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Aluminum Fluoride as a Storage Matrix for
Atomic Hydrogen **

Gudrun Scholz,* Reinhard StoBer, Jan Alam Momand,
Andrea Zehl, and Jeannette Klein

Atomic hydrogen H" can be stabilized for years in a suitably
prepared AIlF; powder matrix at temperatures 7>300K
(Figure 1). The hydrogen atoms are formed within the matrix
by v irradiation, essential OH groups in the crystallites serve
as precursors for the H*. Thus, for the first time the stabiliza-
tion of the reactive H* atoms has been achieved in a fluoride
of the earth metals. A prerequisite for the formation and
stabilization of the H* atoms is a special preparation of AlF;
under quasi isobaric conditions,! in which, in chemically and
thermally controlled reactions of a- and S-trihydrates of AlF;,
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Figure 1. X-band ESR spectra (298 K) of trapped H* atoms: a) in AlF,
powder samples of increasing crystallinity prepared from S-AlF;-3H,0
under quasi isobaric conditions!!! at the temperatures given. b, ¢) Low-field
signal of the trapped H* atoms in AlF;, prepared by annealing of 3-AlF;-
3H,0 at 500°C (Pyw =2 mW), measurement temperature 298 K (b), 4.2 K
(c); the y axis scales are identical.

both the necessary cagelike structural elements and also the
H" precursors are formed. Parallel to the long-term stability of
the enclosed (trapped) H* atoms is the comparatively large
values for the activation energies of their thermal decay. In
addition it is noteworthy that the H* atoms fulfill the function
of a spin probe in the solid-state samples. Compared to other
paramagnetic dopants, such as transition metal ions,?>! the H*
atoms are more suitable as a probe because their influence on
the matrix is significantly lower. For example, both the
spectral and spin dynamic ESR behavior and also the
corresponding activation energies calculated from the ther-
mal decay curves (Table 1) allow definitive conclusions to be
drawn about the state of order in the matrix. These are in
complete agreement with the findings from thermal analysis
and X-ray diffraction. This form of direct relationship for
trapped H" atoms has not been reported to date.

Table 1. Activation energies E, and rate constants k for the thermally
induced decrease in the H- signal in aluminum fluorides.

Annealing temperature  Annealing time k>l E.

[cC]t! [h] [gmol'min~!']  [kJmol™!]

200 1 0.00576 (80) 59.016
0.02797 (110)

300 1 0.01148 (150) 65.782
0.08311 (200)

400 1 0.01084 (200) 76.290
0.06918 (250)

500 1 0.03668 (250) 91.364
0.11399 (280)

500 10 0.02624 (250) 94.084

0.08435 (280)

[a] The starting materials $-AlF;-3H,O were, in each case, annealed in a
Q-crucible for 1 or 10 h under quasi isobaric conditions at the temperatures
given. Following this they were subjected to y irradiation. [b] Determined
from the time dependent standard signal intensities. [c] The temperature
[°C] for the decay reaction is given in each case in parentheses.
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Although there are numerous results demon-

strating the chemical reactions and spectroscopy 401'*». -

of atomic hydrogen at low temperature (4.2 < T .

T<100K), only a few systems provide direct Y% ]
evidence for atomic hydrogen at T'>298 K.[>% \ -~ . e

Of these, all but one concern the fluoride and AB./miT "

PP
oxide compounds of alkali and alkaline earth Ry
metals and of silicon.?!l The discovery of the ol .
trapping of H* in SigO;,Rg compounds in the ——————r—— 0 . : : ]

Pping @ g1 COomPpOUT 200 300 400 500 600 700 800 200 400 600 800
solid statel'* 18] as well as in solution™®! added a 7rC 7°C —>
new dimension to the physics and chemistry of
atomic hydrogen. The unexpected long-term
stability, which can run into years in the solid c 11, d
state and from days to weeks in the solutions, 1.0
permitted a detailed analysis of the chemical and 80°C g'z'
physical properties of the stabilizing SigO;,Rgq - . Ay 7] e, 200C
structural units.'®! These cages are also suitable 0.6 - e
for the investigation of hyperfine coupling in g-i’ "

. o ] o .4
muonium.®! oal e .7__119'0 03] L 250°C

However, when atomic hydrogen is trapped in ' 0.2 T
aluminum fluoride powder (AIF;/H"), its spectral 0 5 10 15 20 25 0 5 10 15 20 25

and kinetic behaviors differ greatly. This is seen
in a remarkable stability at room temperature,
and can be readily identified in the products of
thermal decomposition of the trihydrate after y
irradiation. For the a-AlF;-3H,O starting ma-
terial this occurs in the temperature range
250°C<T<550°C and for fS-AlF;-3H,0O in
the range 200°C<T<650°C. Three typical
X-band ESR spectra of the annealed and the y-
irradiated AlF; samples are shown in Figure 1a. In addition to
the characteristic hyperfine structure of H* (*!4 =50.9 mT) is,
centered between these two lines, the signal of another long-
lived paramagnetic AIO/h* center?®l. The degree of order in
the matrix is demonstrated by the line widths and shape of the
hydrogen ESR signals. Thus the physical and chemical
properties of the H* atoms are clearly influenced by the
matrix. With increasing temperature the line widths AB,,, of
the H'-signals becomes noticeably smaller and the intensity of
the signals increase relative to that of the AIO/h* center. Both
paramagnetic centers benefit, to different extents because of
their differing chemical natures, from the increasing ideal-
ization of the AIlF; structure. There is a definite correlation
between the line widths of the H" signals, the particle size of
the powder sample and, its amorphous content as determined
by X-ray diffraction: With increasing particle size, decreasing
amorphous content and therefore the increasing crystallinity
of the samples, the line width decreases (Figure 2a, b). In the
amorphous sections of the samples there is a statistical
distribution of bond lengths and angles. This has a direct effect
on the spin coupling parameters of the trapped H* atoms. ESR
experiments at different frequencies (S-, X-, Q-band; that is at
3.8, 9.5 and 34 GHz) indicate that these statistical effects are
reflected in the distributions of the anisotropic hyperfine
couplings. Of the chemical aspects, a modification of the
s-electron density of the H atoms as a result of discriminating
repulsive interactions in the cage substructure (see Figure 3d)
appears more likely than a distribution of the g-components,
which is dependent upon the comparatively high-lying excited
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Figure 2. Annealing experiments with $-AlF;-3H,0: a) influence of temperature on the
particle size d of the product and on the line width AB,,, (seee) of the low-field signal of the
trapped H* atoms. b) Standardized amorphous content y in the annealed $-AlF;-3H,0
samples as a function of the annealing temperature. c) Course of the decay of H* atoms in
AlF; against time, at 80 and 110°C. Measurement temperature given as a function of the
standard amplitude A/A,; annealing temperature 200 °C. d) Course of the decay of H* atoms
in AlF; against time, at 200 and 250 °C. Measurement temperature given as a function of the
standard amplitude A/A,; annealing temperature 400°C.

states.””) Spin-flip transitions®l are spectroscopically less well
defined than those of the SigO;,Rg cage (see Figure 1b,1181).
Evidently the individual line widths in AlF; are considerably
broader as a result of the interaction with the immediately
adjacent "F nuclei. The spin relaxation (microwave saturation
at T<10K) of the trapped H" atoms is also very different to
that of the SizO,Rg cage. In the spectrum of AlF;/H-,
saturation broadening occurs as a result of magnetic di-
pole —dipole interactions with the °F nuclei (Figure 1b, c).
This broadening is accompanied by slight changes in the signal
amplitudes.

The AIF; matrix, because of the Pauli repulsion (see also
CaF,/H'» 1) is clearly able to stabilize the H* atoms over a
wide temperature range.?’) Figures 3a—d show sections of the
structures of CaF, and AlF; and of the local cages capable of
incorporating H* atoms. The time-dependent decrease of the
H- signals in AIF; (Figure 2c, d) demonstrate the direct
dependence of the kinetic parameters of the trapped H* atoms
on the degree of order within the matrix. While in a sample
annealed at 200°C (amorphous content 41 %) H* atoms and
their thermal decay can not be observed above 110°C, in a
sample annealed at 400°C (amorphous content 20 %) the H*
atoms are significantly more stable and the thermal decay can
be monitored up to 250 °C (Figure 2 ¢, d). For the macroscopic
features this result is in agreement with the general observa-
tion that amorphous and structurally imperfect systems show
greater chemical reactivity. An additional consideration here
is that at higher temperatures, stabilized H* atoms require a
symmetrical environment, which, because of the repulsive
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Figure 3. Sections of the structures of a) CaF, (space group Fm3m) and
b) a-AlF; (space group R3c); local structure of the cages, formed by F
atoms, which are suitable for taking up H* (from consideration of the van
der Waals radius of H*): ¢) in CaF,: Ry =2.709 (neighboring), 4.709 A
(diagonal); d) in a-AlF;: Ry ;=2.541, 3.065, 4.105, 5.032 A.

interactions, prevents the H" atoms from entering into
chemical reactions or from leaving the cage. The experimental
thermal decay curves (ESR intensity—time profiles, Fig-
ure 2¢, d) can only be sensibly interpreted in terms of a
second-order rate law leading to the rate constants and
activation energies listed in Table 1. It is clear that the
matrices with the greatest amorphous content give the lowest
activation energies. Thus, in contrast to the molecular casel'®!
these experimental results support the idea that remote
structural elements are involved in the stabilization of the H".
The necessary mobility of the potential reaction partners for
the H* decay can be assumed.

The presence of precursors localized within the volume of
the crystallites have been shown to be favorable for the long-
term trapping of H* in AIF;. Suitable prerequisites are created
by the dehydration of AIF; hydrates under quasi isobaric
conditions.!! Treatment of the surfaces of (dehydrated) AlF;
samples with D,O gave the typical signals for trapped D*
atoms, but only with 3-5% of the intensity of the simulta-
neously trapped H* atoms. Furthermore, it could be demon-
strated that after vy irradiation at 300 K pure crystalline
samples of CaF, and Na;AlF, showed no trace of H*. In sharp
contrast the corresponding OH contaminated powders gave,
under the same conditions, intense ESR signals for trapped H*
atoms. Generally the yield of H* at room temperature sinks
considerably as the number of mobile H,O molecules, OH
groups, or H-bridging networks increases. H* atoms could not
be trapped in the a- and 8-AlF;-3H,O samples at 7> 300 K.
However, at lower temperatures (7<100 K) even in these
systems H*® atoms could be stabilized in easily detectable
concentrations.?! Further support comes from the results
obtained with the hydrates of calcium sulfate: At room
temperature H* could only be trapped in the semi-hydrate

2518 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

(CaSO,-0.5H,0).[% "I Similar results have so far not been
reported for the dihydate.

In general the concentration of the hydrogen atoms
generated and stabilized is dependent upon the nature and
concentration of the transition metal ions incorporated. In
AlF;, for example, it can be shown that at Fe** concentrations
above 0.1 mol % the rapid recombination of radiation defects
is more effective and thus increasingly hinders the trapping of
reactive species.

Experimental Section

The investigative methods used were multifrequency ESR spectroscopy
(S-, X-, Q-band) in conjunction with thermal analysis, targeted chemical
experiments and X-ray diffraction. ESR is the method of choice for the
unambiguous detection of trapped H* atoms. In the X-band the temper-
ature range from 4.2 < 7< 600 K can be used for the characterization of H*;
that is, an observation window of over 500 degrees is available. ESR
spectroscopy exploits the specific hyperfine patterns (Figure 1) to provide a
simple and direct method to detect H* atoms. All ESR investigations were
carried out in the uW region, or significantly below microwave saturation
(max. 2 mW). A “Co source was used for the y irradiation and an average
dose of 100 kGy employed. The samples were thermally prepared in an
oven by using a labyrinth Pt crucible (Q-crucible).! Each of the starting
materials (a- and $-AlF;-3H,0) were annealed for 1 h at temperatures
between 50 and 800 °C. The results obtained were completely reproducible.
Different charges of AlF; obtained from different preparations were
employed. After appropriate thermal treatment both a- and -AlF;-3H,0
led to products that can, after y irradiation, capture H* atoms. Differences
occur in terms of the yields and the chemical and spin dynamic behavior of
the trapped H" atoms.
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Intermediate-Range Order in Amorphous
Nitridic Ceramics: Lessons from Modern
Solid-State NMR Spectroscopy**

Leo van Wiillen, Utz Miiller, and Martin Jansen*

Structural characterization and theoretical modeling of
crystalline solids are only possible because of their transla-
tional symmetry. Once the translatorial periodicity is lost, as
in quasicrystals and amorphous networks, the structural
characterization of these solids, a prerequisite for a profound
understanding of the physical and chemical properties,
becomes a rather tedious task. This lack of routine methods
for the structural characterization of amorphous solids is the
reason for an only limited understanding of scientifically and
industrially important systems.

Amorphous ceramics in the system boron, silicon, carbon,
and nitrogen have gained considerable importance as high-
performance ceramic materials due to their exceptional
stability at high temperatures and their resistance to oxida-
tion.l Among these ceramics, those obtained by ammono-
lysis, polycondensation, and subsequent pyrolysis of single-
source precursors have been ascribed superior characteristics
with respect to resistance to crystallization and homogene-
ity.”! The ternary ceramic Si;B;N, and the quaternary ceramic
SiBN;C are the best studied so far with respect to structural
details.Bl A structural characterization of these amorphous
systems can only be successful if a combination of character-
ization methods is used, each predominantly probing the
short-, intermediate-, or long-range order. Modern solid-state
NMR spectroscopy is emerging as one of the most powerful
tools in this field. The short-range order in a range of 1-2 A
was successfully elucidated by magic angle spinning (MAS)
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NMR methods. These studies found trigonally planar BN; and
tetrahedral SiN, polyhedra as the basic building blocks
constituting the network. Transmission electron spectroscopy
studies revealed™ that the amorphous network in these
ceramics is homogeneous with respect to an elemental
distribution on a subnanometer scale. To date, the intermedi-
ate-range order, corresponding to a length scale of 2—5 A has
not yet been accessible. This gap is closed with the present
study, by utilizing modern double resonance solid-state NMR
methods. As a first characterization of the ceramic Si;B;N; the
solid-state NMR single-pulse MAS solid-state spectra were
recorded. The signals with isotropic chemical shifts of 0=
—45.2 (¥Si MAS-NMR) and 30.4 ("B MAS NMR) indicate a
local environment consisting of BN; and SiN, units, as
confirmed by a comparison to the spectra of the binary model
compounds h-BN and a-Si;N, and 8-Si;N,, respectively.P

The intermediate-range order, originating in the intercon-
nection of the polyhedra to give the resulting amorphous
network, was traced by employing rotational echo double
resonance (REDOR) NMR spectroscopy.! In this approach,
the heteronuclear dipolar interaction between two nuclear
species I and S, averaged out under the conditions of the MAS
experiment, is reintroduced by rotor-synchronized 180° de-
phasing pulses for the S spins. The signal of the first nuclear
species I is detected by using a rotor-synchronized solid-state
spin-echo pulse sequence. The 180° pulses for the second
nuclear species (S) produce a sign shift of the heteronuclear
dipolar Hamiltonian, resulting in a decreased echo amplitude
S. A conventional spin echo experiment for the I spins
provides the maximum echo amplitude S,. Simulations of the
resulting dipolar evolution curve, obtained as a plot of the
normalized difference AS/S, as a function of the dipolar
evolution time—the product of the number of rotor cycles N
and the rotor period Tr—then allows a direct determination
of the "B-?’Si internuclear distance in the case of an isolated
two-spin system. Comparing the two principally feasible
experiments ¥Si{''B}-REDOR and "B{*Si}-REDOR NMR
the first would be the natural choice because of the natural
abundance of the two isotopes *Si (4.7%) and !'B (80.4%).
The quadrupolar nature of the isotope "B (nuclear spin = 3/2)
as the dephasing nucleus however severely complicates data
analysis.l”l Therefore we decided to perform the second
variant, "B{*Si} REDOR. This makes the use of a 100%
»Si isotopically enriched sample of Si;B;N; vital, since in a
B-{*Si}-REDOR experiment on a sample containing %Si in
natural abundance only approximately 5% of the actual B-Si
dipolar couplings would be detected.

Figure 1 contains a compilation of '"B-{*Si}-REDOR
spectra for dipolar evolution times of 0.4, 1.2, and 2 ms
together with the resulting REDOR curve. The lineshape of
the "B resonance is dominated by the second-order quad-
rupolar interaction, which is not completely averaged out
even under the conditions of fast MAS. Line shape analysis
yields a quadrupolar coupling constant of 2.9 MHz and an
asymmetry parameter # of 0.1. Figure 1ashows the results of
"B-spin-echo experiments, Figure 1b the "B{¥*Si}-REDOR
spectra. The difference of the two experiments is plotted in
Figure 1c. An increase of the difference intensity S — S, with
increasing dipolar evolution time becomes obvious.
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