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ABSTRACT

Synthetic NaNa,Mg;Si;0,,(OH); is the first triclinic member of the amphibole group, and has a
tripling of the unit cell in the b direction. The space group is C1 and the triple-b repeat gives Z = 6.
The unit-cell parameters are: a = 9.883(2), b = 54.082(9), and ¢ = 5.277(1) A, o. = 90.045(4)°, B =
103.068(3)°, Y = 89.960(4)°, and V = 2748(1) A%. The crystal structure has been refined to R, = 7.6
and WR, = 16.7% for the 1835 reflections with F, > 46 and for 4832 supercell reflections in the 20
range 2-25°, respectively. The structure is pseudo-monoclinic, but both the intensity distribution and
refined model indicate space group CT. Compared with the common C2/m amphibole structure, the
two halves of an I-beam unit are no longer mirror-related, and the overall structure can be rationalized
in terms of two different types of I-beam occurring in the unit cell. The first (with multiplicity 2) is
centrosymmetric, and the second (with multiplicity 4) is non-centrosymmetric. There are also signifi-
cant displacements of the cations, especially at the M4 sites, from their corresponding locations in
the C2/m structure. The correlated displacements of Na atoms at the M4 sites permit incorporation of
excess protons in pseudo-tetrahedral cavities between two adjacent chains of tetrahedra belonging to
different I-beams. Bond-valence calculations and crystal-chemical analysis suggest that excess protons
are bonded to O atoms at the O4 sites, and are hydrogen bonded to O atoms at adjacent O2 sites. The
infrared spectrum of the amphibole in the principal OH-stretching region has a triplet of sharp bands
at 3740, 3727, and 3711 cm™, which are assigned to the three independent “normal” O3-H groups in
the triclinic structure. There is an additional intense and very broad absorption at 3430 cm™ that is
resolved only when adsorbed moisture is removed. This band is assigned to the extra H in the structure.
All the details provided by structure refinement and the proposed location of the excess H atoms is in

accord with previous HRTEM and #Si- and '"H MAS NMR studies of this amphibole.

INTRODUCTION

Synthetic clinoamphiboles with proton contents exceed-
ing two atoms per formula unit (apfu) were first reported by
Gier et al. (1964). The specific synthetic amphibole com-
position examined here was first described by Witte et al.
(1969), who suggested monoclinic symmetry and unit formula
ANaPNa,*Mg;"Sis0,,(OH);. Synthetic amphiboles with “excess
protons” have also been synthesized and characterized in sev-
eral unpublished theses on the Na,0-MgO-SiO,-H,O system at
the Universities of Edinburgh and Bochum (e.g., Witte 1975;
Welch 1987; Ruthmann 1989). In these studies, the OH content
was evaluated in several different ways: (1) from H,O contents
calculated as the difference from 100 wt% by bulk wet chemi-
cal analysis; (2) from H,O contents obtained by weight-loss
techniques on experimental products; (3) from H,O contents
obtained by vacuum extraction (followed by either manomet-
ric measurements or coulometric titration) from experimental
products; (4) from the Na:Mg:Si ratios of the starting material
in experiments leading to single-phase amphibole, assuming
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amphibole stoichiometry; (5) from Na:Mg:Si ratios obtained
by bulk wet-chemical analysis of purified synthesis products,
assuming amphibole stoichiometry; (6) from the Na:Mg:Si
ratios of amphibole products obtained by electron microprobe
analysis. The presence of excess protons was corroborated by
all these techniques.

In an unsuccessful attempt to localize the excess proton in the
amphibole structure by neutron diffraction, Maresch et al. (1991)
reported a new synthesis and a more detailed characterization of
ANaPNa,“Mg;'Siz0,,(OH);. On the basis of Rietveld refinement
of X-ray powder- and electron-diffraction data, these authors
deduced triclinic symmetry with space group C1 or CT, and o.
=89.776(3) and y = 90.27(4)°, and suggested the existence of
a superstructure with a tripled b unit-cell edge. Unless extreme
care was taken to avoid beam damage, the super-structure re-
flections usually disappeared after a few seconds of irradiation;
however, the perseverance of splitting in diffraction spots in
twinned crystals indicated that the structure remained triclinic.
Using high-T X-ray powder diffraction and differential scanning
calorimetry, Maresch et al. (1991) also recognized a reversible
triclinic-to-monoclinic phase transition at around 100-160 °C.
More recently, Liu et al. (1996) characterized this amphibole
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by combining EMP of some single crystals and water analysis
of the bulk product, and showed that it is indeed close to the
nominal stoichiometry. They also did a *Si, »*Na, and '"H MAS
NMR study across the phase transition, inferred a tripled super-
structure for the triclinic low-7 polymorph, and showed that the
phase transition is related to a shift of the excess protons from
a special position in the monoclinic symmetry.

Improvements in both analytical techniques and in the power
and sensitivity of X-ray single-crystal diffractometers now allow
reliable characterization of very fine-grained synthetic material.
A single crystal suitable for X-ray data collection was found in
the original experimental powder used by Maresch et al. (1991)
and Liu et al. (1996) (code HMR-BO), and characterized by
structure refinement. Here, we report the crystal-chemistry and
the FTIR analysis of the "Na®Na,“Mgs"Si30,,(OH); compound,
and rationalize previous findings in the light of the new data.

SYNTHESIS AND CHARACTERIZATION OF THE SAMPLE

The NaNa,Mg;sSizO,,(OH); sample analyzed here was synthesized from a
silicate gel according to the methodology of Hamilton and Henderson (1968)
using routine hydrothermal techniques in cold-seal pressure vessels (e.g., Vitek
and Maresch 1985). As noted above, this is the same product as that examined by
Maresch et al. (1991) and Liu et al. (1996), where the results of powder X-ray dif-
fraction, HRTEM, SEM, and EMPA studies are also given. The synthetic product
was obtained at 600 °C/1 kbar. These conditions were chosen on the basis of the
work of Witte (1975), which indicates a stability field for NaNa,Mg;sSi;O,,(OH);
between 560 and 630 °C at 1 kbar in the system Na,O-MgO-SiO,-H,O. The water
content of the bulk synthesis product was initially obtained by hydrogen extraction
and manometry, giving 2.87 OH per formula unit (pfu). Two further independent
determinations based on vacuum heating and coulometric titration yielded 3.09(18)
OH pfu. This information, combined with EMP data, gives Na = 2.93(8), Mg =
5.04(5), and Si=8.00(2) apfu, which corresponds closely to the nominal stoichiom-
etry. Liu et al. (1996) reported the presence of triple-chain-silicate impurities in the
form of either discrete crystals or (0k0) lamellae, and estimated their concentration
to be a few vol% in the synthetic products.

X-ray data collection, structure solution, and refinement

Single crystals suitable for X-ray analysis were hand picked from the powder,
consisting of grains generally <10 pm in size. Very few larger crystals were found,
up to 10-20 um in diameter and 100 wm in length. Some crystals had poor diffrac-
tion quality, but one crystal 90 x 10 x 8 um in size had excellent diffraction behavior
and was used for the analysis. Data collection was done at CNR-IGG-PV with a
Bruker-AXS SMART Apex single-crystal diffractometer working with graphite-
monochromatized MoKo. X-radiation at 55 kV and 30 mA; the crystal-to-detector
distance was 5.0 cm. Three-dimensional data collected in the range 2-30° 6 were
integrated and corrected for Lorentz, polarization, and background effects using the
SAINT+ software version 6.2 (Bruker AXS). Unit-cell dimensions were calculated
from least-squares refinement of the positions of all of the collected reflections. A
frame width of 0.2° in ® was used to collect 900 frames per batch in three batches
at different ¢ values (0°, 120°, 240°) with 120 s count time per image.

Based upon the results of Maresch et al. (1991), unit-cell parameters were
refined unconstrained in triclinic symmetry, giving a = 9.883(2), b = 18.027(9),
¢ =5.277(1) A, o = 90.045(4), B = 103.068(3), v = 89.960(4)°, V = 915.89 A°.
All the cell edges are smaller than those obtained at room 7" by XRPD analy-
sis [Maresch et al. (1991): a = 9.9313(5), b = 18.111(1), ¢ = 5.3017(3) A, o0 =
89.776(3), B = 103.035(3), ¥ = 90.271(4)°] and the o and 7y angles only deviate
slightly from monoclinic symmetry. Reflections with & + k = 2n +1 are absent.
Among the 7946 unique reflections, 5177 have indexes at K 1/3 k; 655 reflections
in this latter subset have 7 > 20, (the highest I/c; being 27). This feature indicates
a superstructure based upon a tripled b edge, as noticed previously by Maresch
et al. (1991) by HRTEM.

Because the shape of the unit cell is close to monoclinic, the data were first
treated with the standard C2/m model for amphiboles (b = 18.027 A; 1379 unique
reflections). Raw intensity data were corrected for absorption based on Laue group
2/m using the SADABS v. 2.03 program (Sheldrick 1996), giving Rqee = 9.1%.
A weighted full-matrix least-squares refinement on F2 (SHELXL-97; Sheldrick
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1997a) gave full cation occupancy within the standard deviations. Although the
refined parameters were compatible with the crystal size (R, = 8.7% for 764 F,>
46p,, and wR? = 21.7 % for all data; goodness of fit, GooF, = 1.031; 102 variable
parameters), the anisotropic displacement parameter (adp) for the M4 site always
showed non-positive components.

Structure refinement was also done the in CT triclinic symmetry while
maintaining the standard unit cell (b = 18.027 A, 2648 unique observations).
Correction for absorption of the raw intensity data gave Ry = 6.3%. The space
group CT implies doubling the numbers of T and O1, 02, 04, 05, and O6 sites.
The anisotropic refinement for all atoms but M4 (which again gave non-positive
components of the adp) gave R, = 9% for the 1290 F, > 46, and wR? = 22.7 % for
all data (GooF = 1.036; 187 variable parameters). The refined parameters did not
justify use of a triclinic model, and the differences in the individual bond lengths
calculated for those sites no longer equivalent in space group C1 were within the
standard deviation.

Integration of all intensity data with the superstructure cell having a triple b edge
and triclinic symmetry (b = 54.082 A) followed by correction for absorption gave
Riveree = 13.9% for the 7946 unique reflections. The superstructure reflections beyond
25° @ are very weak; therefore, the structure was solved in CT using a reduced data
set (B-range = 2-25°, 4832 unique reflections, R ... = 10.4%), using direct methods
(SHELXS; Sheldrick 1997b), which allowed location of the Si and Mg atoms. The
remaining atoms were located on difference-Fourier maps. Twenty-five cation sites
(12 Si, 8 Mg, and 5 Na atoms) and 36 anion sites were inserted in the model and
refined isotropically, giving R, = 9.2% for the 1835 F, > 46, and wR, = 24.7 % for
all data (GooF = 0.903, 232 variable parameters). A fully anisotropic refinement
gave an unstable model with several non-positive-definite adp components for 10
anion sites. The final cycles were done using an anisotropic model for the cations
and an isotropic model for the anions (371 variable parameters), giving R, = 7.6%
for the 1835 F, > 46, and WR, = 16.7% (GooF = 0.876). Difference-Fourier maps
showed three independent H atoms bonded to the O3 atoms, corresponding to 2
OH groups pfu; these were included in the model, but their coordinates were kept
fixed and only their isotropic displacement parameters were refined. The excess
protons which would provide the third OH group pfu could not be located from
difference-Fourier maps. Refinement results are summarized in Table 1. Final atom
coordinates are reported in Table 2. Table 3' lists observed and calculated structure
factors. The final model shows different geometries for the paired sites which are no
longer equivalent in the CT space group, which are beyond the estimated standard
deviations (Table 4). A sketch of the structure is shown in Figure 1.

The crystal structure of NaNa,MgsSi;O,,;(OH);

A site nomenclature for the new triclinic structure of the am-
phibole of this work was derived following the scheme used by
Hawthorne (1983) for the case of monoclinic and orthorhombic
structures. The structure is shown in Figure la. The triclinic
structure based on a tripled b edge can be described in terms of
two distinct I-beams:

For a copy of Table 3, Document AM-04-070, contact the Busi-
ness Office of the Mineralogical Society of America (see inside
cover of a recent issue for price information). Deposit items may
also be available on the American Mineralogist web site at http:
/lwww.minsocam.org.
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FIGURE 1. Site nomenclature for the triclinic-supercell structure (b =
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54.082 A) of synthetic Na Na,Mg;Siz0,,(OH)s; (a) projection onto (100);

(b) projection onto (001) (note the distinct positions of the M4 and A sites). Ellipsoids are drawn at 95% probability. Figure 1b also shows the
calculated position for the excess H atoms (HB1, HA, and HA2). Images made using XtalDraw (Downs and Hall-Wallace 2003).

I-beam I is centrosymmetric. The two sides of the double-
chain of tetrahedra in the (100) projection are no longer equiva-
lent, and are named A and B in analogy with the P2/a amphibole
structure (Hawthorne 1983): T1A, T2A, T1B, and T2B. These
sites repeat themselves (according to 1) in the double chain
below the strip of octahedra. I-beam I has three 6-coordinated
sites (M1, M2, and M3), and one 7-coordinated M4 site. With
the exception of O3 and O7, all anion sites are duplicated with
respect to the C2/m structure, and are named with regard to the
T sites to which they are bonded, e.g., O1A and O1B. Only one
independent H site is present. The nearby Na atom at the A site
is 6-coordinated and has point symmetry 1.

I-beam II is non-centrosymmetric. Therefore, the T sites
above and below the ribbon of octahedra are no longer equivalent,
and a third index must be added to the site name: it is 1 when
the tetrahedra are adjacent to I-beam I, e.g., T1A1,T2A1, T1B1,
and T2B1, and 2 when they are adjacent to I-beam II,e.g. T1A2,
T2A2, T1B2, and T2B2. I-beam II has five independent octahe-
dral sites: M11, M12, M21,M22, and M31, and two independent
7-coordinated M4 sites, M41 and M42, where the labels 1 and 2

have same meaning as for the T sites. I-beam II has twenty-four
anion sites. With the exceptions of O31, 032, O71, and O72,
for which the index 1 or 2 is arbitrarily chosen, O atoms take
their designations from the T site to which they are bonded. Two
independent H atoms, H1 and H2, are bonded to O31 and 032,
respectively. Above and below I-beam I, there are §-coordinated
A1 sites with point symmetry 1 (Fig. 1b).

A useful measure of the difference between the two parts of
the double-chains of tetrahedra is provided by the O5-06-05
angles (Table 4). In I-beam I, the double chain is O rotated,
and both the A and B chains have O5-06-0O5 angles similar to
those found in C2/m amphiboles (OSA-O6A-O5A = 172.8° and
O5B-06B-05B = 170.4°; see Hawthorne 1983 for references).
In I-beam 11, one double chain is S-rotated (O5A2-O6A2-O5A2
= 183.9° and O5B1-O6B1-O5B1 = 184.0°), whereas the other
double-chain is O-rotated (OSA1-O6A1-O5A1 = 162.4° and
05B2-06B2-05B2 = 163.5°).

The CT symmetry for the triple-b cell derives from the fact
that the two distinct I-beams alternate along b in the sequence
I-1I-1I-I-1I-1I-1, the two adjacent I-beams II being related by a
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center of symmetry at the A site (Fig. 1b).

Na atoms at the M41 and M42 sites are displaced significantly
along the a and ¢ axes relative to the analogous positions on the
diad in the C2/m structure. Their coordination reduces from 8
in C2/m to 7 in CT, one OS5 anion always being more than 3 A
away in the latter structure. Around the M41 and M42 sites, there
is one short and one long M4-0O4 distance, as well one short and
one long M4-0O2 distance. A similar pattern also occurs at the
adjacent M21 and M22 sites. These unusual displacements of the
M4 and M2 cations underpin the discussion that follows on the
possible location of the third proton in the formula unit.

Fourier-Transform infrared spectroscopy

FTIR data were collected in transmission mode from pow-
dered material embedded in KBr, using a Nicolet Magna 760
spectrophotometer equipped with a KBr beamsplitter and a DTGS
detector; 64 scans were averaged for each spectrum. The room-7"
spectrum in the OH-stretching region (Fig. 2a) has three distinct
bands at 3740, 3727, and 3711 cm™ which are assigned to the O3
hydroxyl groups of the C1 amphibole structure. This spectrum is
almost identical to that given by Maresch and Langer (1976). In

addition, the room-T spectrum shows a very broad absorption at
lower frequencies, in the 3600-2600 cm™' region (Fig. 2b, top).
Molecular H,O (moisture) adsorbed on the sample and KBr
pellet is well known to absorb at around 3200 cm™'. However,
upon closer inspection, the broad absorption in the 3600-2600
cm! range is seen to be composed of at least two overlapping
bands, the first at 3200 cm™' and the second around 3400 cm™
(Fig. 2b, top). To remove adsorbed moisture and resolve these
components, a second spectrum was collected at 250 °C using
a SPECAC micro-furnace placed inside the spectrophotometer.
The 250 °C spectrum (Fig. 2b, middle) shows that a very broad
and intense band occurs at 3430 cm!. The intensity of this band
does not decrease, even with prolonged heating (>24 h). Therefore,
we assign this band to structural hydroxyl groups involved in signifi-
cant hydrogen bonding. Loss of adsorbed moisture with increasing 7'
is completely reversible, as indicated by the spectral changes in the
principal OH-stretching region: the spectrum collected immediately
after the temperature drop to room 7' (Fig. 2b, bottom) is identical to
the one collected before annealing. Note that the band triplet due to
“normal” OH groups (Fig. 2a) at 250 °C merges into a single band
(Fig. 2b) as a consequence of the reversible triclinic <> monoclinic
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phase transition which occurs around 100—160 °C in this amphibole
(Maresch etal. 1991; Liu et al. 1996). The behavior at the transition
will be discussed in a forthcoming paper.

The location of excess H

The possibility of OH contents beyond the stoichiometric
value of 2.0 apfu in amphiboles has been debated since Phillips
(1963) first suggested that H in excess of 2.0 apfu may be present
in amphiboles and may be located at random but diametrically
opposed positions within the A-cavity. Leake (1968) noted that
some of the 431 “superior” analyses available for amphiboles
in the calcium-sodium group had OH + F + Cl between 2.00
and 2.99 apfu. Kemp and Leake (1975) reported analyses of
two hornblendes enriched in H (2.60 apfu). They concluded
that, wherever located (either as H;O* at the A site or as OH at
some of the basal O atoms of the double-chain of tetrahedra),
the excess H balances the observed substitution of large amounts
of Al after Si.

The recent availability of ion-microprobe procedures for in
situ quantification of H has allowed easier and more accurate
determination of the H content in natural amphiboles. Although
most of these analyses have been done on mantle amphiboles
with at least partial dehydrogenation (e.g., Zanetti et al. 1997;
King et al. 1999), many analyses were done on crustal amphi-
boles (e.g., Hawthorne et al. 1998, 2001; Oberti et al. 2003) but
none supported the presence of excess protons [even in the case
of some good candidates from the Leake (1968) compilation;
CNR-IGG-PYV, unpublished].

In contrast, several experimental studies have led to synthetic
amphiboles with persuasive evidence for excess H beyond 2.0

apfu, even though the actual location within the crystal structure
has remained a matter of debate. Numerous studies of amphiboles
in the system Na,0-MgO-SiO,-H,0 have provided strong com-
positional evidence for excess H (Gier et al. 1964; Witte et al.
1969; Welch et al. 1992). Further examples of systems containing
amphiboles with excess H are Li,0-MgO-SiO,-H,0 (Maresch
and Langer 1976), Li,0-Na,0-MgO-Si0,-H,0O (Oberti et al.
2000), the hastingsitic amphiboles reported by Semet (1973),
and the richterite(50)-tremolite(50) solid solutions reported by
Kuroda et al. (1975). Semet (1973) characterized by Mossbauer
and IR spectroscopy a series of magnesiohastingsites synthesized
at different f02 conditions, and observed significant reduction in
YeFe™* at low fo,, which was accompanied by the growth of a
broad absorption band, centered below 3640 cm™ in the infrared
OH-stretching region. His conclusion was that excess H (pos-
sibly occurring at the O4 sites, the most underbonded site in the
amphibole structure) could balance Fe reduction. Kuroda et al.
(1975) reported bulk water contents determined by hydrogen
extraction in excess of 3 wt%, but did not speculate on the crys-
tal-chemical significance of their results.

Liu et al. (1996) studied the triclinic-to-monoclinic transi-
tion in NaNa,Mg;SizO,,(OH); by *Si, »*Na, and 'H MAS NMR
spectroscopy and proposed that the excess protons are shared
by two adjacent O4 atoms and point in between two equivalent
T2 tetrahedra facing base to base. It was suggested that during
the transition, these protons progressively order on the diad axis
present in the monoclinic C2/m space group.

Refinement of the crystal structure of NaNa,MgsSizO,,(OH);
provides a more suitable location and also a crystal-chemical
mechanism that allows incorporation of excess protons. This
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discussion can be followed with the help of Figures 1b and 3.
The main difference between the structure of HMN-BO n. 1 and
that of normal amphiboles with 2 OH pfu is the off-centering
of the M4 sites from a line corresponding to the diad of C2/m
amphiboles. The Na atoms at the M4 sites also have anoma-
lous adp values, which indicates unusual static disorder. In all
other known amphibole space groups, the largest component
of the adp is along the b axis and represents static ordering of
cations of different sizes substituting at this site (Mg, Fe, and
Li vs. Na and Ca). Here, we have only one cation, Na, and the
observed behavior is the key to understanding the location of
excess H. In the I-beam 1l modules, pairs of adjacent M41 sites
have two different and alternating spatial relations along a sin
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FIGURE 2. FTIR spectra in the OH-stretching region for synthetic
NaNa,Mg;Siz0,,(OH);, sample HMR-BO. (a) principal OH-stretching
region; (b) comparison of the entire 3800-2400 cm™ region for the
room-7"sample (top), the 250 °C sample (middle), and the room-7 sample
immediately after the temperature drop (bottom).

MXammmi K0T (AN BRXIROACAXINX] . (X3 DRI (GK. )

MIXKNE XX X X XN DX - ORI X0 X SRR XX KRNI
X X XN g 3 XXX XOEIXI X X DX KON

X KX ¥ X (XXX KOEIXINX X X (XIXX - KERIXINX
X X [Eo: 000 X X DRI
i g X X g X
X XN DX - PRI X0 (X SRRIIX XX ORI
X XXX XXX X X XX ORI
g XXX ROERXKX X X DX KON
¥ KX KKK X X XXX KEIXINX
X X DRI X X DRI

ORI KR

1469

B, one with a shorter M41-M41 separation (4.508 A) and the
other with a longer separation (5.599 A). In the latter case, the
two long M41-O4B1 bond-lengths should increase the need for
an extra bond-strength contribution at the O4B1 sites, and an
excess proton could be hosted in the pseudo-tetrahedral cavity
between two T2B1 tetrahedra (black and marked with a white
dot in Fig. 1b).

A different situation is encountered where M4 sites adjacent
to an I-beam I (M4) and to an I-beam Il (M42) alternate along
a sin B. M42 has large adp values, with the major component
along a sin P. It is thus possible to have a proton bonded to the
O4A site where Na at the M42 site is displaced away from the
pseudo-tetrahedral cavity. Thus, the proton could protrude into
the pseudo-tetrahedral cavity between two T2A and T2A2 tet-
rahedra (medium gray and light gray, both marked with a white
star in Fig. 1b).

Using the positional data for a synthetic C2/m fluororich-
terite refined by Cameron and Gibbs (1971), Liu et al. (1996)
calculated a bond valence incident at the O4 site of 1.6 v.u..
They proposed that excess H may be shared by two O4 atoms,
and occupy an average, dynamically disordered position on the
diad in the monoclinic phase, but are displaced toward one side
of the cavity in the triclinic phase.

We have calculated the bond valences incident at the O4 and
02 sites for the triclinic structure with the triple b configuration
using the curves of Brown and Altermatt (1985) for Mg-O and
Na-O bonds and those of Brese and O’Keeffe (1991) for Si-O
bonds. The results are reported in Table 5. There are two pairs
of O4 anions sites which are strongly bond-valence deficient
(O4A, O4B1 with 1.50 v.u., and O4A2, O4B2 with 1.77 v.u.),
and one pair with a nearly ideal value (O4B and O4A1 with 1.96
v.u.). Three O2 sites are also slightly deficient (O2A, O2A2,
and O2B1).

As the difference Fourier maps did not provide any experi-
mental evidence, excess protons were located by a trial-and-error
process using the following constraints: (1) correct distance to
the bond-valence deficient anions; (2) correct geometry for a
hydrogen bond of the type O4B1 (donor)-H:--O2B1 (acceptor);
(3) maximization of cation-H distances. Table 6 lists possible co-
ordinates and interaction distances for excess protons protruding
(1) outside and (2) inside the M4 cavity. The local environments
of the excess H are sketched in Figure 3. Model 1 (proton outside
the M4 cavity) is represented by a gray dot, and model 2 (proton
within the M4 cavity) is represented by a white dot. Whereas
much longer H---H separations occur with model 2 (see Table
6), there are several very short M4-H distances (1.44, 1.61, and
1.64 A). Model 1 is thus the preferred choice for the positions
of excess H atoms. As this model has very short H---H distances
(HA--HA2=1.6and HB1---HB1 = 1.8 A, respectively), only one
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of the two H positions in a cavity is occupied. With only one of
the pair of H sites occupied in each cavity, the atom multiplicities
for HB1, HA, and H2A are all 2, leading to one excess H pfu (Z
=6). Each proton would supply 0.4 v.u. to the O4 donor and 0.1
v.u. to the O2 acceptor, in good agreement with the calculations
reported in Table 5.

The proposed model for excess protons is supported by the
unusual Na positions at M4 sites of this particular amphibole
structure, and also by bond-valence calculations. However, the
model should be tested by other techniques, such as neutron
powder diffraction on deuterated samples, which might allow
direct location of the excess protons.

RE-EXAMINATION OF THE AVAILABLE DATA
ON SYNTHETIC AMPHIBOLES IN THE SYSTEM
NA,0-MGO-S10,-H,0O

Infrared spectra

Maresch and Langer (1976) reported IR spectra in the OH-
stretching region for synthetic Na(NaMg)MgsSizO,(OH), and
NaNa,Mg;SisO,,(OH); amphibole compositions crystallized by
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Witte et al. (1969). On the basis of the fact that the first sample has
two bands (at 3739 and 3716 cm™) and the second has three bands
(at 3740,3727,and 3711 cm™) in the principal OH-stretching re-
gion, these authors concluded that the band at 3727 cm™ could be
assigned to extra protons bonded to the O4 atom. Recently, lezzi
et al. (2004) showed that synthetic Na(NaMg)MgsSizO,,(OH),
has P2,/m symmetry, which implies the presence of two inde-
pendent OH atoms per formula unit and thus of two distinct
bands in the IR spectrum. The IR spectra recorded by Maresch
and Langer (1976) from the sample synthesized by Witte et al.
(1969) can now be interpreted on the basis of a further lowering
of symmetry to C1, as discussed below.

The triplet of sharp bands at 3740-3711 cm™ is assigned to
O3H-dipoles directly bonded to three Mg cations facing a filled
A-site, i.e., the MgMgMg-*Na-OH configuration (Rowbotham
and Farmer 1973; Maresch and Langer 1976; Hawthorne et al.
1997). Richterite, Na(NaCa)MgsSizO,,(OH),, shows a single ab-
sorption band at 3725 cm™ which is assigned to the MgMgMg-
ANa-OH local configuration in the structure (Robert et al. 1989;
Della Ventura 1992). However, richterite has C2/m symmetry
(and only one independent H atom), whereas the sample of this
work has CT symmetry, and three independent H atoms bonded
to O3 anions. The correct estimate of the position of the H atoms
is difficult by X-ray techniques, especially when the crystal is
small and many reflections are very weak. Nevertheless, the
structure refinement gave three different geometrical environ-
ments for the three symmetry-independent H atoms. Considering
the relative lengths of the three hydroxyl bonds, the 3740 cm™!
band is assigned to the shorter O3-H dipole (0.843 A), the 3727
cm™' band to medium O31-H1 dipole (0.983 A), and the 3711
cm™ band to the longer O32-H1 dipole (1.013 A).

On the basis of its behavior during thermal treatment of the
sample, the broad 3430 cm™' band can be assigned to excess H
in the structure. Both the frequency and the width of this band
are compatible with a significant hydrogen-bonded interaction
of the proton with the next-nearest-neighbor O atoms. Increasing
hydrogen-bond strength is known to negatively shift the hydroxyl
stretching frequency and to enhance the bandwidth (Huggins and
Pimentel 1956; Nakamoto et al. 1955; Beran and Libowitzky

FIGURE 3. Possible locations and environments of the excess protons in
synthetic NaNa,MgsSizO,,(OH);. Model 1 (H atom outside the M4 cavity)
is shown in gray, whereas model 2 (H atom inside the M4 cavity) is shown
in white. (a) HB1-HB1 environment, projection onto (001); (b) HA-HA2
environment, projection onto (001); (¢) HA-HA2 environment, projection
onto (010). Whatever the solution, excess protons are bonded to the O4 atoms
farthest from the M4 cation. Images made using XtalDraw (Downs and Hall-
Wallace 2003).
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1999). In fact, the bandwidth is related to a variety of orienta-
tions and may be associated with bent O-H---O configurations
(Huggins and Pimentel 1956). The frequency shift is related to
the O-H--O distance (Nakamoto et al. 1955, Novak 1974); using
these relations, d(O--O) ~2.85 A is estimated for the O atoms
bonded to the extra protons in synthetic Na Na, Mgs Sig Oy,
(OH);. The d(O---O) distances obtained by structure refinement
are as follows: O4A---O2A2 = 2.96, O4A2----O2A = 3.15, and
O4B1---02B1 =3.00 A.

MAS NMR spectroscopy

Liu et al. (1996) studied the triclinic-to-monoclinic phase
transition of NaNa,Mg;Sis0,,(OH); by *Si, »Na, and 'H MAS
NMR and ¥Si-'H cross-polarization MAS NMR (CP MAS
NMR). Nine different *Si sites were resolved in the spectrum
(Fig. 4), with a further two possible flanking peaks (* in Fig. 4).
This result is consistent with twelve independent Si sites in the
CT cell with a tripled b edge. *Si-'H CP MAS NMR provides
a very effective relaxation mechanism (magnetization transfer)
and well-resolved spectra can be obtained in relatively short
times. However, unlike normal MAS NMR spectra, the relative
intensities of peaks in CP MAS NMR spectra give only semi-
quantitative site-populations because peak intensity depends
upon how quickly different Si nuclei relax relative to the pulse
interval used (i.e., relaxation rates depend upon the Si-H dis-
tances involved). The value of the CP MAS NMR experiment is
that it gives a more reliable indication of the number of different
Si sites present in the amphibole.

Welch et al. (1998) examined a series of synthetic C2/m calcic
and sodic-calcic amphiboles by *Si MAS NMR spectroscopy,
and found that different cations at the M4 site shift the signals
of the Q” environments (the T2 sites), whereas the presence
and off-centering of the A-site cations along m (not along
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FIGURE 4. The room-7 *Si CP MAS NMR spectrum of synthetic
NaNa,Mg;SizO,,(OH);. Nine peaks are resolved and there are two
possible additional peaks (*). Modified after Liu et al. (1996). Isotropic
chemical shifts are relative to tetra-methyl-silane (TMS).
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the diad) may split the Q° environments (the T1 sites). Such
splitting is not observed in the 240 °C spectrum of monoclinic
NaNa,MgsSisO,,(OH); reported by Liu et al. (1996), and so is
compatible with the presence of Na at the A2 or the A2/m site.
The *Si CP MAS NMR spectrum at 240 °C (Liu et al. 1996)
consists of two very narrow unsplit symmetric peaks due to Si
at the T1 and T2 sites. Such a spectrum is compatible only with
C2/m symmetry.

The interpretation of the room-7 spectrum of the triclinic
polymorph is more difficult. As all T1 tetrahedra have similar
bond lengths and angles (as do all T2 tetrahedra; Table 4), the
spread of chemical shifts (Fig. 4) should be interpreted by con-
sidering next-nearest-neighbor cations (other than Si). In the light
of the structure determination reported here, the NMR study of
Welch et al. (1998), in which correlations between Si chemical
shifts and occupancies of the M4 and A sites were recognized,
provides a means of tentatively assigning the different Si peaks
in Figure 4. Welch et al. (1998) observed a significant effect of
the M4 and A cations on the Si chemical shifts; therefore, we
focus on the structural variations around Na at the M4 and A sites
as the most probable cause of the multiple Q?and Q° peaks in
the room-T spectrum of Na Na, Mgs Siz O,; (OH),, and offer a
provisional set of peak assignments based upon the highly vari-
able M4- and A-site environments of the various T1 and T2 sites.
Table 7 lists the Si-Na distances below 4.7 A in crystal HMR-BO
n. 1. There are two main groups of Si-Na interactions for both the
Q? and Q? environments. Two Q° environments (T1A1 and T1B2)
have three Na atoms closer than 4 A; they should have the least-
negative chemical shifts, and can be tentatively assigned to the
peak at —88.7 ppm reported by Liu et al. (1996). The remaining
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FIGURE 5. The room-7 '"H MAS NMR spectrum of synthetic
NaNa,Mg;SisO,,;(OH); showing the peaks due to excess H at 5.5 and
6.1 ppm and the normal O3 protons at 0.6 ppm. The —0.6 ppm peak is
a barely resolved doublet. Isotropic chemical shifts are relative to tetra-
methyl-silane (TMS). The peaks are labeled according to the assignments
discussed in the text. Modified after Liu et al. (1996).
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four Q® environments (T1A, T1B, TIA2, and TIB1) have two
Na atoms at ~3.5-3.6 A and ~3.2-3.35 A, which implies more
negative chemical shifts, and can be assigned to the peaks at
—90.3 and —90.8 ppm reported by Liu et al. (1996). In particular,
T1B is closest to the two Na atoms, and so may correspond to
the —89.7 ppm peak. Also, two groups of Q? environments can
be distinguished. The first group (T2B, T2A1, and T2B2) has
four Na atoms in the interaction shell, and should be assigned
to the less-negative chemical shifts, and thus to the broad peak
at —85.8 ppm. The second group (T2A, T2A2, and T2B1) has
three Na atoms in the interaction shell, implying more negative
chemical shifts, and is assigned to the peaks at —86.2, —86.7,
and —87.6 ppm.

Theroom-T"HMAS NMR spectrum of NaNa,MgsSizO,,(OH),
(Liu et al. 1996; Fig. 5) has three peaks: one strong and sharp
peak at —0.6 ppm, which was assigned to the two “standard” H
pfu bonded to the O3 atoms, and two minor peaks at 5.5 and 6.1
ppm, which were assigned to excess H. The peak at 6.1 ppm has
twice the area of the peak at 5.5 ppm, and the peaks merge and
shift to 4.9 ppm at 7 = 160 °C. These isotropic chemical-shift
values are typical of quite strongly hydrogen-bonded protons,
and the progressive shift to 4.9 ppm with increasing 7" implies
a weakening of hydrogen bonds (Berglund and Vaughan 1980;
Brunet and Schaller 1996). Nevertheless, a value of 4.9 ppm in-
dicates that we are still dealing with moderately strong hydrogen
bonds. For example, the moderately strong interlayer hydrogen
bonding in chlorite involves chemical shifts of around 4.3 ppm
(Welch et al. 1995). These results can now be interpreted on
the basis of the locations derived for excess H from crystal-
structure details. The peak at 5.5 ppm should correspond to the
HBI1 position, which is located in a cavity with point symmetry
T and thus represents one-third of an H pfu, whereas the peak
at 6.1 ppm should correspond to HA and HA?2, which represent
two-thirds of an H pfu.

On close inspection, we see that the —0.6 ppm peak has two
components, with a shoulder on the high-field side of the main
peak, whereas the 240 XC spectrum of the C2/m phase has only
a single unsplit peak. The two-component nature of the —0.6
ppm peak is consistent with there being two different I-beam
modules (/ and /]) in the room-temperature phase, both of which
are adjacent to the HB1 proton.

The single-crystal structure determination reported
here confirms that the synthetic amphibole of composition
NaNa,Mg;Si;0,,(OH); is triclinic, space group CT witha tripling
of the b edge, as indicated by electron diffraction. Furthermore,
approximate positions for the excess protons have been identi-
fied. The proposed structure, including H positions, is strongly
supported by all the available spectroscopic (NMR and IR) and
chemical (EMPA, hydrogen extraction, and coulometric titration)
studies of this amphibole. Thus, a unified picture of this extraor-
dinary and elusive amphibole has now been achieved.
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