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ABSTRACT: N,N-Dimethylaminodiboranate complexes with
praseodymium, samarium, erbium, and uranium, which are
potential chemical vapor deposition precursors for the
deposition of metal boride and oxide thin films, have been
investigated by DFT guided by field-ionization mass spectros-
copy experiments. The calculations indicate that the volatilities
of these complexes are correlated with the M—H bond
strengths as determined by Mayer bond order analysis. The
geometries of the gas-phase monomeric, dimeric, and trimeric
species seen in field-ionization mass spectroscopy experiments
were identified using DFT calculations, and the relative
stabilities of these oligomers were assessed to understand
how the lanthanide aminodiboranates depolymerize to their
respective volatile forms during sublimation.

B INTRODUCTION

Lanthanide-containing materials, such as lanthamde oxides and
borldes, have interesting optlcal magnetlc, =6 and elec-
trical*”® properties that make them useful for technological
applications such as capacitors, field effect transistors, displays,
thermoelectric devices, light-emitting diodes, and lasers. For
many of these applications, defect-free thin films are necessary,
and in some cases it is crucial to deposit the films uniformly
onto substrates with high aspect ratios.” To achieve these
results, there is much interest in developing better precursors
for the chemical vapor deposition (CVD) and atomic layer
deposition (ALD) of lanthanide-containing thin films."”

For transition metals, some of the most volatile compounds
known are homoleptic compounds containing the borohydride
ligand, BH4 3 and these have been shown to be useful CVD
precursors."> > Homoleptic borohydride compounds of the
lanthanides are known but they are not particularly volatile' ~*°
because their solid state structures are polymeric.’*”>* By
comparison, actinide borohydrides in the +4 oxidation state
such as U(BH,), are reasonably volatile despite the fact that
some of them are also polymeric in the solid state.”

Recently, a new class of metal borohydrides has been
described that contain the N,N-dimethylaminodiboranate
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anion, H;BNMe,BH;~ (DMADB) (Figure 1)'30—32 DMADB
is a polydentate ligand capable of chelating a single metal center

or bridging between two metal centers.

Compared to the smaller BH, ligand, the DMADB ligand
better saturates the coordination sphere of large metals in lower
oxidation states.”’ Consequently, lanthanide complexes con-
taining DMADB ligands are among the most volatile

32,33
compounds known for these elements.””

Me
K
N
/ \
H;B BH;

Figure 1. Ball and stick (left) and schematic (right) structure of the
N,N-dimethylaminodiboranate (DMADB) ligand. Color code: Nitro-
gen in blue, carbon in gray, boron in bronze, and hydrogen in white.
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Several M(DMADB); complexes with trivalent lanthanides
(all except promethium) and an actinide (uranium) have been
reported.>’ ~>* Because the DMADB ligand can chelate to or
bridge between two metal centers, a variety of solid-state
structures have been observed depending on the size of the M**
ion: the coordination number increases from 12 to 14 as the
ionic radius of the metal center becomes larger.** As shown in
Figure 2, the relatively small erbium ion Er’* (ry = 0.89 A)

p—
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Figure 2. Single crystal X-ray diffraction structures.>’™> (a)
Er,(DMADB), dimer, (b) fragment of the Sm(DMADB); or U,
polymeric chain, (c) fragment of the Pr(DMADB); or Uy polymeric
chain. Color code: Erbium in green, samarium/uranium in red,
praseodymium/uranium in orange, nitrogen in blue, boron in magenta,
carbon and hydrogen in gray.

forms a dinuclear structure, Er,(DMADB),, in which the Er
centers are linked by two bridging DMADB ligands, each end
of which forms two Er—H bonds. Additionally, each Er center
has two chelating DMADB ligands, each providing four Er—H
bonds, giving a total coordination number of 12.

For the somewhat larger samarium ion Sm*" (rg, = 0.96 A),
all three ligands chelate via four Sm—H bonds, but an
intermolecular Sm—H bond links the Sm centers together
into a chain bringing the total coordination number to 13. In
contrast, the even larger praseodymium ion Pr’* (rp, = 0.99 A)
is coordinated by two chelating DMADB ligands, each of which
forms four Pr—H bonds. Moreover, each Pr atom coordinates
to two additional bridging DMADB ligands that link the metal
centers into a polymeric chain. Each end of the bridging ligands
forms three Pr—H bonds resulting in a total coordination
number of 14. Finally, for U(DMADB),, two structural isomers
have been synthesized. Isomer U, is isostructural with 13-
coordinate Sm(DMADB), and crystallizes from pentane,
whereas isomer Uy is isostructural with 14-coordinate Pr-
(DMADB); and crystallizes from toluene.

The volatility of the lanthanide DMADB complexes increases
as the radius of the metal ion decreases. Interestingly, even the
polymeric lanthanide DMADB compounds are volatile and
sublime readily without significant decomposition at temper-
atures below 100 °C.>* The high volatility of the polymeric
compounds suggests that there is a low barrier for
depolymerization to form low molecular weight species (e.g.,
monomers and dimers). In contrast, and for reasons not well
understood, attempts to sublime the isomorphous uranium
analogues under identical conditions result only in thermal
decomposition at elevated temperatures.’'

Here, we present an analysis of the electronic structures of
lanthanide and uranium DMADB complexes to identify the
factors that may account for the differences in volatility. Density
functional theory calculations, guided by field ionization mass
spectrometry data, were used to identify the volatile lanthanide
aminodiboranate species generated during sublimation, and to
assess their relative stabilities.

B COMPUTATIONAL AND EXPERIMENTAL DETAILS

DFT calculations were performed at the PBE*®/def-TZVP****
level using the Turbomole 5.10.2 program.* Scalar relativistic
effects were incorporated by employing effective core potentials
(def-ECP) with 60 (U) and 28 (Er, Pr, Sm) core electrons,
respectively;*® spin—orbit effects were not included. The
resolution of the identity approximation was introduced for
the Coulomb integrals.‘w’41 In addition, single point calculations
were performed using the Gaussian09 package.” As in the
optimization, the PBE functional was employed. The Stuttgart/
Dresden (SDD) basis set with the ECP60MWB_SEG core
potential was used for U, whereas the SDD/ECP28MWB_SEG
basis set was used for Sm, Pr, and Er.*”* The 6-311G(d,p)
basis set was used on all nonmetal centers.** Integral evaluation
was performed with an ultrafine grid and the nature of all
stationary points was verified by vibrational analysis, which was
subsequently used to compute the zero-point vibrational
energies and molecular partition functions required to obtain
thermal corrections to the energy. Mayer bond orders
(MBOS)4S’46 were computed using the MN-GSM package
together with a locally modified version of Gaussian09.” MBO
analysis has been widely used to study lanthanide—ligand and
actinide—ligand interactions.**>° The effect of long-range
weak interactions (i.e., dispersion) between the large number of
methyl groups present in the systems was included a posteriori
using the DFT-D3 package developed by Grimme.’">?
Standard PBE parameters with Becke and Johnson damping
functions were used.>*~>° DFT, along with the use of ECP basis
sets, has been used successfully for actinide and lanthanide
containing systems.ss_63

The Ln(DMADB); complexes,”** where Ln = Pr, Sm, and
Er, and the two isomers of UDMADB);,>**" were prepared as
described previously. Field ionization mass spectra (FI-MS)
were recorded on a Micromass 70-VSE mass spectrometer. The
shapes of all peak envelopes correspond with those calculated
from the natural abundance isotopic distributions in the
observed spectra.

B RESULTS AND DISCUSSION

Electronic Structure of Solid-State Uranium and
Lanthanide Aminodiboranates Models. Understanding
the factors that affect volatility is important for the develop-
ment of practical CVD/ALD precursors. We have previously
noted that N,N-dimethylaminodiboranate (DMADB) com-
plexes of stoichiometry M(DMADB); are highly volatile if the
metal is a lanthanide but decompose under the same conditions
without subliming if the metal is uranium.**~

To determine the reasons for the difference in behavior, we
performed density functional theory studies on finite size
complexes. An oligomer model containing four metal centers
(part a of Figure 3) gave metal—hydrogen distances that agreed
well with those observed experimentally. The Er dimer was
studied without truncation. For all of the M™(DMADB),
species, the computed ground state is high spin as expected;
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Figure 3. (a) Schematic representation of the tetrameric oligomers
used to model the solid state polymeric chains. Metal centers whose
distances are included in Table 1 are in blue. Top: Sm,(DMADB),,
and U,(DMADB),;, (U,). Bottom: [Pr,(DMADB),;]” and
[U,(DMADB),;]~ (Ug). (b) Dimeric models used to compute
Mayer bond orders. Left: Sm,(DMADB)4 and U,(DMADB), (U,).
Right: [Pr,(DMADB),]” and [U,(DMADB),]” (Ug). Metal centers
whose bond orders are included in Table 1 are in blue.

thus, each trivalent metal center has two, five, three, and three
unpaired electrons for Pr, Sm, Er, and U, respectively.

The optimized geometries are compared with available single
crystal X-ray diffraction data in Table 1. Distances are reported
for the two central metals in the truncated chains. The
experimental positions of the hydrogen atoms can be
determined less accurately than those of the boron atoms;
however, theory gives good agreement with both experimental
M-B and M—H distances. The computed and experimental
B—N—B angles are very similar for the bridging ligands but can
deviate up to two degrees for the chelating ligands (details in
the Supporting Information). This deviation is also observed
for the Er dimer, for which a truncated model was unnecessary,

and thus is not an artifact of the model choice. The results
suggest that the tetrameric oligomer is a good model of the
infinite chain, and any small deviations in the metrical
parameters are likely due to packing effects.

The molecular orbital picture is the same for all four metal
complexes. The highest occupied orbitals are all singly occupied
(SOMOs), and consist largely of localized 4f (or Sf) atomic
orbitals that do not engage in bonding. Below the SOMOs are
doubly occupied orbitals corresponding to delocalized bonding
in the —BH; groups of the DMADB ligands (Supporting
Information). These orbitals have little metal contribution and
are qualitatively the same for the lanthanide and uranium
species. All in all, the simple molecular orbital picture provides
little if any information about why the actinide and lanthanide
DMADB complexes behave differently when heated.

Mayer bond order analyses were performed on dimeric
models of the metal DMADB complexes (part b of Figure 3 for
Pr, Sm, and U, and part a of Figure 2 for Er) to quantify the
nature of the M—H and M—B interactions (Table 1). Each
individual bond has a small bond order of ~0.35 for M—B and
~0.2 for M—H. These values are only slightly smaller than
those computed using a similar methodology for a high-spin
iron borohydride compound.®’ Whereas it may seem surprising
that the M—B bond order is larger than the M—H bond order,
the molecular orbitals show that the electron density is
distributed over the entire BH; group; therefore, it is likely
that this electron density is contributing to the M—B bond
order observed. Each M—B bond should be regarded as part of
the interaction of the metal center with the entire BH; group
rather than as a simple covalent M—B bond. For all of the
compounds studied, the bond orders tend to increase as the
metal ion becomes smaller. Interestingly, the bond orders are
generally larger for the chelating ligands than for the bridging
ligands suggesting that the M—H bonds to the bridging ligands
are more likely to break when the compounds are heated.
Furthermore, the difference in bond strengths between the U
and isostructural Ln analogues is evident. In particular, the total
M—H bond order for Uy is 0.62 larger than for the isostructural
Pr species, and the total M—H bond order for Uy is 0.78 larger
than for the isostructural Sm species. This result suggests that
more energy will be required to depolymerize the uranium
complexes than the lanthanide analogues.

Table 1. Selected Geometric Parameters Obtained from Ground State Geometry Optimization; Average Distances Are
Reported for the Two Central Metal Centers (Part a of Figure 3) in A; Average Individual Mayer Bond Orders Are Given along

with the Number of Such Bonds Per Metal Center”

Total Mayer Bond

Chelating DMADB Ligands Bridging DMADB Ligands Order

M M-B dist M-BMBO M-Hdist M-HMBO M-Bdist M-BMBO M-Hdist M-HMBO M-B M-H

Pr caled 2.867 035 X 4 2.447 0.14 x 8 2.629 0.31 X 2 2472 0.09 X 6 2.01 1.66
exptl 2.877 2443 2.666 2469

Uy caled 2.843 0.39 X 4 2419 021 %8 2,605 028 X 2 2451 0.10 X 6 2.12 228
exptl 2.879 2.487 2.667 2.498

Sm caled 2.808 0.36 X 6 2.404 0.18 X 12 3.728 b 2.592 0.10 X 1 2.16° 226
exptl 2.823 2438 3.552 2.504

U, caled 2.815 041 X6 2.398 024 X 12 3.623 b 2486 0.16 X 1 246° 3.04
exptl 2.885 2.494 3.524 2.495

Er caled 2723 0.36 X 4 2.335 022 %8 2.684 0.44 X 2 2324 020 X 4 232 2.56
exptl 2756 2.366 2735 2.303

“MBOs for dimers. Geometric parameters for the dimers are given in the Supporting Information. No bond order computed for the bridging M—B

interaction because a H atom is located in the bond path.

23196
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Fragmentation of the Solid-State Structures. During
sublimation, the solid polymeric M(DMADB); complexes must
depolymerize by breaking metal-ligand bonds to generate
volatile gas-phase species. To gain insights into the energetics
of these bond breaking processes, we have carried out
calculations of the energy required to remove a DMADB
ligand from negatively charged M(DMADB),~ species to form
the neutral monomer. A schematic representation of the species
examined in this study is given in Figure 4.
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Figure 4. Schematic representation of the monomeric anions studied
for M = U, Pr, Sm, and Er.

These structures were fully optimized. In all cases, the neutral
monomer is 12-coordinate. For Pr and U, structure M1 has the
same 14-coordinate geometry as seen in the solid state for these
compounds. For Er, structure M1 optimizes to a 13-coordinate
geometry instead of the 12-coordinate geometry seen in the
solid state; one of the terminal ligands is bound by means of
three hydrogen bridges instead of two. For Sm and U, M2 has a
14-coordinate environment in which the ligand that coordinates
through only one B—H—M interaction in the solid state
coordinates through two interactions. Finally, structure M3,
which possesses four chelating ligands, allowed us to explore
whether such structures with higher coordination numbers are
energetically accessible. The coordination number decreases
with the size of the ion: U is 15-coordinate, Pr and Sm are 14-
coordinate, and Er is 12-coordinate.

The ligand dissociation energies for M1, M2, and M3 are
presented in Table 2 as a function of the metal ion. Dispersion

Table 2. Gibbs Free Energies and Dispersion Corrected
Values in kcal'mol™ for Removing a Ligand from M1, M2,
and M3 Monomers

Pr Sm Er U
AG AGp AG AGp AG AGp AG AGp
M1 129 17.0 4 e 13 5.7 14.6 19.1
M2 a a 6.8 12.0 e a 11.8 19.1

M3 11.4 19.3 9.6 17.3 0.2 9.7 14.6 20.2

“Not computed because this structure is not related to the
experimental structure.

effects were particularly important, and were typically on the
order of 5 kcal'mol™. (Note: unless otherwise specified all
energies reported in the following text are dispersion-corrected
free energies, AGp. Table 2 gives both uncorrected AG and
corrected AGp values.) In most cases, more energy is required
to remove a ligand from M3 than from M1 or M2. The data
show that the smallest ligand dissociation energy (5.7
kcal'mol™") is seen for Er(DMADB),” versus 12.0 kcal-mol™
for Sm(DMADB),” and 17.0 kcal-mol™' for Pr(DMADB),".
Thus, it becomes easier to form a neutral M(DMADB),
monomer by dissociation of a ligand as the lanthanide atom
becomes smaller.

Despite the fact that Er’* is the smallest lanthanide ion
studied here and consequently the positive charge density at the
metal center in Er(DMADB); should be higher than that in its
Pr and Sm analogues, our results show that the higher positive
charge density does not lead to stronger metal—ligand binding
as one would expect from a classical ionic bond model. Instead,
saturating the metal coordination sphere and ligand relaxation
play a key role in accounting for the observed trends. The
dissociation energies reflect the energetic cost of removing a
DMADB ligand from the M*" coordination sphere and the
energy required for the resulting under-coordinated complexes
to rearrange to more favorable molecular geometries.

If we assume that these ligand dissociation energies for the
M(DMADB),” species are correlated with the ligand
dissociation energies required to depolymerize the solid state
structures, then we would expect the volatility to increase in the
order Pr < Sm < Er, as is in fact observed experimentally. All
these trends are also correlated with the size of the lanthanide
ion. The DMADB complex of the largest lanthanide in this
series (Pr), which is a 14-coordinate polymer, is the least
volatile, whereas the DMADB complex of the smallest
lanthanide in this series (Er), which is a 12-coordinate dimer,
is the most volatile.

Finally, the ligand dissociation energy of 19.1 kcal-mol™" for
the M1 and M2 structures of the U species U(DMADB),” is
larger than those of all of the lanthanide Ln(DMADB),”
compounds studied. Specifically, this energy is 7.1 kcal-mol™
larger than its isostructural Sm analogue and 2.1 kcal'mol™*
larger than its isostructural Pr analogue. We point out that the
Pr species is already the least volatile of the lanthanide
compounds, and thus the U compound should require even
more energy to convert its polymer into a monomeric form.
This result is consistent with the experimental finding that the
U complex decomposes under conditions at which the
lanthanide complexes sublime.

Gas-Phase Species Present during CVD/ALD. The
nature of the gas-phase species formed upon sublimation of
the M(DMADB); complexes has previously been investigated
experimentally by positive-ion field ionization mass spectros-
copy (FI-MS).*>*" For the larger lanthanides Pr and Sm,
mononuclear, dinuclear, and trinuclear species are detected in
the FI-MS spectra; in most cases, one DMADB ligand has been
lost to form these cationic species. In contrast, for Er, only
mononuclear and dinuclear species are observed (Table 3).

Table 3. FI-MS Results for Ln(DMADB);"

ML,* ML;* M,Lg* M,Lg*

M mass int. mass int. mass int. mass int.

Pr 285 3S 356 65 642 35 999 10
Sm 296 9S 367 80 660 100 1029 10
Er 381 100 693 15

“Mass is given in m/z and the relative intensity in 9%.3

These results provide insight into the species actually present
in the gas phase under CVD and ALD conditions, with the
caveat that only neutral species are likely to be present under
the latter conditions. Hence, the FI-MS results were used as a
starting point for constructing the gas-phase models we
analyzed computationally. Specifically, we investigated the
mononuclear species Ln(DMADB),, the dinuclear species
Ln,(DMADB),, and the trinuclear species Lny(DMADB),.

dx.doi.org/10.1021/jp305691y | J. Phys. Chem. C 2012, 116, 23194—23200
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Schematic representations of the structures considered are
given in Figure S (the structure of the neutral monomer is given
in Figure 4). No gas-phase structures of U(DMADB); or its
oligomers were investigated because this compound is not
volatile.
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Figure 5. Gas-phase clusters studied for M = Pr, Sm, and Er. The
DMADB ligand has been depicted schematically for simplicity. All of
the structures shown are electrically neutral.

For Pr(DMADB);, the polymeric structure of the solid
precursor can be cut to form the trimer denoted T1, in which
one of the metal centers is only 11-coordinate. It is likely that
this linear fragment will rearrange in such a way that all of the
metal centers are 12-, 13-, or 14-coordinate; one possible
rearranged structure is the cyclic structure T3. In fact, we
calculate that this transformation is downhill energetically by
AGp = —9.3 kcal'mol ™" (Table 4). Another possible structure is
the acyclic trimer T2, and indeed our calculations show that the
T1 to T2 rearrangement is downhill energetically by about the
same amount, AGp = —11.7 kcal'mol™'. Our results
demonstrate that T1 is not present in the gas phase due to
its instability with respect to both T2 and T3. For
Sm(DMADB),, structure T2 is closely related to the

Table 4. Gibbs Free Energies of Isomerization Reactions in
the Gas Phase (And Dispersion Corrected Values) Reported
in kcal'mol ™

Pr AG AGp
Tl - T2 —18.3 —-11.7
Tl - T3 —-19.8 -9.3
T2 - T3 -1.5 2.4
D1 — D2 —-16.2 -21.3
D1 - D3 —-21.4 —-25.4
D2 — D3 =52 —4.1

S AG AGy
T2 > T3 40 7.0
D2 - D3 21 34

experimental solid-state structure. Our calculations show that
it is 7.0 kcal-mol™ more stable than structure T3.

Turning to dinuclear species, we first note that structure D1
is again a fragment of the polymeric structure seen for
Pr(DMADB),. As before, one of the metal centers is only 11-
coordinate, and rearrangement should occur to form structures
such as D2 or D3. In fact, we calculate that structure D1 is
highly unstable with respect to both D2 and D3, and that
conversion to the latter is downhill energetically by AGp =
—21.3 and —25.4 kcal-‘mol ™, respectively. For Sm(DMADB)s,,
structure D2 most closely resembles the solid-state structure.
Once again, our calculations show that D2 is 3.4 kcal-mol™
more stable than structure D3.

Furthermore, our DFT results demonstrate that the lowest
energy trimers are unstable with respect to decomposition into
the dimer and the neutral monomer, as shown in Table 5. FI-

Table S. Gibbs Free Energies (And Dispersion Corrected
Values) in kcal'mol™" for the Decomposition of Gas-Phase
Clusters (M = the Neutral Monomer Ln(DMADB),)

AG AGp

Pr T3 - D3+M —-133 -S54
T2 - D3+ M —14.8 -3.0

D3 - 2M -5.0 2.7

Sm T2 - D2+ M —14.2 =57
D2 - 2M -7.6 14

Er D3 - 2M —16.5 —7.6

MS data support this conclusion because the relative intensities
are much lower for the trimers than for the dimers and
monomers. Dispersion effects play an important role in the
stability of the dimeric species with respect to the monomeric
species for both Sm and Pr. When dispersion is accounted for,
the dimers are more stable than the monomers, although only
by a few kcal'mol™. In contrast, for Er the calculations show
that the monomers are more stable than the dimers by 7.6
kcal-mol ™.

Thus, we conclude that the Er precursor, which is a dimer in
the solid state, probably sublimes as a monomer. This finding is
supported by the relative intensities of the peaks in the FI-MS
spectra: the ErL;" peak has a relative intensity of 100%, whereas
the Er,L* peak has a relative intensity of only 15%.

The relative stabilities of the monomers and dimers are again
consistent with expectations based on ionic radii. Monomers
are relatively more stable for smaller lanthanides such as Er,
whereas dimers are relatively more stable for larger lanthanides
such as Sm and Pr. For all three lanthanides, the monomer has
a coordination number of 12, which is equal to the
experimental coordination number seen in the crystal structures
for Er but less than the coordination numbers of 13 and 14
seen for the Sm and Pr complexes. For the larger lanthanides,
the dimeric structures are favored because they permit the
ligands to form more Ln—H bonds with the metal centers.

B CONCLUSIONS

The observed decrease in the volatility of Ln(DMADB),
complexes with an increase in the size of the lanthanide ion
is a result of the larger energy required to break the metal—
DMADB bonds, a process that is necessary to convert the solid
state species (which are oligomers or polymers with bridging
DMADB ligands). Neutral gas-phase species from monomers
to trimers were studied and long-range weak interactions

dx.doi.org/10.1021/jp305691y | J. Phys. Chem. C 2012, 116, 23194—23200
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(dispersion) were found to make significant contributions to
the energies of these species. The Sm oligomers in the gas
phase maintain the connectivity of the solid state, whereas the
Pr species undergo ligand rearrangement. In all cases, trimeric
and dimeric structures are unstable and readily decompose into
monomers in the gas phase, and the relative energies of these
species are correlated with their relative intensities as
determined by FI-MS. For Sm and Pr, the monomers and
dimers have similar stabilities and exist in equilibrium in the gas
phase. In contrast, the Er dimer is unstable in the gas phase
with respect to the neutral monomer. Mayer bond orders
demonstrated that the M—H bonds are stronger for the
uranium species than their lanthanide analogues, which explains
why U(DMADB), decomposes rather than sublimes when it is
heated.

B ASSOCIATED CONTENT

© Supporting Information

Coordinates and additional discussion is provided. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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