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An IR and NMR study
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ABSTRACT
Two structurally related magnesium phosphates, phosphoellenbergerite
(P63mc) and
holtedahlite (P63), have been investigated using a combination of high-frequency IR and
lH MAS, 31p MAS, and 31p CP MAS NMR spectroscopy on synthetic material. For phosphoellenbergerite, the two proton sites, HI and H2, detected in single-crystal XRD studies,
are confirmed. The protons on the first site, HI, delocalized around the threefold axis,
form OH groups with the unshared apical 0 atom ofP04 tetrahedra. Those on the second
site, H2, belong to Mg20SOH dimers of face-sharing Mg octahedra, which form double
chains. The spectroscopic data reveal additional protons (H3) in phosphoellenbergerite.
By combining both crystallographic and spectroscopic data, it can be inferred that the H3
protons are associated with Mg vacancies in the single chains off ace-sharing Mg octahedra.
Furthermore, a quantitative inspection of signal intensities indicates that the proton sites
in synthetic phosphoellenbergerite
are not all saturated. Therefore, the substitution ps+ =
Si4+ + H+ might account for part of the Si-P replacement in the silicate-to-phosphate
ellenbergerite series. The results obtained for the proton distribution in holtedahlite,
Mg2P040H, were used as a reference to facilitate the interpretation of the IR and NMR
spectra of phosphoellenbergerite.

have been identified, but they cannot account for all the
protons in the structure. Additional protons are probably
The ellenbergerite series is a complete silicate-to-phosbonded
to the single chains offace-sharing octahedra that
phate solid-solution series, which occurs in a coesiteare partially vacant (Comodi and Zanazzi 1993). It is
bearing terrane of the Western Alps (Dora-Maira). The
expected that these protons form OH groups with the 0
silicate end-member,
[Mg,/"(Ti,Zr).;,,o.h]2M(%AI6Si2Si6atoms of the vacant octahedra, as is the case for staurolite
02s(OH)IO, is stable only above 27 kbar (Chopin 1986;
(Hawthorne et al. 1993) and magnesiodumortierite (FerChopin et al. 1992), whereas the phosphate end-member,
raris et al. 1995; Chopin et al. 1995), as well as for hy(M&,9,Do,I)2Mg12P2P603SHs.4, is stable down to 10 kbar
drogarnets with 0 atoms of vacant Si tetrahedra (Lager
(Brunet et al. 1996). The P/Si ratio in natural ellenberet al. 1989). To complement the XRD studies of the elgerite is therefore a valuable indicator of minimum preslenbergerite structure, we investigated the synthetic phossure of metamorphism
(Chopin and Sobolev 1995).
phate end-member of the ellenbergerite series (phosHowever, all the coupled substitutions that are possible
phoellenbergerite, IMA vote 94-006) using infrared (IR)
to replace Si by P in the ellenbergerite structure have not
and nuclear magnetic resonance (NMR) spectroscopic
been determined. The role of protons and vacancies esmethods. We chose the phosphoellenbergerite end-mempecially needs to be clarified. The coupled substitution
ber rather than any other composition along the series
[6JAP+ + [4JSi4+= [6JMgH + [4JpS+most efficiently replaces
mainly because of its chemical simplicity: (1) The phosSi with P (Chopin et al. 1986). However, because the
phoellenbergerite composition belongs to a three-comsilicate end-member contains only six AI, this substituponent system, MgO-P20S-H20, whereas Si-bearing eltion mechanism cannot account for the replacement of
lenbergerite compositions require at least two additional
more than six Si. Tetravalent cations (Ti, Zr) and procomponents, namely Al203 and Si02. (2) Each cation site
tons, as well as octahedral vacancies, must also contribute
in phosphoellenbergerite is occupied by only one atomic
to charge balance beyond that ofSi-P replacement. From
species: P, Mg, or H. Furthermore, single-crystal diffracsingle-crystal X-ray diffraction (XRD) studies along the
tion
data have already been collected on synthetic phosseries (Klaska 1985; Chopin et al. 1986; Comodi and
phoellenbergerite (Amisano-Canesi 1994).
Zanazzi 1993; Amisano-Canesi
1994), two proton sites
NMR spectroscopy and IR spectroscopy have been
successfully used to locate protons in minerals (e.g., Kalinichenko et al. 1987; Yesinowski et al. 1988; Cho and
* Present address: Laboratoire de Geologie,S, rue Kessler,
F-63038 Clermont-Ferrand, France.
Rossman 1993). Although 31pNMR has been widely ap385
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plied in investigations on protonated phosphates (Bleam
et al. 1989; Lagier et al. 1992; Hartmann et al. 1994),
25MgMAS NMR is seldom used (Dupree and Smith 1988;
MacKenzie and Meinhold 1994), and so only a few reference data are available. Herein, we applied a combination of various one-dimensional solid-state NMR techniques. First, we used IH high-speed magic-angle-spinning
(MAS) NMR to observe directly the protons in the structure. Second, information about the protons was obtained
indirectly by using 31p CP MAS NMR to investigate crosspolarization (CP) dynamics. Third, because the protonation of PO. tetrahedra significantly influences the parameters of the chemical-shift tensor, we inspected the
31p MAS NMR spectrum at low spinning frequencies,
which provided further constraints for the short-range
geometry.
Interpretation of the IR and NMR data was facilitated
using synthetic holtedahlite, Mg2PO.OH, as an analog
because holtedahlite and phosphoellenbergerite
are structurally related (R0mming and Raade 1989). Most of the
measurements reported here were performed on both
compounds.
EXPERIMENTAL METHODS

Synthesis of phosphoellenbergerite and holtedahlite
Phosphoellenbergerite and holtedahlite were synthesized in a piston-cylinder apparatus using conventional
talc-pyrex assemblies. The products were identified by
X-ray powder difiraction. The starting material was enclosed with 10-20 wt% deionized water in a large-volume
silver capsule sealed with friction-fitting lids. Synthesis of
single-phase phosphoellenbergerite was achieved at 800
°C and 30 kbar (46 h). The starting material was an oxide
mixture of NH.H2PO. + MgO in an 8 to 13.75 molar
ratio, heated beforehand at 600°C for 3 h in a platinum
crucible.
A second batch of synthetic phosphoellenbergerite was
obtained at 900°C, 30 kbar (44.5 h) with excess D20.
Starting material and D20 were enclosed in an arc-welded gold capsule, and the experiment was conducted in a
dried NaCl-based pressure cell.
The starting material for the synthesis of holtedahlite
was an equimolar mixture of Mg3(PO.h.8H20, dehydrated at 950°C, and MgO. To overcome metastable
growth previously encountered in the Mg2PO.OH polymorphic system (Raade 1990), seeds ofholtedahlite were
added to the starting mixture. Despite this precaution,
the first experiment of88 hat 17 kbar and 750°C yielded
three phases: holtedahlite, althausite (a polymorph of
Mg2PO.OH), and an unidentified phase occurring in trace
amounts. This product, after grinding, was held under the
same P-T conditions for 72 additional hours, causing althausite to disappear. The unidentified trace phase remained. The presence of this phase might reflect a slight
stoichiometry offset, but because of its small amount, another synthesis with new starting material was not considered necessary.
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IR spectroscopy
The IR spectra of single crystals were measured with a
Bruker 120 high-resolution FTIR spectrometer with a
tungsten source and a CaF2 beam splitter. The IR beam
was focused using the optics of a Bruker IR microscope.
The sample was placed on a glass slide, for which the
background effect was corrected by subtraction. Polarized
IR measurements were performed on two oriented phosphoellenbergerite single crystals using a beam slit to reduce the angle of convergence to _10°. The phosphoellenbergerite and holtedahlite synthetic crystals investigated
here are about 80 ~m long and 30 ~m thick. All the spectra were recorded using between 100 and 5000 scans.
NMR spectroscopy
All NMR experiments were performed with a Bruker
MSL 300 spectrometer with a 4 mm double-bearing CP
MAS probe (1H MAS spectra at 300.1 MHz, 31p MAS
and CP MAS spectra at 121.5 MHz). Because the sample
amount (30-50 mg) was insufficient to fill the rotor, the
spectra were collected using a Ke1-F insert designed to fit
exactly inside the rotor (Merwin et al. 1989). The IH
MAS spectra were measured using single-pulse excitation
with a 90° pulse delay of 5 ~s and a recycle delay of 10 s
(120 and 360 transients for holtedahlite and phosphoellenbergerite, respectively). To separate spinning sidebands from the isotropic signals, a spinning frequency of
9-10 kHz was necessary. The IH chemical shifts are reported relative to an external tetramethylsilane
(TMS)

standard equal to 0 ppm; the 31 P chemical shifts are referred to an aqueous solution of monophosphoric acid
(85%). The 31p single-pulse MAS spectra were recorded
using 3.5 ~s pulses (90°), a relaxation delay of 90 s, and
spinning frequencies of 1.6-10.0 kHz. The spectra obtained at lower spinning frequencies were used to determine the parameters of the chemical-shift tensor. These
parameters were calculated using a computer program
that fits the spinning-sideband intensities according to
Maricq and Waugh (1979). A1l31PCP MAS experiments
with variable contact times used a spinning frequency of
3.6 kHz, a IH 90° pulse of 3.0 ~s, and a recycle delay of
10 s. The contact times ranged from 50 ~s to 300 ms;
each spectrum was obtained with 240 transients. Peak
intensities were determined using a computer program
that fits the spectra to a sum of Lorentzian and Gaussian
curves with optimized peak position, peak shape, and
peak width.
OUTLINE OF THE PHOSPHOELLENBERGERITE AND
HOLTEDAHLITE STRUCTURES
Phosphoellenbergerite

structure

The phosphoellenbergerite
structure was refined by
Amisano-Canesi (1994) using a synthetic single crystal
produced at 1000 °C and 30 kbar. The structure (space
grou p , P6 3 me) consists of two main structural units: dou.
ble chains (or ribbons) formed by pairs of face-shanng
Mg octahedra (M2) linked by edges, and single chains of
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FIGURE 1. View along the c axis ofthe phosphoellenbergerite
structure displaying the single-chain face-sharing Mg octahedra
(Ml) surrounded by PO. tetrahedra (T2).

face-sharing Mg octahedra (M l). Both extend along the c
direction. These octahedral chains are linked by comer
sharing to the P tetrahedra (Fig. 1).
P atoms are distributed over two tetrahedral sites; T1
is on the threefold axis and forms an OH phosphate group
with a proton, denoted HI. This tetrahedron shares three
o atoms (06) with the three surrounding double chains,
and its fourth 0 atom (07) forms the OH group, OHI.
The T2 tetrahedra connect the single chains to the double
chains. It should be noted that each comer (04) of an
octahedron of the single chains is shared with a T2 tetrahedron.
Bond-valence calculations indicate a charge deficiency
of about one valence unit for two 0 atoms (07 and 05),
which are, therefore, presumably protonated (AmisanoCanesi 1994). The HI proton attached to 07 is deloca1ized around the threefold axis and was not detected on
the difference-Fourier map, in contrast to the H2 proton
attached to the 05, which was clearly observed (Amisano-Canesi 1994). The 05 atom belongs to the double
chains and is common to four M2 octahedra. Assuming
the two proton sites, HI and H2, are fully occupied, they
account for eight protons per formula unit (pfu) (HI x 2
and H2 x 6). Therefore, approximately 0.4 additional
protons (5% of the total proton content) are required to
balance the charge associated with the -10% Mg vacancies in the M I octahedral site (Amisano-Canesi 1994;
Brunet et al. 1996). Hence, a third proton site (H3) must
be considered. The small amount of extra protons makes
it difficult to propose proton-acceptor 0 atoms on the
basis of bond-strength calculations only. The situation is
different for the silicate end-member, in which about two
additional protons (i.e., five times more than in phosphoellenbergerite) are present when the two sites, HI and
H2, are saturated. Bond-strength calculations suggest that
these extra protons are bonded to the 04 of the single
chains (Comodi and Zanazzi 1993). It is likely that the
04H groups are attached to vacant octahedra in the single chains (cf. staurolite in which the M3 octahedral site
is occupied by either an Al or by two protons: Hawthorne

FIGURE 2.
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[100]

View along the c axis of the holtedahlite

structure.

et al. 1993). In phosphoellenbergerite, if protons are
bonded to the 04 of vacant octahedra, then some of the
T2 tetrahedra are protonated.
Holtedahlite structure
The holtedahlite structure was refined using both synthetic and natural crystals by R0mming and Raade (1989).
Ho1tedahlite (MgzPO.OH, space group P63), like phosphoellenbergerite, exhibits protonated ribbons of dimers
of face-sharing Mg06 octahedra associated with OH
phosphate groups (Fig. 2). In phosphoellenbergerite, all
the M1-M1 dimers are identical, whereas in holtedahlite
two nonequiva1ent dimers are present, M1-M1 and M2M2, which alternate by edge sharing along the c direction.
The single proton site, H2, attached to the double chains
in phosphoellenbergerite is split into two sites, H2a and
H2b, in the holtedahlite structure [in the original work of
R0mming and Raade (1989), the sites are referred to as
HI and H2]. The H2b site faces the channel formed by
three ribbons, as does H2 in phosphoellenbergerite. The
OH group OH2a on the other side of the double chain
faces a different atomic environment. However, the first
o neighbors for the H2a and H2b sites belong to the
double chain, and, therefore, the first 0 coordination shells
of these sites are closely related. Significant differences in
the 0 environment of H2a and H2b occur only at O-H
. .. 0 distances longer than 3.2 A, for which hydrogen
bonding is very weak (Table 1).
The channel defined by the three ribbons encloses an
HPO. group (Tl site) in a way similar to that in phosphoellenbergerite, and the corresponding proton site is
also referred to as HI. There are two other P sites, T2
and T3, which link the groups of three ribbons to each
other. Single chains offace-sharing octahedra do not exist
in holtedahlite. Therefore, the single-chain proton site of
phosphoellenbergerite, provisionally noted H3, has no
equivalent in holtedahlite. There are seven possible proton positions in the holtedahlite structure (H2a x 3, H2b
x 3, and HI x 1), although the structure contains only
six protons pfu. Therefore, not all proton sites are fully
occupied. On the basis of bond-strength calculations,

----.-......---
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TABLE1.

Comparison of the O-H. . .0 distances
holtedahlite and phosphoellenbergerite
Holtedahlite

OH2a-OH2b

OH2a-OS
OH2a-02 x 2
OH2a-04 x 2
OH2a-OS x 2
OH2a-OS
OH2a-OS
OH2b-OH2a

OH2b-01
OH2b-02 x 2
OH2b-04 x 2
OH2b-03 x 2
OH2b-OH1
OH2b-01
OH1-01 x 3
OH1-0H2b
OH1-03
OH1-01
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N

A

Phosphoellenbergerite

2.SS2.S72.842.8S3.SS3.42
3.SS
2.732.7S2.822.903.113.23
3.28
2.S03.23
3.2S
3.27

OH2-0H2
OH2-0S
OH2-03
OH2-03
OH2-02

2.712.732.8S2.933.1S-

il B
'c

phosphoellenbergerite

~~~0

I

~u
§

2.712.732.8S2.933.1S3.17
3.2S
2.S03.17
3.39
3.29

R0mming and Raade (1989) proposed an occupancy of
-85% for each proton site, leading to the structural formula MgdHP04(x),P04(l-x)](P04)z(P04MOx,OH6-J,
with
x = 0.85.

RESULTS AND DISCUSSION
and

The infrared spectrum of a natural holtedahlite was
measured by Raade and Mladeck (1979), and the OHstretching modes were later analyzed on the basis of the
structure determination (R0mming and Raade 1989). In
the OH-stretching region, the spectrum of synthetic holtedahlite (Fig. 3) is very similar to that of natural holtedahlite. It consists of a strong band (A) at 3567 cm-I,
which displays fine structure, and an asymmetric band

(B) at 3472 cm -I. The lower frequency absorption band
was not observed by R0mming and Raade (1989), although it has significant intensity. If this band is considered, the previous assignment must be modified. It is
expected that the stretching modes of OH2a and OH2b
lie in the same wavenumber region because both protons
are in a similar atomic environment attached to the double chains (Table 1). We assume that the fine structure of
band A results from the contribution of these two protons, and, consequently, band B can be assigned to the
HI proton of the OH phosphate group.
The two main bands of the holtedahlite spectrum have
analogous bands at 3593 and 3476 cm-I in the spectrum
of phosphoellenbergerite,
but two additional bands occur
at lower frequencies, near 2910 cm-I (C) and 2500 cm-I
(D). The absorption band B assigned to the HI protons
is almost identical to its homolog in the holtedahlite spectrum, with the same stretching frequency and peak shape.

\~

C

D

~~F~__r-",~

~0
.Q
~« 0

- Edge of the coordination polyhedra to which the OH group belongs.
The OH2b in holtedahlite faces the HPO. group.

The infrared spectra of phosphoellenbergerite
holtedahlite

1'1
II

5

no equivalent
no equivalent

OH2-0H2
OH2-0S
OH2-03
OH2-03
OH2-02
OH2-0H1
OH2-0S
OH1-0S
OH1-0H2
OH1-02
OH1-0S
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FIGURE3. Single-crystal IR spectra of phosphoellenbergerite
and holtedahlite (100 and 500 scans, respectively). Note that
band A is truncated for both phases.

Band A differs slightly in the two spectra; the peak maxima are shifted, and the peak shape is particularly different. The fine structure of band A in the holtedahlite spectrum is absent in the phosphoellenbergerite
spectrum,
which is characterized by a sharper band A. These features are consistent with the proton-distribution
model
deduced from the X-ray diffraction data. The atomic environment of the HI site is identical in the two structures,
and so the corresponding OH-stretching bands are also
identical. The H2 site in phosphoellenbergerite
resembles
sites H2a and H2b in holtedahlite, thus similar stretching
frequencies are expected. Although the fine structure of
band A results from the contribution of two twin proton
sites in holtedahlite, the contribution of a single welldefined proton site produces a sharper band in the phosphoellenbergerite spectrum. Because bands A and B in
the phosphoellenbergerite
spectrum are attributed to H2
and HI, respectively, the low-frequency bands, C and D,
should be assigned to additional protons. In the IR spectrum of partially deuterated phosphoellenbergerite
(Fig.
4), -additional bands C' and D' occur at lower wavenumbers (2145 and 1850 cm-I, respectively), as expected
for OD stretching modes (VOH/VOD
= 1.36 for C and voH/
VOD= 1.35 for D). Polarized infrared measurements of
two oriented crystals of phosphoellenbergerite
30 ,urn
thick), one cut along c and the other cut perpendicular to
c, show that the vibration vector associated with bands
C and D, has a component along the c direction and in
the a-b plane (001).
The frequency range containing bands A and B (36003475 cm-I) in both minerals suggests that the corresponding protons are only engaged in very weak hydrogen
bonds. This interpretation agrees with the crystal-structure data that indicate that neither of the OH groups,
OHI and OH2, in phosphoellenbergerite
has an 0 atom
closer than 3.2 A suitable for hydrogen bonding (Table

(-
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FIGURE4. Single-crystal IR spectrum of partially deuterated
phosphoellenbergerite
(5000 scans).

,
60

1). From the frequencies of bands C and D, one can derive OH3 ... 0 distances of 2.7 and 2.6 A, respectively,
using the empirical correlation curve of Nakamoto et al.
(1955). These distances, however, are incompatible with
those obtained from the diffraction study, in which the
distances between 0 atoms that can accept a proton are
all longer than 2.9 A. Therefore, these protons are associated with defects that are probably octahedral vacancies
where the structure is locally distorted.

,
-60

I
o
(ppm)
A

hoItedahlite

lH MAS NMR experiments
In the 1H MAS NMR spectra of phosphoellenbergerite
and holtedah1ite (Fig. 5), we can distinguish three resonances: an intense signal at about 1.2 ppm (A), a much
smaller signal at 4.5 ppm (B), and a peak at 11 ppm (C).
Although the first two signals appear in both spectra, the
resonance at 11 ppm occurs only in the spectrum of ph osphoellenbergerite. The resonance at 4.5 ppm is not well
resolved in phosphoellenbergerite,
but it is easily identified by its spinning-sideband
pattern, which differs considerably from the pattern of the 1.2 ppm resonance.
Given the structural considerations discussed above and
the results obtained by IR spectroscopy, we propose the
following assignment for these three resonances (Table
2): The isotropic chemical shift and the intensity of the
signal at 1.2 ppm in both spectra indicate that this resonance results from H2 protons bonded to the double
chains. The resolution of the 'H MAS spectrum of holtedahlite allows estimation of the relative peak intensities. Fitting the centerband and all spinning sidebands up
to the second order, we obtained a relative intensity of
83 :t 5%, which is in good agreement with the proton
distribution proposed by R0mming and Raade (1989).
Furthermore, this assignment is supported by NMR investigations on brucite, Mg(OH)2 (Sears et al. 1988), and
on the synthetic end-member pargasite (Welch et al. 1994),
which report isotropic chemical shifts of 0.5 and 1.2 ppm,
respectively.

---

b

B

,
60

,

,
o

-60

( ppm )
FIGURE

5. The 'H MAS NMR spectra of (a) phosphoellen-

bergerite and (b) holtedahlite recorded at a spinning frequency
of 10.0 kHz. Note that only resonances A and B show spinning
sidebands.
TABLE2.

Results of IR and 'H NMR spectroscopy
IR

Resonance

Wavenumber
(em-I)

B
A

3472
3567

B
A
C,D

3476
3593
2910,2500

*

Estimated

'H NMR
Reso0,,,,
nance
(ppm)
Holtedahlite
B
4.5
A
1.2
Phosphoellenbergerite
B
4.5}
A
1.2
C
11.0

error for the intensities

is :to.05.

1/1_*

Assignment

0.17
0.83

H1
H2a + H2b

0.88
0.12

{

H1
H2
H3
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FIGURE

I
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7

o

6. The 31p MAS NMR spectra of phosphoellenber-

gerite and holtedahlite. (a) Spectra recorded at a spinning frequency of 10kHz, (b) deconvolution of a using sum of four and
three Lorentzian and Gaussian lines, respectively.

Consequently, the resonance at 4.5 ppm must be assigned, in both spectra, to the apical proton of the T 1
tetrahedron. Although this HI signal appears as a distinct
shoulder in the spectrum ofholtedahlite, it is overlapped
by the resonance at 11 ppm in the phosphoellenbergerite
spectrum.
The main difference between the 1 H MAS spectra of
holtedahlite and phosphoellenbergerite
is the signal at 11
ppm in the latter. Therefore, this resonance results from
the additional H3 protons. The isotropic chemical-shift
value indicates that this resonance is due to protons engaged in hydrogen bonding. Given the results of empirical studies (Eckert et al. 1989) and theoretical calculations
(Berglund and Vaughan 1980; Sternberg and Brunner
1994), the chemical shift observed here corresponds to
an O-H3 ... 0 distance of about 2.65 A. This result is
corroborated by the IR measurements. It should be noted
that the resonance at 11 ppm has no spinning sidebands,
which indicates a higher mobility for H3 than for the
other protons of the structure.
To constrain the H3 site population, the signal at 11
ppm was fitted with a sum of Lorentzian and Gaussian
curves yielding a value of 12 ::!:5% (Table 2). However,
there are two main problems inherent to the fitting procedure. First, due to their larger line widths and the poorer signa1-to-noise ratio of the spinning sidebands, the intensity of the resonances at 1.2 and 4.5 ppm is prone to
underestimation. Second, it is known that relative intensities depend strongly on the choice of a line-shape function (Mahler and Sebald 1995). Given the spectral resolution obtained here, we cannot determine this function
with certainty. Therefore, the choice of Lorentzian and
Gaussian line shapes is somewhat arbitrary.

-14

(ppID)

-12

(ppm)

I

I

-7

FIGURE 7. The 3lp CP MAS NMR spectra of phospho ellenbergerite at contact times of 0.2, 2.0, and 30 ms.

31p MAS experiments and 31p CP MAS NMR
experiments
Using high sample-spinning frequencies in 31p NMR
experiments on phosphates, one usually observes only the
isotropic resonances and can estimate the relative signal
intensities; however, information is lost about the chemical-shift anisotropy, which monitors subtle changes in
the environment of the nucleus. Spinning the sample at
moderate frequencies and fitting the spinning-sideband
intensities according to the procedure of Maricq and
Waugh (1979) allows us to determine the chemical-shift
tensor components, which are expected to be different for
the P sites in the ellenbergerite structure.
Furthermore, the P sites are expected to be affected by
different H-P dipolar interactions. These differences can
be monitored by cross-polarization experiments made at
various contact times; the build-up of3lp magnetization
with cross-polarization rate Tc) is a direct measure of the

strength of the dipolar
first approximation,

IH_31 P

interaction, which is, to a

a function of the internuclear

dis-

tance. The dependence of the 31 P magnetization on the
contact time Tm can be describedas
M(T m) =

~\ -[eXP(T:(~~))

1

-

exp( ~:~)]

(1)

where A = Tcp/T,p('H) and Mo represents the maximum
31
P magnetization in the absence of' H spin-lattice relax-

ation in the so-called rotating frame, characterized by the
relaxation time T,/'H). The relaxation time T'pe'p) is
assumed to be long in comparison with Tcp and T,p('H).
The 31p MAS spectra of holtedahlite and phosphoellenbergerite recorded at a spinning frequency of 10.0 kHz
are depicted in Figure 6. Both spectra show three apparent resonances. In the holtedahlite spectrum, we observe
a low-field shoulder at 0.7 ppm, an intense signal at -1.8
ppm, and a resonance at -7.0 ppm. In the spectrum of
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Results of 31p CP MAS and 3'P MAS experiments
Abundances from

Resonance

>

»

5,w(ppm)

B
C
A
D

-4.4
-7.0
-3.3
-8.7

A
C
B

0.7
-7.0
-1.8

Estimated

error for the intensities

Tcp(ms)

0.98 :!: 0.08
0.12 :!: 0.02
0.41 :!: 0.03
0.15:!: 0.02

T,,(ms)

1/1",.."

Phosphoellenbergerite
99::!: 10
104:!: 10
93::!: 8
101 :!: 9
Holtedahlite

0.13
0.11 }
0.68
0.08 }
0.06
0.11 }
0.83

XRD data»

T1 :0.25
T2:0.75

T1 :0.17
T2 + T3:0.83

Assignment

{ P10,
PlO,H1
{ P20,
P20,H3
{ P10,
P10,H1
P20, + P30,

is :!:O.03.

Datafor phosphoellenbergerite
from Amisano-Canesi(1994),for holtedahlitefrom R0mmingand Raade(1989).

phosphoellenbergerite,
a broad and intense resonance at
about - 3.8 ppm is observed; two smaller, well-resolved
signals at -7.0 and -8.7 ppm are also present.
Phosphoellenbergerite
and holtedahlite contain both
protonated and unprotonated P04 tetrahedra. The protonation of phosphates generally leads to a shift of the
isotropic signal toward lower frequencies, i.e., more negative Oi,avalues (Bleam et al. 1989). We are, therefore,
tempted to separate the resonances of the two spectra into
two groups with respect to their chemical shifts: One group
comprises the resonances in the range of 1 to -4 ppm,
assigned to the unprotonated P04 molecules, and the other group includes resonances between -7.0 and -8.7
ppm, which represent the protonated P04 tetrahedra. Obviously, both spectra show a similar resonance at -7.0
ppm, suggesting an identical P site in the two structures.
This result reflects the similarity of the Tl site in the
phosphoellenbergerite
and holtedahlite structures.
Figure 7 shows the 31p CP MAS spectra ofphosphoellenbergerite measured at various contact times. Surprisingly, we not only find different dependencies for both
groups of signals on the contact time, but we also observe
a significant change in the line shape of the signal at - 3.8
ppm: At short contact times, a shoulder appears at -4.4
ppm, which increases relative to the other signals at longer contact times. This indicates that the signal centered
around - 3.8 ppm consists of two resonances with slightly
different isotropic chemical shifts but significantly different cross-polarization characteristics. Fitting these spectra, we obtained two resonances at - 3.3 and -4.4 ppm.
To determine the cross-polarization
rate, Tcft, and the
relaxation time, Tip, the relative signal intensities were
determined for 40 spectra. The results obtained by fitting
these spectra are listed in Table 3. The resonances at -7.0
and -8.7 ppm have, within the experimental error, the
same cross-polarization
time, which is very similar to
time constants for protonated phosphates such as crandallite, CaAI3(P04MOH)s' H20, and wavellite, AliP04)2(OH)3' 5H20, that have cross polarization times of 0.16
and 0.17 ms, respectively (Bleam et al. 1989). The time

constants for the resonances at - 3.3 and -4.4 ppm are
considerably larger, reflecting a smaller H-P dipolar coupling.

The results obtained by the cross-polarization

experi- 7.0
and -8.7 ppm are due to protonated P04 tetrahedra,
whereas the two high-field resonances represent nonprotonated phosphate groups. This assumption was also confirmed by a slow-spinning 31p MAS experiment using IH
high-power decoupling. Figure 8 depicts the spectrum of
phosphoellenbergerite
recorded at a spinning frequency
of 1670 Hz. The spinning-sideband
pattern of the lowfield resonances differs considerably from the pattern observed for the high-field signals. Because the resonances
at -7.0 and - 8.7 ppm and their sidebands are sufficiently resolved, we fitted all observable sideband intensities
and determined the chemical-shift tensor parameters using a computer program that fits these intensities according to the procedure of Maricq and Waugh (1979). For
comparison, the chemical-shift parameters were also determined for the resonance at -7.0 ppm in the 31p MAS
spectrum of holtedahlite. The results, listed in Table 4,
show that the site of the observed 31 P nucleus is significantly distorted. We obtained an anisotropy of the chemical-shift tensor of -69 to -83 ppm and an asymmetry
parameter TJof about 0.3, which reflects distortion from
axial symmetry due to the protonation of these tetrahedra. The values obtained for phosphoellenbergerite
and
holtedahlite (Table 4) show that the local symmetry
around the observed nuclei is similar for both compounds, thus corroborating our signal assignment. Furthermore, asymmetry and anisotropy values approach
those obtained for HP04 groups (Hartmann et al. 1994).
The information obtained by CP experiments, in particular the isotropic chemical shift and the line width of
the four signals in the 31p NMR spectrum ofphosphoellenbergerite, can be used to determine the relative signal
intensities in the 31p MAS NMR spectrum recorded at
10.0 kHz. Although the resonances assigned to nonprotonated P04 tetrahedra have a relative intensity of approximately 81 %, 19% of the total intensity (Itatal)is due
to protonated tetrahedra (Table 3).
In contrast to the phosphoellenbergerite
spectra, the
relative intensities in the 31p MAS NMR spectrum of
holtedahlite (Fig. 6b) can be determined independent of
the cross-polarization experiments. Here, the relative in-

ment confirm our assumption that the resonances at
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phoellenbergerite (Table 3). Four resonances were identified: The resonances at - 3.3 and -4.4 ppm are attrib.
uted to P atoms of unprotonated
tetrahedra, and the
resonances at -7.0 and -8.7 ppm are assigned to P atoms ofHP04 groups. The resonance at -7.0 ppm in both
phosphoellenbergerite
and holtedahlite spectra is assigned to P atoms of the Tl site in both structures. In the
phosphoellenbergerite
structure, because H2 is bonded to
Mg06 octahedra, only H3 is able to form additional HP04
groups (T2 site) that can account for the signal at -8.7
ppm. With respect to the high-frequency bands, the assignment can be twofold. First, the occurrence of two
bands (- 3.3 and -4.4 ppm) can be explained by the
existence of two chemical environments for the P atoms
I
I
I
I
I
of the unprotonated T2 sites (i.e., the protonation of the
60
30
0
-30
-60
T2 site by the H3 protons would correspond to a third
(ppm)
environment). A second option is to assume a partial
FIGURE 8. The 3Ip MAS NMR spectrum of phosphoellenoccupancy of the HI proton site leading to unprotonated
bergerite obtained at a spinning frequency of 1.67 kHz.
Tl sites, as previously shown for holtedahlite, which
would account for the -4.4 ppm resonance. This option
was adopted for the assignment presented in Table 3. In
tensities are approximately 6% for the shoulder at 0.7
any case, the intensity of -11 % of the -7.0 ppm resoppm, 83% for the most intense signal (-1.8 ppm), and
nance is lower than the value of 25% expected if the HI
11% for the resonance at -7.0 ppm. To test the consissite is fully occupied. The uncertainty of the relative intency of the NMR and X-ray diffiaction data, we comtensity derived from fitting these peaks is not greater than
pared these intensities to those expected from the P and
a few percent and alone cannot account for this differproton distribution proposed by R0mming and Raade
ence. A partial occupancy of the HI site implies that more
(1989) for holtedahlite. The assignment of the three 31p protons should enter the H3 sites than was previously
resonances to the three P sites (Tl, T2, and T3) leads to
thought. This observation seems to be confirmed by the
a discrepancy with respect to signal intensity because 14 relatively high intensity (12 ::t 5%) ofthe signal assigned
of the total P content is incorporated into the T 1 site, I"'; to the H3 protons in the 1 H MAS NMR phosphoelleninto the T2 site, and Ih into the T3 site. However, the
bergerite spectrum.
sum of the intensity contributions of the P atoms belonging to the T2 and T3 sites equals the intensity of the
CONCLUSION
resonance at -1.8 ppm, indicating that these atoms account for this resonance (Table 3). Consequently, two resSome of the proton sites (referred to as H3 in the presonances (0.7 and - 7.0 ppm) must be attributed to a sin- ent study) within the phosphoellenbergerite
structure repgle crystallographic site (i.e., Tl). The partial occupancy
resent a very small proportion of the total proton content
of the HI sites can be inferred to explain this feature.
(0.4 H pfu) and are therefore difficult to detect using X-ray
When the proton site is occupied, Tl is an HP04 group.
diffraction techniques. Using spectroscopic methods, we
The corresponding 31p resonance is expected to occur at obtained distinctive signals, either directly from these
low frequencies (see above) and would therefore produce
protons (Le., IR and 1H NMR) or indirectly through the
the -7.0 ppm signal. The resonance at 0.7 ppm is attribP signal (i.e., 31p NMR) and the H-P interaction (i.e., 31p
uted to the H-free Tl site (P04 group). According to the
CP MAS NMR). On the basis of a combination of X-ray
intensities that we derived for the latter resonances, the
diffiaction and spectroscopic results, we propose the foloccupancy of HI is approximately 65% (i.e., x = 0.65 in lowing proton distribution within the phosphoellenbergerite structure. The H3 protons are concentrated in the
the formula of holte dahl it e). Similar reasoning can be applied to assign the 31 P MAS NMR spectrum of phos- vicinity of structural defects likely to be the Mg octahe-

TABLE 4.

The

31

P chemical-shift parameters of the protonated P04 tetrahedra
(ppm)
~oo

Phosphoellenbergerite
Holtedahlite

Note:Shielding

tensor components

<122

24
23
25

-8.7
-7.0
-7.0
are reported

<111(ppm)

according

to Haeberlen

(ppm)

14
8
10
(1976):

<133

(ppm)

-64
-53
-57

d<1(ppm)
-83
-69
-74

'1
0.18
0.33
0.30

- <1'00
I;
(<122- (111)
I 2: 1<122
= -<1",,; 1<133- <1""I 2: 1<111
'1 =
<1""

5""
(<133
- <1'00)-';d<1= <133
- V2(<111
+ <1,,).Estimated error for the chemical-shift tensor components is :1:1ppm, for '1 :1:0.01.
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dral vacancies, where they form HP04 groups with the
T2 tetrahedra. These protons are strongly hydrogen
bonded (O-H ... 0 = 2.6-2.7 A). The corresponding
O-H ... 0 angles are expected to approach 180. (Pedersen 1974), and so these protons would vibrate along the
unshared edges of the vacant octahedron.
The presence of two IR bands assigned to the H3 protons is not compelling evidence for the splitting of the
H3 site into two sites. The occurrence of three bands in
the low-frequency region «3000 em-I) resulting from
the contribution of a single proton site, has already been
reported in hydrogen phosphates (Bratoz and Hadzi 1957).
The population of the H3 site cannot be precisely determined from our spectroscopic data. Charge balance
requires an average of two protons per Mg vacancy if the

HI and H2 sites are fully occupied. The

31

P MAS mea-

surement seems to indicate that, as in holtedahlite, the
HI site is partially vacant. For charge-balance reasons,
the missing protons on that site must be located somewhere else in the structure and should therefore belong
to the H3 sites. If so, there are on average more than two
protons per octahedral vacancy in the phosphoellenbergerite structure. This is consistent with the tolerance of
the octahedral site of the single chains with respect to the
charge of the incorporated cations. In P-free ellenbergerite, up to 113of this site can be populated by tetravalent
cations such as Ti and Zr (Chopin et al. 1986). The partial
occupancy of the HI site in phosphoellenbergerite,
as well
as the ability of the H3 site to incorporate more than two
protons per octahedral vacancy, may allow additional
protons to enter the phosphoellenbergerite
structure. Furthermore, a substitution such as pH = Si4+ + H+ must
also be considered among the substitution mechanisms
that can concur with the P-Si replacement along the ellenbergerite series.
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