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Abstract

Structural changes in mechanically treated CaF2 powders have been studied by X-ray diffraction, transmission electron microscopy,

thermal analysis, 19F and 1H MAS Nuclear Magnetic Resonance and Electron Paramagnetic Resonance methods.

Applying the same methods, the results could be compared with those of mechanochemically synthesized CaF2 samples, prepared for

the first time in this study by high-energy ball milling. The applied methods indicate that the mechanically treated samples become, under

the applied conditions, nanocrystalline. Unexpectedly, the mechanochemically synthesized samples show the same effects, i.e.,

nanocrystalline samples were formed. In contrast to many oxide compounds, a weak amorphization takes place only after a strong

mechanical impact, and essentially in grain boundaries of spherical particles. Observed effects after the application of mechanical impact

like broadening of XRD reflections, broadening of 19F resonances, or the decreasing ability for Hd trapping at ambient temperature, are

mainly due to decreasing particle sizes as well as very small structural changes in the bulk of the particles. Surprisingly, the spin

relaxation of both nuclear spins (19F) and electron spins (Hd) appears to be the most sensitive tool for the investigation of mechanically

and chemically induced changes indicating the increasing surface to bulk ratio with increasing mechanical impact.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The fast developing field of mechanochemistry of
inorganic solids is currently restricted to mainly oxide
systems and alloying processes [1–5]. In addition, ‘‘soft
mechanochemical synthesis’’ using hydroxides, hydrates or
carbonates as starting materials is of increasing importance
at the formation of oxide solids with properties opening
new fields of application (e.g., nanoceramics, bioceramics,
catalysts) [6].

Although nanostructured high-surface area metal fluor-
ides are of increasing importance for different application
fields like heterogeneous catalysis, thin films or glasses
[7–10], only few papers exist on mechanical activation and/
or mechanochemical reactions of solid fluorides. This is
due to the peculiar properties of solid fluorides: e.g., the
high ionic bonding character, their comparably low
e front matter r 2006 Elsevier Inc. All rights reserved.
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hardness accompanied by some elasticity and the high
moisture sensitivity.
First publications concern the mechanochemical synth-

esis of AZnF3 compounds (A ¼ K, Na, NH4) with
perovskite structure [11], the synthesis of complex fluorides
ARF4 (A ¼ Li, Na, K; R ¼ rare-earth elements) [12],
as well as the mechanochemical synthesis of lanthanum
oxofluoride LaOF using LaF3 and La2O3 [13]. All reactions
mentioned were performed in a planetary mill under
access of air. The products were investigated exclusively
by X-ray diffraction (XRD) [13]. Further studies were
published on milling of PbF2 and NH4F with SnF2

to examine the influence of grain sizes on the ion
conductivity [14–16]. More recently, mechanochemical
reactions of alkali acid bifluorides (MHF2) with alkali
halides (MX) were studied by XRD and IR spectroscopy
[17]. The influence of AlF3 and ZnF2 particles on the phase
transition from g-Al2O3 to a-Al2O3 was studied by XRD
and transmission electron microscopy (TEM) measure-
ments [18]. The electrochemical activity of BiF3 could be
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enabled in BiF3/C nanocomposites prepared by high-
energy ball milling [19].

So far, only few papers exist on the application of
magnetic resonance methods on mechanically activated
solids and especially activated solid fluorides (see, e.g.,
Refs. [20,21]).

In the present study, CaF2 was chosen as model
substance to follow changes in the matrix under the
influence of a mechanical impact for several reasons:

CaF2 has a well-known simple structure. Although no
phase transition to another modification is known,
calculations suggest possible, but less stable structures as
alternative possibilities on the energy landscape [22,23]. In
analogy to other fluoride systems the tendency to structural
relaxation of the CaF2 matrix is accompanied by the
formation of limited crystalline particles. It is a peculiarity
of the chosen matrix here that atomic hydrogen Hd, which
is known to be stabilized in CaF2 single crystals [24–27] and
powders [28–30] could also be used as a very sensitive and
additional spin probe in the unmilled and mechanically
treated powder samples after g-irradiation.

Moreover, the choice of CaF2 as model substance for the
present study is supported by its increasing use as a
component in the starting mixture of the mechanochemical
synthesis of nanostructured fluorapatite [31]. Also, CaF2

represents one of the classical materials for dosimetric
measurements by its ability to trap holes and electrons.
Exploring the ability of Hd trapping, it is just this property
which will be used here to characterize very small structural
changes in the bulk of the nanoparticles.

Two different ways are attempted in this paper to generate
nanocrystalline powders of CaF2: (i) milling of a commer-
cially available crystalline CaF2 powder, selected by purity
from different offers and (ii) a mechanochemical synthesis of
CaF2 starting from CaCO3 and NH4F according to:

CaCO3 þ 2NH4F! CaF2 þ 2NH3 þH2Oþ CO2.

Therefore, it is the intention of this contribution to follow
changes of the local structure of nuclear (19F, 1H) and
electron (Hd) spin probes as consequence of the mechanical
activation and mechanochemical synthesis by 19F and 1H
MAS NMR and EPR spectroscopies in relation to findings
obtained by TEM, XRD, and thermal analysis (TA).

Based on the methods mentioned above the new findings
of the present contribution concern the formation of
nanocrystalline CaF2 applying both preparation ways
mentioned above. Of special interest is the fact that a
differentiation between mechanically treated commercial
CaF2 and mechanochemically synthesized CaF2 powders is
only possible with the help of spin probes and their
relaxation behaviour.
2. Experimental section

The commercially available powder sample of CaF2

(Riedel–de Haen) was selected as starting material for
milling experiments presented in this paper. This sample
contains only traces of Mn2+ ions.
This calcium fluoride powder was milled in a commercial

planetary mill ‘‘Pulverisette 7’’ (Fritsch, Germany) under
access of air applying milling times of 4, 8, and 16 h. Each
syalon vial was used with five syalon balls (mballs: 14.8 g;
mCaF2

: 2g) and a rotational speed of 600 rpm (rpm:
rotations per minute). Additionally, a double impact (ten
syalon balls per vial, mballs ¼ 29.8 g) was realized for
milling times of 4 and 16 h, respectively.
In addition, the mechanochemical synthesis of CaF2

beginning with CaCO3 and NH4F was performed using the
same planetary mill (input:molar ratio: 1:2 according to the
equation, total mass: 1.74 g; milling intensity: 500 rpm;
milling time: 5 and 10 h).
High-resolution XRD patterns were recorded with the

XRD 3003 TT equipment (Seifert, Germany) for all
samples at room temperature (CuKa-radiation;
51p2Yp901; step scan: 0.051, step time: 3 s). The working
principle of the milling apparatus together with the fixed
milling regime guaranteed the reproducibility as repeated
experiments in combination with XRD and NMR mea-
surements showed.
The unmilled CaF2 powder, the two 16 h milled CaF2

samples (milled with five balls and 10 balls, respectively)
and the mechanochemically synthesized samples were
studied using TG-DTA measurements in a Netzsch STA
409C thermobalance (heating rate: 10K/min under N2 up
to 800 1C).
TEM studies were performed with a 200 kV CM20

microscope and a 400 kV JEOL 4000FX microscope.
Bright field images, electron diffraction investigations and
EDX examinations were combined for the characterization
of the samples. The TEM-samples were prepared by
depositing few droplets of a suspension of the powders in
alcohol on a carbon coated copper grid.

19F and 1H MAS NMR spectra were recorded on a
Bruker AVANCE 400 spectrometer (n19F ¼ 376.4MHz;
n1H ¼ 400.2MHz) using a 2.5mm double-bearing magic
angle spinning (MAS) probe (Bruker Biospin) allowing
spinning frequencies up to 35 kHz.

19F MAS NMR spectra were recorded with a p/2
pulse duration of p1 ¼ 2 ms, a spectrum width of 400 kHz
and a recycling delay between 30 and 600 s corresponding
to the respective T1 time. The isotropic chemical shifts
diso of 19F resonances are given below with respect to
the CFCl3 standard. Spin lattice relaxation times T1

of 19F were determined with the inversion recovery method
[32].

1H MAS NMR spectra were measured with a sweep
width of 200 kHz, an excitation pulse lengths of 2.2 ms. Due
to the low proton content of the studied samples and a
background signal of the probe of comparable intensity the
exact determination of the 1H spin lattice relaxation time
using the inversion recovery method was not possible.
Therefore, a recycling delay of 60 s was used avoiding
saturation effects.
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For the p/2 pulse experiments, existent background
signals of both 19F and 1H could be completely suppressed
with the application of a phase-cycled depth pulse sequence
according to Cory and Ritchey [33], especially designed for
each spin probe.

The solid state NMR spectra of both I ¼ 1/2 nuclei were
handled using the Bruker XWIN-NMR software. Simula-
tions of the 19F and 1H NMR spectra were performed with
the DMFIT-software [34].

X-band (9.3GHz) EPR measurements were performed
at 293, 77 and 4.2K with the spectrometer ERS 300 (ZWG/
Magnettech GmbH, Germany). Low-temperature mea-
surements (4.2K) were performed with a flow-cryostat
Heli-Tran (APD Cryogenics, USA). Modulation frequen-
cies of 100 kHz (298K) and 1 kHz (4.2K) were applied to
study the Hd signals after g-irradiation.

3. Results

3.1. X-ray diffraction

CaF2 belongs to the well-known fluoride compounds
possessing a high symmetric cubic structure. It crystallizes
in the space group Fm3̄m. A scheme of the fluorite
structure is given in Fig. 1a. The unit cell consists of a
face-centred cube of Ca2+ ions, the F� ions are centred in
the octants of this cube. Every Ca2+ ion is surrounded by 8
F� ions and every F� ion again by 4 Ca2+ ions (Fig. 1a).
The corresponding 19F MAS NMR spectrum (central line)
is shown in Fig. 1b. In the context of this paper (vide infra)
it is interesting to note that solid solutions of the
composition CaF2�xHx (0oxp1.24) exist [35]. X-ray and
neutron diffraction studies indicated a structure with a
statistical substitution of fluoride ions by hydride ions in
the unit cell [35]. Consequently, the X-ray powder
diffractograms of CaF2 and CaF2�xHx cannot be distin-
guished.

Two selected X-ray diffractograms of (i) the unmilled
CaF2 and (ii) the sample milled for 16 h in the planetary
mill are shown in Fig. 2 with the development of the (0 2 2)
Fig. 1. (a) Detail of the structure of CaF2 [51] (space group: Fm3̄m; lattice

constant: a ¼ 5.463 Å; RF–F (neighboured) ¼ 2.709 Å, RF–F (diagonal)

¼ 4.709 Å). (b) 19F MAS NMR spectra (central line) of unmilled CaF2

(___) and 16 h (5 balls) milled CaF2 (y) (2.5mm rotor, nrot ¼ 30 kHz).
reflections given as inset. The reflections are characterized
by a distinct and continuous broadening with increasing
milling time. As expected, they are accompanied by a
decrease of intensity. The largest effect on the intensity
could be registered in going from 0 to 4 h milling. On the
other hand, the double impact (use of 10 balls instead of
five balls additionally applied at 4 and 16 h milling time)
results only in a small increase of line width regarding the
respective other sample. The ratio of the amplitudes of the
first two intensive reflections (A1 1 1/A0 2 2) is reversed
comparing the unmilled (A1 1 1/A0 2 2 ¼ 0.91) and 16 h
milled (A1 1 1/A0 2 2 ¼ 1.15) samples (see Fig. 2).
It is important to note that neither additional reflections

nor an enlargement of the background could be observed
as result of mechanical milling of the commercial sample.
The latter should be indicative of a certain amorphous
proportion in the samples.
Mean grain sizes of 332 nm (unmilled sample) and 60 nm

(16 h milled sample) were determined applying the BGMN
program [36].
The positions of the XRD reflections of the mechan-

ochemically synthesized CaF2 unambiguously demonstrate
that CaF2 could successfully be produced by milling the
educts CaCO3 and NH4F. The width of the reflections are
identical to those of the sample milled for 16 h (see Fig. 3).
An XRD measurement of the milled samples performed

after annealing in the thermobalance unambiguously
indicated the structural perfection of the matrices (see
Fig. 4). All reflections became as narrow as in the starting
material and even the amplitude ratio of the two intensive
reflections (A1 1 1/A0 2 2 ¼ 0.72) was nearly rebuilt. These
facts imply the presence of only small structural distur-
bances in the nanoparticles and of only small amounts of
amorphous materials.

3.2. DTA

The only important difference between the milled
commercial samples is the mass loss at heating of up to
1.83% in the sample treated the strongest. The mass loss is
Fig. 2. X-ray powder diffractograms of unmilled CaF2 (y.) and CaF2

milled for 16 h, 10 balls (___). Inset: enlargement of the (0 2 2) reflections

of the two samples.
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Fig. 3. X-ray powder diffractograms of mechanochemically synthesized

CaF2 (10 h milling) (___) and commercial CaF2 milled for 16 h, 10 balls

(y).

Fig. 4. X-ray powder diffractograms of unmilled CaF2 (a), the 16 h milled

sample of CaF2 before (b) and after thermal treatment in the thermo-

balance (c).

Fig. 5. TEM micrograph (a) of CaF2 milled for 16 h (5 balls); the blow-up

(see arrow) shows the beginning amorphization on the surface of a

spherical particle. In the volume the particle is crystalline, lattice fringes

can be seen and the electron diffraction pattern (b) of the particle shows

the reflections of CaF2.
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due to the release of water adsorbed at the surfaces as
could be shown by the ion current curve for the mass
number m/z:18 in a coupled TA-MS measurement (not
shown here). The mass loss of the mechanochemically
synthesized samples is with 4.84% distinctly larger. Here,
beside a release of water a release of CO2 (m/z: 44) could be
observed originating from traces of CO3

2� in the sample.
Although the thermal treatment (TG-DTA) was performed
up to 800 1C, no exothermal recrystallization peak could be
registered in all samples studied here. The only observed
small effects are unspecific drifts of the DTA curves.
Obviously, possible thermal effects at the reorganization of
the samples cannot be proven unambiguously under the
mentioned conditions.

3.3. TEM

Particles of unmilled CaF2 have a size of up to several
micrometers present as cubes or small blocs. The habit of
the particles along with the electron diffraction pattern
reflect the cubic crystal structure (not shown here). Sixteen
hours of milling using five balls led to a strong reduction of
particle size. Spherical particles as well as jagged particles
with edges issue now with a diameter between 20 and 60 nm
(cf. Fig. 5). For some particles the size goes down even to
2 nm and agglomeration is observed. As the enlargement
given in Fig. 5 demonstrates, some of the grains show the
start of amorphization in their grain boundaries. Other,
non-spherical grains, however, are crystalline, even in their
surface area.
In the sample milled for 16 h with ten balls the

diminishing of the particle size further continues (see
Fig. 6). There exist particles with diameters between 10
and 50 nm, partly separated and partly agglomerated.
In addition, a fraction of very small particles occurs
(Ø: 2–3 nm, see Fig. 6). Again, only the grain boundaries of
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Fig. 6. TEM micrograph of CaF2 milled for 16 h with 10 balls. Figures

(a) (scale: 100 nm) and (b) (scale: 50 nm) give an overview on different

particle sizes of the sample. The agglomerates of the particles show

electron diffraction patterns (c) of CaF2.

Table 1

Calculated values of the isotropic chemical shifts (di), line widths (DB), and

integral portions (I) of 19F-resonances of milled CaF2 samplesa

CaF2 samples di (ppm) DB (kHz)b I (%)

Unmilled �108.6 0.99 97.3

�106.0 0.80 2.7

4 h/5 balls �108.9 1.37 96.2

�105.9 0.92 3.8

4 h/10 balls �108.7 1.41 95.2

�105.2 1.45 4.8

8 h/5 balls �108.9 1.37 94.2

�106.2 1.42 5.8

16 h/5 balls �108.7 1.38 91.7

�105.5 1.71 8.3

16 h/10 balls �108.7 1.38 91.7

�105.5 1.71 8.3

aSimulated with the DMFIT program [34] every spectrum was

calculated including two 19F resonance absorptions; 19F MAS NMR

spectra were taken at nrot ¼ 30 kHz.
bA Gaussian line shape was used for the resonance at �105.5 ppm;

0.31% Gaussian character (0.69% Lorentz character) was taken for the

line at �108.6 ppm.
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spherical particles seem to be amorphous. On the other
hand, jagged particles possess still crystalline grain
boundaries. A complete amorphization of grains could
not be established. The cubic crystal phase of CaF2 was
identified in all, even in the small, particles. All crystallites
give the typical electron diffraction patterns of CaF2.
3.4. 19F MAS NMR

19F MAS NMR spectra taken with a spinning frequency
of 30 kHz are given in Fig. 1b for the unmilled and the 16 h
milled commercial sample. In all samples only one species
could be identified with an isotropic chemical shift of
diso ¼ �108.6 ppm, typical für 19F in CaF2 [37,38]. With
increasing milling time the line widths of the 19F resonances
enlarge and consequently the amplitudes decrease [39]. As
already stated for XRD findings, the relative largest effect
is also observed after 4 h of milling. After that nearly no
changes occur concerning the line width. This result could
be confirmed by simulating the spectra [34] with the
calculated values summarized in Table 1. For longer
milling times (4 h, 10 balls; or X8 h) it becomes more and
more difficult to fit the spectra with the parameters of only
one species. A small fraction of a slightly more deshielded
19F-species has to be considered (see Table 1). This
proportion increases slightly with increasing milling time.

In agreement with findings of XRD (cf. Fig. 4), thermal
annealing at 800 1C of the 16 h milled sample results in an
19F MAS NMR spectrum quite similar to the unmilled
CaF2 (not shown here). The 19F MAS NMR spectra of the
mechanochemically synthesized CaF2 samples are almost
the same as those of the 16 h milled samples and can be
calculated with the same parameters as given in Table 1.
Beside the line width of the 19F resonance and its
changes in dependence on time and impact of mechanical
milling, the 19F spin lattice relaxation times T1 allow a
sensitive indication regarding changes of the state of order
of the matrices. The T1 values as determined for the main
signal at �108.6 ppm by the inversion recovery technique
are listed in Table 2. Beginning with a T1 value of 91.2 s for
the unmilled sample, the T1 times drop exponentially with
increasing milling time and impact. The value obtained for
the 16 h milled sample (10 balls) amounts to only 3.7% of
the original T1 time of the unmilled sample.
It is remarkable that the spin lattice relaxation times of

the two mechanochemically synthesized CaF2 samples are
with 10.7 and 4.1 s comparable to those of the commercial
sample milled for 16 h (see Table 2).

3.5. 1H MAS NMR

Although the content of adsorbed water in the CaF2

samples is very low (cf. DTA results), 1H MAS NMR
spectra allowed to assign different 1H species.
The measured 1H MAS NMR spectra of the studied

samples obtained under identical conditions are summar-
ized in Fig. 7. The use of a spinning frequency of 30 kHz
results in high-resolved 1H NMR spectra with only one
pair of spinning sidebands with an intensity of less than 3%
of the whole intensity of the corresponding spectra.
Therefore, only the central parts of the three spectra are
shown.
The 1H MAS NMR spectrum of the unmilled CaF2

sample (Fig. 7a) consists of two sharp separated signals at
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Table 2

Spin lattice relaxation times T1 of the
19F resonance in CaF2 (�108.6 ppm)

determined in dependence on time and impact of mechanical milling

Matrix T1 (s)

Commercial CaF2

(Riedel) 91.2

Unmilled

CaF2

4 h milled, 5 balls 22.7

CaF2

16 h milled, 5 balls 7.5

CaF2

4 h milled, 10 balls 3.9

CaF2

16 h milled, 10 balls 3.4

Mechanochemically synthesized CaF2

5 h milled 10.7

10 h milled 4.1

(ppm)
-1001020

(ppm)
-1001020

(ppm)
-1001020

1.1

5.0

6.9

x4

x2

1.1

5.4

12.0

12

7.0

4.6

1.1

(ppm)
-1001020

x4

5.4

1.2

(a) (b)

(c) (d)

Fig. 7. 1H MAS NMR spectra of: (a) unmilled CaF2; (b) unmilled CaF2

after g-irradiation (100 kGy); (c) a 16 h (5 balls) milled CaF2; and (d) a

mechanochemically synthesized sample from CaCO3 and NH4F(10 h

milling) (2.5mm rotor, nrot ¼ 30 kHz).
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1.1 and 5.4 ppm as well as a broad shoulder at 12 ppm. The
signal at 1.1 ppm is probably attributed to isolated
hydroxyl groups at the surface of the CaF2 crystals. For
protons in Ca(OH)2 chemical shifts of 1.2 ppm have been
measured [40]. But also weak hydrogen bridged F?H–O
species, as described by Jesinowski and Eckert [41] for
protons in fluorohydroxyapatites show a chemical shift
value at 1.2 ppm. The signal at 5.4 ppm can be attributed to
surface adsorbed water. In proton containing oxides a
signal at 12 ppm indicates the existence of strongly
hydrogen bonded protons [40,42]. Since chemical shift
values of 0.6 and �0.5 ppm have been determined for CaH2

(not shown here), a simple replacement of F� ions by H�

ions in the sample of CaF2 and the formation of local
calcium hydride substructures could not be indicated.
Therefore, in the studied sample of commercial CaF2 the
observed strongly hydrogen bonded protons (12 ppm) are
assumed to be located on lattice defects of the sample.
After g-irradiation of the unmilled sample, especially the
shoulder at 12.0 ppm disappears (see Fig. 7b).

The 1H MAS NMR spectrum of the 16 h milled CaF2

sample (Fig. 7c) shows a more intensive NMR signal
compared with that of the unmilled sample. This observa-
tion indicates an uptake of protons during or after the
milling process. As in the case of the unmilled sample small
signals for strongly hydrogen bonded protons at 12 ppm
and for isolated hydroxyl groups at the surface of the
crystals at 1.1 ppm are detectable. The maximum of the
signal is shifted to 4.6 ppm and an additional signal at
7.0 ppm is observed. The signal at 4.6 ppm can be
attributed to physisorbed water at the enlarged surface of
the milled sample. This interpretation is supported by the
measurement of a milled CaF2 sample that has been dried
for 24 h at 373K under vacuum conditions. For this
specially prepared sample a strong reduction of the signal
at 4.6 ppm was observed (not shown here). The signal at
7.0 ppm is assigned to protons in hydrate-like phases.
While in oxide hydrates the chemical shift for protons in
crystal water occupy a range from 4ppm till to 6 ppm
[40,42] our own studies on fluoride hydrates have shown
chemical shift values up to 8 ppm (not shown here). The 1H
MAS NMR spectrum of the mechanochemically synthe-
sized CaF2 sample (Fig. 7d) is very similar to that of the
corresponding spectrum of the 16 h milled CaF2 sample but
the intensity is higher. This is due to the fact that during the
reaction water has been formed. A shoulder at 12 ppm is
not detectable and the content of protons in hydrate-like
phases increases.
3.6. EPR

Atomic hydrogen represents an electron spin probe of at
least three advantages: it can only be trapped (i) if suitable
traps (high-symmetric cages) are accessible and give
characteristic hyperfine pattern for a doubtless assignment
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Fig. 8. X-band EPR spectra (low-field signals, 293K) of Hd in CaF2

recorded after g-irradiation (100 kGy) of unmilled CaF2 (___, amplitude

A1) and 16 h (5 balls) milled CaF2 (y, amplitudes A2). The signals of the

two species are mass normalized. Inset: X-band EPR spectrum of unmilled

CaF2.

Fig. 9. Mass normalized amplitudes A1 (’)and A2(�) of the two low-field

signals of Hd in CaF2 in dependence on milling time.
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of the ESR signals; (ii) if Hd precursors are present in the
samples or can be provided externally; and (iii) if the
generated Hd atoms own the adequate energy to enter the
cage. Interactions with lattice or electronic defects or other
scattering processes caused by the degrees of freedom in the
matrix therefore change the energy of the Hd atoms and the
yield of trapped atoms will be diminished. Depending on
the degrees of freedom of the matrix, the spin relaxation
behaviour is changed in a characteristic manner.

It is well known that atomic hydrogen Hd can be trapped
in single crystals [24–27] as well as in powders of CaF2

[28–30] at room temperature. In comparison to Hd in AlF3

[29,43–45], the atomic hydrogen Hd stabilized in CaF2

powders has a different behaviour concerning the tem-
perature dependence of the hyperfine coupling constant
(hfcc) [29], concerning thermal decay reactions and the
saturation behaviour of its EPR signal [30]. A detailed
study will be subject of a separate paper [46].

The untreated commercial CaF2 charge used for the
present investigations bears good prerequisites for Hd

trapping. Therefore, the changes caused by the milling
process can easily be watched by the amplitudes of the
corresponding ESR signals as a function of the microwave
power applied.

In the mechanochemically synthesized CaF2 samples a
trapping of Hd atoms at room temperature could not be
evidenced.

Surprisingly, the milled commercial CaF2 samples
investigated in the present contribution have the ability
to trap Hd produced by g-irradiation (100 kGy) at 298K.
The Hd signals could be recorded at 292K and 2mW
(100 kHz modulation frequency) as regular first derivatives
of the EPR signal. Moreover, different Hd sites could be
identified after milling (see Fig. 8, inset). The low-field
signals of the X-band EPR spectra of both the unmilled
and 16 h milled CaF2 powder samples are given in Fig. 8.
Whereas the unmilled sample hosts one detectable species
of Hd with an hfcc of Ahfc ¼ 1403.8MHz (amplitude A1),
with increasing milling time a second species with a larger
hfcc (Ahfc ¼ 1459.2MHz) [29] distinctly appears in addi-
tion (amplitude A2). The mass normalized amplitude A1 of
the initial species decreases exponentially with increasing
milling time. At the same time the amplitude A2 of the
second Hd species increases slightly in relation to the first
one (see Fig. 9). The integral intensity however of all
trapped Hd atoms decreases with increasing milling time.

At 4.2K and a modulation frequency of 100 kHz (2mW
microwave power) the Hd signals of the unmilled sample
appear with an absorption-like shape because of the
admixture of dispersion contributions. Here, the product
T1T2 is too large to follow the 100 kHz effect modulation
due to absence of effective fluctuations in the system at this
temperature. Therefore, at 4.2K a modulation frequency
of 1 kHz was applied to determine the saturation curves of
trapped Hd atoms in both unmilled and milled CaF2

samples (cf. Fig. 10). Whereas the unmilled sample gives
the typical saturation curves of trapped Hd atoms [47], for
the mechanically treated samples the saturation behaviour
has the typical shape of inhomogeneous broadened lines.
The latter results due to statistical distributions of
distortions of trapping positions as a consequence of
mechanically induced small matrix perturbations.
Inspecting the EPR spectra of non-irradiated samples

using a large B0-scale up to 500mT the following can be
stated:
After 4 h of milling the broad spectral contributions of

the low-field part of the X-band EPR spectra
(0oB0o250mT) indicates the formation of dangling
bonds and defect pairs in the sample (not shown here).
At longer milling times the spectral pattern in this region is
changed by aggregation, transformation and recombina-
tion processes of the unsaturated bonds and defect pairs.
Finally, it should be mentioned that the milled CaF2

samples thermally treated up to 800 1C did not allow the
trapping of Hd atoms due to the reduced amount of
precursors and the number of accessible intact cage-like
structural elements.
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Fig. 10. Amplitude of the low-field X-band EPR signal of Hd in CaF2 in

dependence on the microwave power, taken at 4.2K with a modulation

frequency of 1 kHz; ’ CaF2, 16 h milled (10 balls); � CaF2, 4 h milled (10

balls); *unmilled CaF2.
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4. Discussion

The mechanochemical synthesis of CaF2 from CaCO3

and NH4F performed for the first time in this study was
successful with CaF2 as the only solid product. Nearly all
properties of this CaF2 (19F and 1H resonances, 19F-T1

relaxation times, XRD reflections, vide infra) are compar-
able to those of the long time milled commercial sample. It
means the result should be also in this case a nanocrystal-

line calcium fluoride. However, as deviation from results
obtained for the commercial sample, atomic hydrogen
could not be trapped in the synthesized CaF2 powders
although a sufficient concentration of possible H-precur-
sors is present in the sample (see Fig. 7d). Therefore, the
trapping of Hd atoms in such matrices can be regarded as
an important discriminative criterion concerning the real
structure of a mechanically treated sample.

As it could be established by XRD and TEM methods,
mechanical milling of commercial CaF2 leads as expected
to a remarkable reduction of the particle size. The extent of
reduction depends both on the duration of mechanical
treatment and on the strength of the impact (five or 10
balls). Particles ranging from 2nm to 3 nm can be observed
(Fig. 6). It means that a certain amount of particles appear
with only 4–6-fold sizes of an unit cell in CaF2 (cf. Fig. 1a).
Unexpectedly, even after the strongest mechanical impact
applied here the samples are nanocrystalline. A noticeable
amorphous part could not be found. The latter was
additionally confirmed with DTA measurements by the
absence of a recrystallization peak. A weak beginning
amorphization could be observed only at the surfaces of
some spherical particles.

These results are in agreement with the observed XRD
amplitude ratios as described in the results part. It is
well known that the cleavage face of CaF2 is the (1 1 1)
plane. It means the symmetry of the crystallites is
conserved at grinding along this plane and cleavage is
one of the dominant processes induced mechanically.
Consequently, the corresponding reflection in the X-ray
diffractogram is less effected than the (0 2 2) reflection at
milling. A stronger perturbation of the symmetry and
therewith of the lattice periodicity takes place in the [0 2 2]
direction. After thermal treatment, the restored XRD
amplitude ratio A1 1 1/A0 2 2 together with the re-established
19F MAS NMR spectrum, support the idea of a healing up
of grains, meaning a reorganization whereby the lattice
periodicity is restored.
Bearing these results in mind, line broadening effects of

19F resonances and the decrease of the spin lattice
relaxation times T1 with increasing milling time are then
a consequence of the reduced particle size and the
accompanying very small deviations from the cubic
symmetry in the bulk of the nanoparticles.
A quantitative consideration reveals that the changes of

the dynamic parameters of the magnetic resonance do not
correlate with the issue of the small amorphous proportion
in some grain boundaries. Therefore, both the line widths
of the main 19F resonances and the T1 relaxation times
obtained for this transition appear to be sensitive tools to
indicate actually the increasing surface to bulk ratio in the
samples occurring with increasing milling time. They
indicate also very small deviations from the equilibrium
geometric and electronic structure of the matrix. The
systematic lowering of the 19F spin lattice relaxation time
T1 with increasing milling time represents a result of the
rising number of lattice defects. The electronic and
geometric defects open additional relaxation channels.
The formation of electronic defects, especially in the form
of anion disorder and the resulting ionic conductivity is in
general known for CaF2.
In contrast, the issue of a small proportion of an

additional fluorine species (up to 8%, diso ¼ �105.5 ppm,
broad lines, see Table 1) with a higher distorted environ-
ment correlates very well with the beginning amorphization
in spherical grain boundaries (see TEM results). The 1H
signal at 7 ppm of these samples (Figs. 7c and d) was
assigned to protons in hydrate-like regions and supports
the idea of the appearance of those species probably in the
amorphous surface regions of the spherical particles.
As the 1H MAS NMR spectra (Fig. 7) show, there are

different 1H species in the samples which could not only be
able to yield trapped Hd atoms, detectable by EPR
spectroscopy (see Ref. [45]), but also act as important
indicators for the chemical composition and dynamics of
the surface region. MAS NMR measurements after g-
irradiation of the unmilled sample support the idea that
mainly strongly hydrogen bonded protons (signal at
12 ppm) serve as precursors for atomic hydrogen. This
signal is distinctly affected by g-irradiation (for comparison
see Figs. 7a and b).
As previous investigations evidenced, Hd trapping at

ambient temperatures after g-irradiation needs high sym-
metric cages of certain size [43,44].
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Due to strongly decreased particle sizes and the
accompanying microstructural changes by milling, the
number of such sites is reduced. This circumstance could
explain the exponential decay behaviour of the amplitude
A1 of the low-field signal of Hd (Figs. 8 and 9). It is
interesting to note that there is a correspondence of the
decay function to the decay function of 19F T1 relaxation
times.

The milling process is just responsible for a reduction of
the number of symmetric trapping sites for atomic Hd. In
addition to this phenomenon, one has to take into account
that the mechanically activated solid bears a lot of scatter
and recombination centres (e.g., traces of defects and
defect pairs) which will diminish the number of Hd atoms
suitable for trapping. Similar effects have to take into
account in samples prepared by mechanosynthesis. Here,
the residues of starting materials (like CO3

2� as evidenced
by CO2 in TA-MS measurements) can disturb the structure
of the matrix. They can also act as diffraction and reaction
centres for the Hd atoms.

As in the case of nuclear spins, mechanically induced
activations of the matrix essentially contribute to a minor
saturation tendency of the Hd spin system by an increase of
suitable fluctuations of the matrix even at low temperature.
This view allows also a simple explanation for the issue of
the observed second Hd signal with the larger hfcc after
mechanical activation. Obviously, this signal is already
present in the unmilled and g-irradiated CaF2 (see arrow in
Fig. 8). However, applying low microwave powers and a
100 kHz modulation frequency broadened it due to the
passage effect. The larger hyperfine coupling constant, the
smaller line width as well as the pronounced saturation
tendency imply a weaker interaction with the environment
and favours a stabilization on interstitial positions,
symmetrically surrounded by eight fluorine atoms.

5. Conclusion

Based on the methods applied in this study the following
findings of novelty can be summarized:

In contrast to many oxide compounds, e.g., Refs. [48,49],
milling of CaF2 powders under the conditions applied here
does not lead to a noticeable amorphization of the samples.
After milling of commercial CaF2, nanocrystalline CaF2 is
formed with a very low amorphous content in the surfaces
of the particles. Surprisingly, the mechanochemically
prepared sample from CaCO3 and NH4F leads to a
nanocrystalline sample too.

Even the application of larger mechanical impacts
(vibration mill, use of diamond as milling enhancer)
resulted in the same observations.

Most of the applied methods (TEM, XRD, 19F chemical
shift in MAS NMR) show unambiguously the influence of
the milling process and allow to compare properties of
crystalline and nanocrystalline CaF2. The perturbation of
the structure as observed with solid state magnetic
resonance methods as well as XRD and TEM measure-
ments together with the absence of DTA effects is not very
large and almost reversible. Obviously, the cleavage of the
CaF2 crystallites present or chemically formed in the
sample is the dominating process at the milling of such
samples.
However, the very small deviations between mechani-

cally treated and mechanochemically synthesized samples
are only hardly detected. Even the T1 relaxation times of
the 19F spin probes at a fixed temperature of 293K can
only be heavily distinguished for CaF2 prepared in the two
ways.
The best diagnostic mean giving clear differences is the

extend of Hd trapping and its microwave saturation
behaviour.
Relevant macroscopic properties of CaF2 like the

complete cleavability parallel to the (1 1 1) plane formed
by one kind of ions, the comparably low melting point of
1403 1C and not at least the formation of lattice defects
after thermal treatments or exposure to ionizing radiation
can be brought in relation to spin-relaxation behaviour of
the mechanically treated CaF2 matrices.
Based on the specifics of the metal-fluoride bonds, the

structural relaxation processes of solid fluorides are quite
different compared to those obtained by oxides: e.g., on
mechanical milling of corundum (a-Al2O3) [50].
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[46] R. Stösser, M. Ahrens, G. Scholz, J. Phys. Chem. 2006, in

preparation.

[47] J.A. Weil, J.R. Bolton, J.E. Wertz, Electron Paramagnetic Reso-

nance: Elementary Theory and Practical Applications, Wiley, New

York, 1994.

[48] J. Xue, D. Wan, S.E. Lee, J. Wang, J. Am. Ceram. Soc. 2 (7) (1999)

1687–1692.

[49] A.A. Shubin, O.B. Lapina, E. Bosch, J. Spengler, H. Knözinger,
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