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Cation fluctuations within a molecular anionic ligand frame-
work in crystals have rarely been observed. Veith et al. have
studied local Li* ion fluctuations in crystalline lithium
siloxyamides that contain either an anionic (N-Si-O-Si-
N)>"=(X*") or (O-Si-N-Si-O)"=(Z") skeleton.'! In the
crystalline [Li,(Z),] and [Li,(X),] species, the metal move-
ments proceed in a concerted fashion, that is, the cations jump
simultaneously from filled to empty positions as electrostati-
cally coupled (Li,)*" and (Li,)*" clusters, and the movements
are linked to phase transitions, rotations, and oscillations of
atoms and atom groups. A partial dynamic disorder of Li*
ions has also been reported in the “onion”-type spherical
cluster [LiyOL(AsR),] (R =Me,(iPrMe,C)Si).”! To date, ion
fluctuations in crystallized “molecular boxes” have only been
observed for Li* ions.

We report herein on two compounds that are composed of
a small central PH,™ anion surrounded by a spherical outer
shell consisting of twelve tert-butoxy anions. In this confined
polyanionic space, that is, between the PH,  anion and the
outer shell, 12 or 13 highly mobile sodium cations are
embedded. One sodium ion can be reversibly added or
removed to interconvert these aggregates.

Brandsma et al. reported the synthesis of sodium dihy-
drogenphosphide, NaPH,, which uses the reduction of
elemental phosphorus with sodium metal and subsequent
addition of tert-butyl alcohol. This form of NaPH, is a
versatile reagent for the preparation of organophosphorus
compounds;®! however, the nature of this “Brandsma
reagent” was not known.

We treated a solution of sodium in a 1:1 (by volume)
mixture of ammonia and dimethoxyethane (dme) with red or
white phosphorus. A yellow-brown suspension is obtained
after approximately 1.5 h. After evaporation of the ammonia,
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the crude mixture, containing [NaPH,(solv),] and [NaNH,-
(solv),] (solv=NHj; or dme) suspended in dme, was treated
with fert-butyl alcohol at —78°C (Scheme 1a). A clear
solution is obtained at room temperature, which shows one

a)

NaPH,(dme)/
2 NaNH, c)
toluenei I dme, 2d
{BuOH
b) toluene
-78-20°C
EE——

Scheme 1. Syntheses of 1 and 2.

triplet in the proton-coupled *'P NMR spectrum at &=
—307.7 ppm (J=145.0 Hz) and a doublet at 6 =—2.24 ppm
in the "HNMR spectrum (J=145.0 Hz) for the PH, ion.
From this solution, colorless crystals of the composition
Na;;(dme);(PH,)(OrBu);, (1) were obtained.

When the crude NaPH,/NaNH, mixture is evaporated to
dryness and toluene is used as solvent for the reaction with
fBuOH, a new species 2 is detected by *'P and 'H NMR
spectroscopy in the clear solution. The PH, ion is identified
through a triplet at 6 =-2923 ppm (/=142Hz) in the
proton-coupled *'P NMR spectrum and a doublet at 6 =
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—2.20 ppm (J =142 Hz) in the 'H NMR spectrum. Crystals
from these solutions are free of dme and have the formula
Nay;(PH,)(OrBu);,. The *'P resonances of 1 and 2 are
observed side by side in toluene solutions or toluene/dme
mixtures containing up to 10% dme, thus indicating no or
very slow exchange between the two aggregates on the time
scale of NMR spectroscopy. When Na;(PH,)(OrBu);, (2) is
dissolved in pure dme, the aggregate Na;;(dme);(PH,)-
(OrBu),, (1) is quantitatively obtained after two days at
room temperature. This route (Scheme 1c) yields pure 1 on a
preparative scale. Similarly, when 11is dissolved in toluene, the
formation of 2 is detected. When [D,]rBuOH was used in the
synthesis of 1 and 2, the partially deuterated species [D;]1
and [D,]2 were prepared.

Moisture- and air-sensitive single crystals of 1 and 2 were
subjected to an X-ray diffraction study at 30 K. The
structure of 1 consists of a monoanionic cluster [Na;,(PH,)-
(OrBu),,]~ and a [Na(dme);]" cation. Both are strongly
disordered. The tert-butoxy residues are best described by a
superposition of three independent groups with occupancies
of 44, 37, and 19 %. Figure 1a shows only one these possible
orientations (44 % occupancy factor); the disordered [Na-
(dme);]* counterion is not shown.

b)

Figure 1. a) A representation of the anion [Na;,(PH,) (OtBu),,] in 1.
Only one of the three possible orientations of the tert-butoxy groups
(44 % occupancy factor) is shown (hydrogen atoms are omitted for
clarity). Interatomic distances at 30 K [A]: P-Na 3.121(9)-3.214(6). b) A
view of the cluster Na;;(PH,) (OtBu),, (2) as determined in the space
group Pa3. Only one out of three possible orientations of the
disordered tert-butoxy group is shown. Per molecule only 13 sodium
atoms are located close to corners of a regular dodecahedron.
Interatomic distances at 30 K [A]: P-Na 3.127(6)-3.384(3), Na-O
2.150(8)-2.417(6). Na blue, O red, C black, P purple.

Despite cooling a crystal of 2 to 30K, significant
diffraction intensities could only be obtained to a resolution
of 1 A. This is consistent with the observation that even at this
temperature, the molecules are highly disordered. A plot of 2
is depicted in Figure 1b showing only one of the three
possible positions of the butoxy groups in Na,3(PH,)(OrBu);,.
The packing of the individual molecules corresponds to an
idealized CsCl type structure for 1 and an idealized face-
centered cubic packing for 2.

A free refinement of the occupancy factors of the Na* ions
in 1 and 2 converged at a total number of 12.5(5) and 12.5(3)
ions, respectively, which is in good agreement with the
expected values of 12 and 13. The disorder observed even at
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low temperatures is consistent with temperature-dependent
specific heat measurements, which gave no indications of
phase transitions between 250 and 3 K. The X-ray studies
indicate structures in which twelve tert-butoxy groups form an
icosahedron that fully encapsulates the central PH,™ anion.
The twelve Na* ions in 1 or thirteen Na' ions in 2 can be
modeled as statistically distributed on the twenty corners of a
regular dodecahedron (shown in blue in the Figure 1). Both
clusters can be viewed as “onionlike” aggregates showing
subshells of ions of alternating charge within the cluster. The
outermost shell is represented by the lipophilic /Bu groups,
which completely cover the clusters and explain their
relatively high solubility (about 20% by weight) in hydro-
carbon solvents."!

Solid-state NMR spectroscopy at variable temperatures
was subsequently used to study the structure and dynamics of
the [Naj,] and [Naj] clusters in the solid state, using
deuterated fert-butoxy groups ([Dji]l and [D;]2, dme
protonated). The temperature dependence of the static ®Na
spectra of 1 and 2 (Figure 2) reveals a complex behavior for
all sodium sites, except for the [Na(dme);]" counterion, which
was found to be narrow, in accordance with its octahedral
symmetry. It was possible to investigate 2 from room temper-
ature down to 7 K, while the relaxation behavior of 1 limited
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Figure 2. Temperature dependence of the ZNa static NMR spectra for
a) 1 and b) 2. The narrow line obtained for the [Na(dme);]" cation was
found at  =—4 ppm relative to a NaCl solution at room temperature.
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the temperature range that could be studied to 240-340 K.
From 300 down to 10 K the lineshape for 2 first displays
broadening, then narrowing and shifting, and finally broad-
ening again into a form that resembles a disordered quad-
rupolar tensor lineshape with a quadrupolar coupling con-
stant C of approximately 6 MHz.

The observed behavior for 2 was successfully modeled by
dynamics of sodium ions on an icosahedron, that is, an
exchange of the 12 sites of an icosahedron, the rate constant
of which is strongly dependent on the temperature. Crucially,
the extreme narrowing of a large quadrupolar tensor dis-
played in Figure 2 can only be achieved by dynamical
averaging at icosahedral or higher symmetry.”” In this case,
significant dynamics of the PH,™ molecule is also required,
the assumption of which we justify from temperature-
dependent 1D *'PNMR spectra. For 1, slower sodium
dynamics and a slightly higher degree of averaging of the
quadrupolar interaction were detected. While the basic
dynamical model still applies, the structure of 1 is expected
to be closer to icosahedral symmetry and less frustrated than
that of 2.

This model is corroborated, for example, by *Na T,
relaxation measurements (Figure 3) that support the conclu-
sion of fast dynamics of the sodium nuclei. For 2, a T}
minimum of 7 us was found at 230 K, whilst for 1, an apparent
minimum below 1 ms was outside the experimentally acces-
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Figure 3. Temperature dependence of the ®Na T, relaxation times in
clusters 1 and 2. The dashed lines indicate the slope from which the
activation energies were estimated.!”

sible conditions. The activation energies for sodium exchange
were estimated to be roughly 30 and 10 kJmol™ for [Nay,]
and [Nay3], respectively. For the minimum value of 7; for
[Nay;] a correlation time of 7.5 x 107'° s was estimated for the
sodium dynamics, which assumes the rapid correlation
regime.”

The stability of various model structures for the anion of 1
and 2 was studied by BP86/TZVPP! DFT structure optimiza-
tions.”"” A large number of distorted icosahedral cage
structures of similar energy were found in these calculations.
The clusters did not decompose upon structure optimization,
and their cagelike structures were preserved even when the
PH,  moiety was removed from the model or when the
clusters were manually distorted.

The most stable [Na;,] cluster 1 and the most stable [Na,;]
cluster 2 are shown in Figure 4. Focusing solely on the

Angew. Chem. Int. Ed. 2010, 49, 74657469

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion. CHEMII@

[Na,,]

Figure 4. The optimized most stable [Na,,] and [Na,;] structures 1 and
2 (left) as well as the corresponding structures 1’ and 2’ optimized
after the PH,™ moiety was removed (right). For clarity, the Na
polyhedra are also shown. It can be seen that the removal of the PH,
moiety does not affect the arrangement of the Na atoms in the
polyhedra. The 12 oxygen atoms (red) also form an icosahedron, thus
producing nested Na and O polyhedra.

positions of the sodium atoms in 1, it can be seen that they
form a distorted icosahedron with Na—Na bond lengths
between 2.982 and 3.834 A. Removing the PH,” moiety
changed the molecular structure only slightly, and the
icosahedral arrangement of the sodium atoms was preserved,
which can be seen on the right side of the upper panel of
Figure 4. In the most stable [Na,;] cluster 2, the 13 Na* ions
form a monocapped and thereby distorted icosahedron.

To evaluate whether the stability of the [Na;,] and [Nays]
clusters is governed by steric hindrance, the bulky fert-
butoxide anions of the most stable structures of 1 and 2 were
substituted by a number of various smaller anions, such as
methylate, hydroxide, and fluoride. All of these [Na,,] and
[Na;;] model clusters were found to be stable during the
optimization procedure, and their shell structure was pre-
served. Hence, the high stability of these cagelike structures is
not solely due to steric hindrance by the bulky anions.

Based on the previous results the question arises whether
the onionlike shell structure can be described by classical
electrostatic interactions alone or whether covalent contribu-
tions must be considered. Therefore, we investigated the
stability of NaX model clusters with small anions like fluoride
on the basis of a simple electrostatic model. In the ionic model
by Scheller and Cederbaum, the electronic energy of a LiFs*
molecule, assumed to be dominated by electronic interac-
tions, is approximated by the Coulombic interactions between
positive and negative point charges."!! Additionally, a repul-
sive potential accounts for the repulsion of two oppositely
charged ions at short distances. We have extended this model
for the sodium clusters investigated herein, leading to the
potential in Equation (1).

4 B
V:Z%+ZFZ_ (1)
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The first term describes the classical Coulomb attraction
and repulsion energies (g; and g; are the charges of the two
particles, and R; is the distance between them),!” while the
second term accounts for repulsion energies between the
oppositely charged ions at very short distances, in order to
keep them at a distance. B and the Born exponent n are
parameters that can be derived from crystal lattice theory.™!
These two constants were taken from the literature to be B =
38.38 a.u. and n =7, although they had been determined for
LiF.™! By means of the potential energy function in Equa-
tion (1) a structure optimization was set up, and indeed, the
icosahedral structures were preserved in the force-field
structure optimization. The bond lengths of these optimized
clusters are, however, shorter than in the case of the DFT
structures because the electrostatic model overestimates the
attraction between the oppositely charged ions. The DFT
results were best reproduced for cluster 1 with a Born
exponent n=35.5 resulting in an increase of the repulsive
forces between the oppositely charged ions. It is, however,
noteworthy that the choice of the Born exponent n did not
affect the shape of the optimized structures but only the bond
lengths.

To summarize, using X-ray diffraction, solid-state NMR
spectroscopy, and DFT calculations, we demonstrate that the
crystalline forms of Na;;(PH,)(OtBu),, and [Na(dme);]*-
[Na;,(PH,)(OrBu),,]” contain interlocked ionic cages of near-
icosahedral symmetry with PH,™ in the center of an inner
sodium cage. At room temperature the sodium ions show fast
dynamics with a correlation time of up to 7.5x107 s for
Na;;(PH,)(OrBu),, within the alkoxide cage. One sodium
cation may be reversibly removed or added from the
aggregates. Quantum-chemical calculations highlight that
such onionlike arrangements of ions of opposite charge are
energetically stable regardless of whether or not the PH,™ ion
is present inside the cage. A purely electrostatic model is able
to account for all structural features of the complexes.
Possibly, such systems may be of help in the development of
nanoscaled Na* ion conductors.

Experimental Section

All syntheses were performed in dried glassware under an atmos-
phere of argon using standard Schlenk techniques and freshly
distilled, oxygen- and water-free solvents. For further data see the
Supporting Information.

1: In a thick-walled 100 mL Schlenk flask equipped with a Teflon
valve, sodium (1.73 g, 75 mmol) and red phosphorus (0.78 g, 25 mmol)
were suspended in DME (20 mL). Under agitation using a glass-
mantled magnetic stirring bar, liquid ammonia (20 mL) was con-
densed at —78°C, and the mixture warmed to 15°C and stirred for
90 min behind an explosive-proof shield. The blue solution became
yellow and the pressure in the flask rose to 7-8 bar. The ammonia was
slowly evaporated and the DME removed in vacuum. The crude
product is a mixture of [Na(PH,)(solv)] and [NaNH,(solv)] sus-
pended in DME. After addition of tBuOH (3.71 g, 50 mmol, 2 equiv)
over 5 min at —78°C the flask was slowly warmed up to 20°C to give a
pale yellow suspension. After filtration, colorless crystals of 1 formed
after two days at —30°C (30-40%). An almost quantitative yield
(greater than 90 % )of 1 is obtained when 2 is recrystallized from dme.
M.p.: 62°C. '"HNMR (250.1 MHz, [Dg]THF): 6 =1.37 ppm (d, 2H,
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J=147.1 Hz, PH,).*'P NMR (101.2 MHz, [D4]THF): 6 = —301.8 ppm
(t, J=147.1 Hz, PH,).

2: The crude mixture of Na(PH,)(solv) and NaNH,(solv) was
suspended in toluene and BuOH (3.71 g, 50 mmol) was added at
—78°C. The mixture was warmed to room temperature, and
subsequently NaOrBu (22 g, 230 mmol) was added and the mixture
stirred for 1 h at 80°C in 100 mL toluene. In the *'P NMR spectrum
the reaction proceeds with quantitative yield. After filtration over
Celite the solution was cooled to —30°C, whereby large colorless
crystals formed. 21g (71% yield). M.p.: 112°C. *'P NMR
(121.49 MHz, [Dgltoluene): 6=-292.3 (t, Jpy=142.3 Hz, PH,).
'HNMR (300.13 MHz, [Dg|toluene): 6=1.48 (s(br), 108H, OC-
(CH,);), —2.20 (d, 2H, Jpy = 1423 Hz, PH,").
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