for 20 h to afford a bright green solution. The solvent was
removed under vacuum, and the sticky green residue was extracted with
pentane (30 mL). The green extract was filtered, and the filtrate was
concentrated under vacuum to ~10 mL and cooled to —20 °C. The
resulting green-brown plates were collected by filtration and dried
under vacuum. Yield: 0.338 g (47%). Anal. Calcd for C,qH;,N,NdO: C,
492; H, 9.12; N, 18.4. Found: C, 49.2; H, 9.15; N, 18.0. '"H NMR
(C¢Dg, 20°C): §0.75 (br, fwhm = 47 Hz, 4H, a-CH,), 0.39 (s, fwhm =
16 Hz, 54H, CMe;), 0.19 (br, fwhm = 28 Hz, 4H, -CH,). IR (cm™):
1356:m, 1287's, 1243 m, 1198 s, 1064 w, 1047 w, 1028 w, 914 w, 891 w,
750 w, 619 m.

Tris(1,3-di-tert-butyltriazenido)(tetrahydrofuran)europium-
(my, Eu(Bu'NaBut)(THF) (2). To a suspension of EuCl; (0.310 g 1.20
mmol) in THF (15 mL) at 0 °C was added a solution of lithium di-tert-
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butyltriazenide (0.571 g, 3.50 mmol) in THF (15 mL) dropwise. The
brown-red mixture was warmed to room temperature and stirred for 20
h to afford a dark red solution. The solvent was removed under vacuum,
and the sticky red solid was extracted with pentane (50 mL). The dark
red extract was filtered, and the filtrate was concentrated under vacuum
to ~10 mL and cooled to —20 °C. The resulting dark red prisms were
collected by filtration and dried in vacuum. Yield: 175 mg (26%). Anal.
Caled for CoHgNGEuO: C, 48.5; H, 9.02; N, 18.2. Found: C, 48.4; H,
9.08; N, 17.6. 'H NMR (C¢Dy, 20 °C): 6 3.68 (br, fwhm = 68 Hz, 4H,
a-CH,), 2.69 (s, fwhm = 6 Hz, 54H, CMe,), 1.47 (br, fwhm = 38 Hz,
4H, f-CH,). IR (cm™'): 1356 m, 1284's, 1267 s, 1245 s, 12005, 1078 w,
1065 w, 1028 w, 980 w, 920 w, 868 w, 750 w, 617 m.

Tris(1,3-di-tert-butyltriazenido)erbium(lll), Er(Bu'N;Bu'); (3).
To a suspension of ErCl; (0.22 g, 0.80 mmol) in diethyl ether (20 mL)
at 0 °C was added a solution of lithium di-tert-butyltriazenide (0.420 g,
2.58 mmol) in diethyl ether (20 mL) dropwise. The orange mixture was
warmed to room temperature and stirred for 20 h to give an orange
solution. The solvent was removed under vacuum, and the sticky orange
solid was extracted with pentane (40 mL). The extract was filtered, and
the filtrate was concentrated under vacuum to ~10 mL and cooled to
—20 °C. The resulting orange prisms were collected by filtration and
dried in vacuum. Yield: 200 mg (40%). Anal. Calcd for C,,H,NgyEr: C,
45.3; H, 8.56; N, 19.8. Found: C, 45.3; H, 8.58; N, 19.3. '"H NMR
(C¢Dg, 20 °C): 6 5.59 (s, fwhm = 110 Hz, 54H, CMe;). IR (cm™):
1357 m, 1336 w, 1267 s, 1246 s, 1203 s, 1086 w, 1056 w, 1036 w, 1030
w, 899 w, 885 w, 754 w, 619 m.

Lithium(tetrahydrofuran) Tetrakis(1-methyl-3-tert-
butyltriazenido)europate(lll), [Li(THF)][Eu(MeN;Bu'"),] (4). To a
suspension of EuCl; (0.22 g, 0.85 mmol) in THF (15 mL) at 0 °C was
added a solution of lithium methyl-tert-butyltriazenide (0.30 g, 2.5
mmol) in THF (15 mL) dropwise. The mixture was warmed to room
temperature and stirred for 20 h to give a red-orange solution. The
solvent was removed under vacuum, and the sticky orange solid was
extracted with pentane (50 mL). The red-orange extract was filtered,
and the filtrate was concentrated under vacuum to ~15 mL and cooled
to —20 °C. The resulting red-orange prisms were collected by filtration
and dried in vacuum. Yield: 265 mg (62%). Anal. Calcd for
C,,HN,EuLiO: C, 41.9; H, 8.21; N, 24.4. Found: C, 41.8; H, 8.14;
N, 23.9. "H NMR (C¢Dy, 20 °C): § 5.0 (br, fwhm = 700 Hz), 4.10 (br,
fwhm = 38 Hz, 4H, a-CH,), 1.66 (br, fwhm = 24 Hz, 4H, f-CH,), 1.50
(br, fwhm =700 Hz). IR (cm™): 1408 w, 1355 m, 1286's, 1243 m, 1214
s, 1155 w, 1070 w, 1037 m, 919 w, 887 w, 804 w, 723 w, 683 w, 611 m,
560 w, 505 m.

Lithium(tetrahydrofuran) Tetrakis(1-methyl-3-tert-
butyltriazenido)erbate(lll), [Li(THF)][Er(MeN;Bu%),] (5). To a
suspension of ErCly (0.29 g, 1.06 mmol) in THF (15 mL) at 0 °C
was added a solution of lithium methyl-tert-butyltriazenide (0.40 g, 3.3
mmol) in THF (15 mL) dropwise. The orange solution was warmed to
room temperature and stirred for 20 h. The solvent was removed under
vacuum, and the sticky pale-orange solid was extracted with pentane
(50 mL). The pale-orange extract was filtered, and the filtrate was
concentrated under vacuum to ~15 mL and cooled to —20 °C. The
resulting pale-orange prisms were collected by filtration and dried in
vacuum. Yield: 210 mg (36%). Anal. Calcd for C,,Hy(N,ErLiO: C,
41.0; H, 8.03; N, 23.9. Found: C, 40.6; H, 8.02; N, 23.1. '"H NMR
(CgDg, 20 °C): 6 18.21 (br, fwhm = 2000 Hz, 36H, CMe,), 9.79 (br,
fwhm = 370 Hz, 4H, a-CH,), 2.65 (br, fwhm = 570 Hz, 4H, f-CH,),
—87.61 (br, fwhm = 2100 Hz, 12H, NMe). IR (cm™): 1412 w, 1355 m,
129S5s, 1245 m, 1217 s, 1072 w, 1036 m, 918 w, 887 m, 787 w, 723 w,
684 w, 614 m, 562 w, 505 m.

Thermogravimetric Studies. TGA experiments were performed
with a TA Instruments QSO analyzer on Pt sample pans. The TGA
instrument was operated under ambient conditions and not inside a
glovebox. As a result, additional sample preparation steps were taken to
limit the exposure of these air- and moisture-sensitive complexes to the
atmosphere during the sample loading process. Samples were prepared
in an argon-filled glovebox in hermetically sealed DSC sample pans that
had been preweighed on an analytical balance; the mass of the pans was
subtracted from the total mass recorded by the instrument during
measurements to calculate the sample mass. Immediately before the

sample was loaded into the TGA instrument, the DSC pans were
punctured with several holes, approximately 1 mm in diameter, that
were large enough that volatilization would not be diffusion limited and
free volatilization of the complexes could occur. For ramp experiments,
the 10—20 mg samples were heated under a flow of N, to 500 °C at a
rate of 10 °C/min. The onset of volatilization was measured as the
intersection of the tangents of the initial plateau and the point in the
TGA curve at which the mass loss rate is greatest.

The residual masses of 7% (1), 10% (2), and 10% (3) for these
compounds are likely attributable to hydrolysis during transfer of the
sample to the instrument, despite the precautions taken. If the residual
mass were due to thermal decomposition, then it should change in
proportion to the sample mass employed. In contrast, we found that
doubling the sample mass does not change the final residual mass
significantly (+0.2 mg).

General Crystallographic Procedure. The following details were
common to all of the crystal structure determinations; for details about
individual compounds, see section 3 of the Supporting Information.
Crystals mounted on Nylon loops with Krytox oil were transferred onto
the diffractometer and kept at a low temperature in a cold nitrogen gas
stream. Intensity data were collected on a Bruker Apex II diffractometer
equipped with a CCD detector. Standard peak search and indexing
procedures gave rough cell dimensions. Data were collected with an
area detector by using the measurement parameters listed in Tables 1
and 2. The measured intensities were reduced to structure factor
amplitudes and their estimated standard deviations by correction for
background, scan speed, and Lorentz and polarization effects. No
corrections for crystal decay were necessary, but an appropriate
absorption correction was applied. Systematically absent reflections
were deleted, and symmetry-equivalent reflections were averaged to
yield the set of unique data. The structure was solved by Patterson,
direct, or intrinsic phasing methods (OLEX); subsequent least-squares
refinement and difference Fourier calculations revealed the positions of
all of the non-hydrogen atoms. The analytical approximations to the
scattering factors were used, and all of the structure factors were
corrected for both real and imaginary components of anomalous
dispersion. Hydrogen atoms were placed in idealized positions; methyl
groups were allowed to rotate about the C—C axis to find the best least-
squares positions. The displacement parameters for methylene and
methine hydrogens were set equal to 1.2U,, for the attached carbon;
those for methyl hydrogens were set to 1.5U,. In the final cycle of least
squares, independent anisotropic displacement factors were refined for
the non-hydrogen atoms. Final refinement parameters are listed in
Tables 1 and 2. A final analysis of variance between observed and
calculated structure factors showed no apparent errors.

B ASSOCIATED CONTENT
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