Phys Chem Minerals (2001) 28: 188-198

© Springer-Verlag 2001

ORIGINAL PAPER

D. E. Harlov - M. Andrut - B. Poter

Characterisation of buddingtonite (NH4)[AISi;0g]
and ND4-buddingtonite (ND,4)[AISi;0g] using IR spectroscopy
and Rietveld refinement of XRD spectra

Received: 5 October 1999 / Accepted: 1 November 2000

Abstract Buddingtonite (NH4)[AISi3Og] and its deuter-
ated analogue ND4-buddingtonite (NDy4)[AISizOg] have
been synthesised in 150-mg amounts at 500 and 400 °C
and 500 MPa in 5-mm-wide, 4-cm-long Au capsules
using René metal hydrothermal autoclaves. The resul-
tant product consists of clumps of monoclinic crystals
with diameters of 30-60 um. The NDy4-buddingtonite
contains minor amounts of NHy-buddingtonite due to
H, migration across the Au membrane. Using this syn-
thesis technique resulted in >99% pure buddingtonite
in 20% of the synthesis runs with the remaining syn-
thesis runs containing very minor tobelite and quartz on
the order of a few percent. IR spectra obtained from
powdered samples are assigned on the basis of Ty sym-
metry for the ammonium molecule. They show triply
degenerate vibrational bands (i.e. v3 and v4) and some
overtones and combination modes from NH; and ND; .
While 74 symmetry for NH; in buddingtonite is not
completely correct due to distortion of the NH; mole-
cule, the non-cubic field is not large enough to cause a
substantial splitting in the bands. However, this per-
turbation is documented in the IR spectra by a sub-
stantial increase in the FWHH as well as the occurrence
of shoulders on the broadened bands. Rietveld analysis
indicates that buddingtonite, like orthoclase, has a
monoclinic structure with space group symmetry C2/m.
Here, the NH; molecule replaces the K cation on the
nine fold coordinated A site which has m symmetry. Due
to the larger size of the NH; molecule, the N-O inter-
atomic distances are larger than the K-O distances in
pure orthoclase and range from 2.95 to 3.16 A. This
results in an increase in the volume of the polyhedron
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hosting the NH; molecule. Also, in contrast to ortho-
clase, the polyhedron hosting the NH; molecule be-
comes more regular. The rigid Al, Si tetrahedra of the
framework adjust to this expansion of the A site by
rotation. This results in larger unit cell parameters for
buddingtonite when compared to natural and synthes-
ised potassium feldspars. This increase is especially seen
with respect to the lattice constants a and b and the
monoclinic angle § which also are found to be extremely
variable. In contrast, the ¢ direction remains nearly
unchanged. Investigations using IR spectroscopy indi-
cate that it is unlikely that this variation in the a, b and f§
cell dimensions is caused by incorporation of H;0 ™" or
zeolitic water. Instead, it is more likely that substitution
of NH; for K* coupled with Al, Si disorder are the
chief contributors to these variations in the unit cell
parameters for buddingtonite.

Key words Buddingtonite - NDy-buddingtonite -
Feldspar - Ammonia - IR spectroscopy - Rietveld
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Introduction

In nature, buddingtonite, (NH4)[AISi3Og], is the am-
monium analogue of K-feldspar. Due to their relatively
similar sizes, the NH; molecule (1.69 A for a ninefold
coordination) can substitute for the K" cation (1.52 A)
on the A site in the orthoclase structure. Ammonium
analogues in the silicate minerals are also seen in the
feldspathoids with the occurrence of ammonioleucite
(NH4)[AISi,0¢] (Hori et al. 1986) and in muscovite with
the occurrence of tobelite (NHy)[AL3Si30;9] (OH),
(Higashi 1982).

Near-surface formation of buddingtonite or NHj
enrichment in K-feldspar can be the result of ion ex-
change between K-feldspar and/or possibly plagioclase
and ammonium-rich fluids under highly reducing con-
ditions, generally at temperatures below 100 °C. For
example, natural occurrences of buddingtonite were first



described by Erd et al. (1964) and Barker (1964) in
samples of andesitic rocks taken from ammonia-rich hot
springs. Here, it was described as a pseudomorphus re-
placement after plagioclase in hydrothermally altered
andesitic rocks below the water table. Subsequently,
buddingtonite was found associated with other ammo-
nium-rich hot springs (Krohn and Altaner 1987; Krohn
et al. 1993). In addition, hydrothermal alteration of
granitic rocks due to ammonium-enriched circulating
groundwaters in contact with organic-rich source rocks,
such as black shales or coal deposits, can subsequently
enrich the K-feldspar in NH; (Hall 1993).

Buddingtonite can also form in association with
diagenetic processes in highly reducing ammonia-rich
environments, again under relatively low temperatures
(<300 °C) and pressures (<200 MPa), as an apparent
natural growth of feldspar. In general, the highly re-
ducing nature of these environments is governed by the
presence of black shales and/or coal deposits in direct
contact either with or via circulating groundwaters. For
example, in arkosic sandstones of the San Joaquin and
Los Angeles Basins, buddingtonite occurs as an early
diagenetic phase in the form of microfracture fillings and
overgrowth on detrital K-feldspar as a result of hydro-
thermal exchange with organic-rich highly reduced
shales (Ramseyer et al. 1993). Buddingtonite has also
been found in solid solution with K-feldspar in mud-
stones from the Phosphoria Formation located in
southeastern Idaho (Gulbrandsen 1974), again under
highly reducing conditions. In oil shale deposits from
Queensland, Australia, buddingtonite averages 10% of
the strata and most likely had its origins in ammonia-
rich reduced muds beneath a stratified lake (Loughnan
et al. 1983). In Tertiary pyroclastic rocks from Greece
which have undergone diagenesis, newly formed K-
feldspar shows definite enrichment in NH; (Hall et al.
1994). This diagenetic alteration is also seen in Middle
Triassic tuffaceous rocks located in central Spain (Marfil
et al. 1998). Here, the authigenic K-feldspars in the
underlying arkosic sandstones have a NH; content
ranging from 48 to 191 ppm.

In non-reduced metamorphic and igneous rocks
within +£1 logjq unit of the Ni-NiO oxygen buffer,
K-feldspar can contain traces of NH; up to several
100 ppm (Honma and Itihara 1981). After biotite-
phlogopite and muscovite, it is the largest source of
nitrogen in both high-grade metamorphic rocks and
igneous rocks such as granites and pegmatites (Honma
and Itihara 1981; Solomon and Rossman 1988; Hall
1988a, b; Hall et al. 1996). As a consequence, NH; in K-
feldspar could serve as an important reservoir of nitro-
gen in the lower crust.

Like orthoclase, buddingtonite is monoclinic with a
C2/m space group symmetry (Kimball and Megaw 1974;
Voncken et al. 1988, 1993). While buddingtonite was
initially believed to contain zeolitic H,O (Barker 1964),
this has since been shown to be incorrect by Voncken
et al. (1993) in an IR spectroscopic and thermal gravi-
metric study. However, a recent study by Laricheva et al.
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(1993, 1996) suggests that buddingtonite synthesised
under relatively low temperatures (250-450 °C) and
pressures (100 MPa) from gels can contain some zeolitic
H,0. Because of the relatively small size of the synthes-
ised individual crystals (<50 pm), most IR investigations
have been performed on powders only. Both Erd et al.
(1964) and Voncken et al. (1993) have recorded individ-
ual IR absorption band positions for buddingtonite;
however, they only noted whether these were due to ei-
ther stretching or bending of the N-H bonds. With re-
spect to the study of Erd et al. (1964), these absorption
bands were partially obscured by O—H-stretching vibra-
tional bands due to the presence of zeolitic water. So far,
the one single-crystal IR study of a feldspar phase con-
taining NH; has been on a natural hyalophane feldspar
from Zagrlski Potok, Bosnia (Beran et al. 1992).

Buddingtonite was previously synthesised by Hallam
and Eugster (1976), Voncken et al. (1988, 1993) and
Laricheva et al. (1993, 1996) from either gels or oxide
mixes in an NHj;- rich environment generally buffered to
highly reducing conditions using graphite/CHy-buffered
setups. Buddingtonite can also be synthesised by
exchange between natural sanidine or orthoclase and
an NHj-rich solution or NH4CIl, again buffered to
highly reducing conditions (Barker 1964). Synthesis
conditions generally range from 250-660 °C and
50-200 MPa. Whereas infra red (IR) spectra of ammo-
nium in both synthetic and natural buddingtonite have
been described by Voncken et al. (1988, 1993), none
of the observed bands has been assigned transitions. In
addition, powder X-ray diffraction spectra (XRD) of
buddingtonite, whether synthetic or natural, have
never been refined using the Rietveld technique. NDy-
buddingtonite has never been characterised using IR
spectroscopy and/or powder XRD spectra analysis
including the Rietveld refinement.

In this study we have synthesised both buddingtonite
and NDy-buddingtonite for purposes of characterisation
of their crystal chemistry using both IR spectroscopy
down to 77 K as well as Rietveld refinement of powder
XRD spectra. A second aim of this study is to serve as a
basis for future investigations of the ND4 molecule in
the buddingtonite structure using more sophisticated
techniques, such as neutron diffraction and NMR at
temperatures below 77 K. Lastly, the buddingtonite
described here is currently being used in a series of
experiments charting out the phase equilibria
between buddingtonite, tobelite (NHy4)AIL[AISiz0 ]
(OH),, quartz and Al,SiOs.

Experimental procedure

Synthesis

Buddingtonite was synthesised in 150-mg amounts using a stoi-
chiometric Al,05-SiO, mix and a 25% NHj solution in excess such
that the amount of NHj stoichiometrically available was 50%
greater than that needed for the actual synthesis. The Al,0O3-SiO,
mix (weighed out to £0.05 mg) consisted of grinding the a-Al,O5
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and SiO, together in 1-g batches in ethanol for 30 min such that
they were completely homogenised. Synthesis consisted of placing
150 mg of the dry oxide mix along with 150 mg of 25% NHj; so-
lution in a 5-mm-wide, 4-cm-long Au tube with a wall thickness of
0.2 mm. The Au tube was then welded shut using an argon plasma
torch while immersed in an ice water bath. The sealed Au capsule
was placed in a 6-mm-diameter bore, cold seal René metal hy-
drothermal autoclave with an Ni-NiO filler rod and an external
NiCr thermocouple. The synthesis run was then taken up initially
to 400 or 500 °C and 500 MPa for approximately 1 to 3 weeks.
Temperatures were monitored continuously and are believed to be
accurate to within 43 °C. Pressure was measured using a pressure
transducer calibrated against a Heise gauge manometer for which
the quoted pressure is accurate to =5 MPa. Stability of the
growing buddingtonite under the highly reducing conditions
needed for its synthesis (Hallam and Eugster 1976) was guaranteed
by the internal NHs-rich fluid which buffered the interior of the
capsule via the reaction: 2NH; +3/20, = N, + 3H,O. However,
if left for more than 3 to 4 weeks, the buddingtonite broke down to
either tobelite + quartz or to quartz and an Al-silicate mineral,
most likely sillimanite-mullite. This is because the interior of the
autoclave is effectively buffered to Ni—NiO. The imperfect yet
persistent H, transfer properties of the Au membrane meant that if
left long enough, the NHj in solution in the interior of the capsule
was completely oxidised to N, + H,O and, consequently, the so-
lution was no longer reducing enough for the buddingtonite to be
stable. The synthesis run was quenched using air cooling. This
ensured that the interior of the autoclave cooled down to 100 °C

within 2-3 min of initial quench. In a successful synthesis run, the
resultant charge consisted of >99% pure buddingtonite in the
form of 50 to 100 um wide clumps of ingrown white monoclinic
crystals (cf. Fig. la—). The only impurity in these syntheses was
very minor quartz, which was attributed to weighing error. The
centre of these clumps was rich in fluid inclusions, indicating rapid
nucleation surrounded by very clear inclusion-free thick rims, in-
dicating later slower growth (cf. Fig. 1d). In approximately 80% of
the synthesis runs, minor tobelite in abundances ranging from
approximately 1 to 10% volunteered along with a corresponding
increase in quartz. Minor tobelite also volunteered in synthesis runs
at 300-400 °C and 500 MPa. Attempts to discourage the growth of
tobelite by saturating the solution with SiO, for synthesis runs at
300, 400 and 500 °C and 500 MPa still resulted in tobelite volun-
teering — again in minor amounts (1-5%). This would suggest that
at these temperatures and pressures, buddingtonite may actually be
a metastable phase with respect to tobelite + quartz. Attempted

Fig. 1 a, b SEM photographs of individual buddingtonite crystals
showing monoclinic symmetry at different orientations with respect
to the ¢ axis. ¢ SEM photograph of a typical clump of intergrown
buddingtonite crystals which were the most common form of
buddingtonite for synthesis runs at 500 and 400 °C. d Transmitted
light photograph of buddingtonite crystal clumps in refractive
index oil (n = 1.518). Note the numerous fluid inclusions in the
cores of the buddingtonite crystals which are subsequently
surrounded by thick clear rims. Bar 50 pm
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synthesis of buddingtonite at 600 °C and 500 MPa always resulted
in a large tobelite fraction volunteering (20-30%) along with co-
existing buddingtonite and quartz. Lastly, using a standard salt
setup and a 22-mm-diameter non-endloaded, two-piston piston-
cylinder apparatus (Johannes 1973), a 3-mm-diameter Au capsule
with starting materials consisting of AIN, SiO, and H,O was arc-
welded shut and taken up to 600 °C and 1000 MPa for 4 days.
Products from this synthesis run consisted of buddingtonite, tob-
elite and quartz.

Synthesis of NDy-buddingtonite was carried out in much the
same way, here at 500 °C and 500 MPa. The principal difference
was the use of a 26% solution of ammonium deuteride, i.e. ND3, in
D,0. Other differences included using a new dry syringe for loading
the 26% NDj solution into the Au capsule previously dried at
105 °C overnight, and synthesis runs of only 1 week. This was done
to ensure minimal migration of H; cations across the Au membrane
into the Au capsule and minimal migration of D5 out, thus limiting
contamination of the NDj-buddingtonite with H, as much as
possible. One week was necessary to ensure complete crystallisation
of the ND4-buddingtonite. Even so, IR spectroscopy indicated a
definite NH4-buddingtonite component in each of the three NDy-
buddingtonite synthesis runs attempted.

IR spectroscopy

The nature and size of the synthesised crystal clumps for either the
NHy- or NDy-buddingtonite were too small to allow for single-
crystal measurements (cf. Fig. 1). As a consequence, only powdered
samples could be investigated. Samples for IR absorption mea-
surements were prepared by grinding 5 mg (>99% pure) NHy- or
NDy-buddingtonite and dispersing it into 450 mg of KBr. The
homogenised mixture was then pressed into 13-mm-diameter
transparent pellets under vacuum and then dried for several days at
170 °C. No recognisable difference was seen between the IR spec-
trum of a powdered sample taken using an IR microscope as
compared to a sample dispersed in a prepared KBr pellet. This
indicates that no measurable exchange between the K in the KBr
and the NH; or NDj in the buddingtonite took place. The KBr
pellet technique was used since it provides the best way to disperse
and dilute the sample.

Absorption measurements were carried out in the spectral
range 3800 cm™' to 800 cm™! with a resolution of 1 cm™' using a
Bruker IFS 66v FTIR spectrometer equipped with a globar as the
light source, a KBr beam-splitter and DTGS detector. Spectra were
averaged over 256 scans. Phase correction mode of the interfero-
gram was performed using the procedure after Mertz (1965)
(Griffiths and de Haseth 1986). Norton-Beer weak mode was
chosen as the apodisation function. The sample chamber of the
Bruker IFS 66v was evacuated down to 200 Pa. Therefore, the
influence of H,O vapour and CO, is negligible. In order to study
their behaviour at low temperature, samples were cooled to 77 K
within the evacuated sample chamber of the FTIR spectrometer
using liquid N, in an internal cooling device. The spectra are dis-
played in the form of absorption spectra versus wave number. After
background correction, the band centre, full width at half height
(FWHH) and integral intensity of each absorption band were
determined using the program PeakFit by Jandel Scientific. IR
spectra for both the buddingtonite and NDjy-buddingtonite are
given in Table 1 and in Figs. 2-4.

X-ray analysis

Determination of phases present in the charge was accomplished
using powder X-ray diffraction analysis. For this purpose 1 or 2 mg
of the charge were ground in an agate mortar to a grain size of less
than 2 um. The powder was diluted with Elmer’s White Glue and
mounted on a circular foil. Powder XRD patterns were recorded in
transmission using a fully automated STOE STADI P diffractom-
eter (Cu K, radiation) equipped with a primary monochromator
and a 7°-position sensitive detector (PSD). Operating conditions
were 40 kV and 40 mA with a takeoff angle of 6°. The spectra were

Table 1 Band assignments for vibrational modes (v) with respect to centres, FWHH (FW) in cm™' and relative intensities (Int). sk — shoulder; w — weak; m — medium; s — strong; x — not
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Fig. 2 Normal modes, on the basis of T4 symmetry, are given for
IR spectra of natural buddingtonite from Menlo Park, California
(dotted line), and synthetic buddingtonite (B3) (solid line) at 298 K.
See text for a description of the various band assignments
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Fig. 3 Normal modes, on the basis of Ty symmetry, are given for an
IR spectrum of synthetic ND4-buddingtonite at 298 K. Absorption
bands due to N-D vibrations are marked with an asterix. See text
for a description of the various band assignments

recorded in the range of 5 to 125° (26) using a step interval of 0.1°.
The resolution of the PSD was set to 0.02°. Counting times were
selected to yield a maximum intensity of 2000 to 3000 counts for
each sample, resulting in 5 to 20 s per detector step.

Unit-cell dimensions, additional structural parameters and
quantitative phase analysis were determined using the Rietveld
analysis technique contained in the GSAS software package (Lar-
son and Von Dreele 1987). For starting values we chose unit-cell
parameters, atomic coordinates and isotropic displacement factors
for the monoclinic structure (C2/m) of orthoclase as given by Chao
et al. (1940). The number of profile parameters used was 21 to 23.
These consisted of 16 to 18 parameters to fit the background using
a real space correlation and five parameters to define the peak form
as a pseudo-Voigt with a variable Lorentzian character. No pa-
rameters describing peak asymmetry were necessary, because the
peak shape is highly symmetric due to the geometry of the STOE
STADI P diffractometer. The preferred orientation was corrected
using the formulation of March (1932) and Dollase (1986). During
the refinement of the XRD spectra, scale factor, background, zero-
point correction, unit-cell parameters, phase proportions, preferred
orientations, profile parameters and atomic positions were all taken
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Fig. 4 Normal modes, on the basis of Ty symmetry, are given for
an IR spectrum of synthetic ND4-buddingtonite at 77 K. Absorp-
tion bands due to N-D vibrations are marked with an asterix. See
text for a description of the various band assignments

into account. The atom fractions and isotropic displacement fac-
tors were not refined. For the refinement we assumed an ideal or-
thoclase stoichiometry. The XRD spectra and corresponding
Rietveld refinement for representative buddingtonite and NDy-
buddingtonite syntheses runs are shown in Fig. 5 and summarised
in Tables 2—4.

Electron microprobe analysis

Electron microprobe analysis of the synthesised buddingtonite was
problematic. While a cross-section of the mounted buddingtonite
crystal clumps was certainly large enough, i.e. up to 40-60 pm, (cf.
Fig. Ic and 1d), detection of nitrogen using a conventional SX50
Cameca microprobe required specialised measures. These included
cooling the stage down to liquid N, temperatures via a cold finger
and 2-min counting times on a PCI crystal using 10 keV, 10 nA,
10 pm beam spot. In addition, the carbon coating was kept to a
thickness of approximately 10 A to minimise absorption and
scatter of the electron beam. Even so, count rates averaged
30 counts s~'. In addition, the count rate for nitrogen in the bud-
dingtonite decreased during analysis, suggesting that, much like Na
in plagioclase, the ammonium in buddingtonite apparently
“evaporates” under the bombardment of the electron beam. De-
spite these problems, multiple microprobe analyses were made for
several buddingtonite syntheses (cf. Table 5). Standards included
natural microcline for SiO, and Al,O; and other synthetic bud-
dingtonites for (NHy4),O. The stoichiometric analyses for bud-
dingtonite contained in Table 5 strongly supports the conjecture
that the buddingtonite contains no appreciable amounts of zeolitic
Hzo.

Results and discussion
IR spectroscopy

The free ammonium ion, i.e. the NHI molecule, has a
Ty symmetry giving rise to four normal vibrational
modes (Herzberg 1955). These have the representation
A (v), E (v0), and 2 x T (v3 and v4). All fundamentals
are Raman-active, but only the triply degenerated
states are IR-active. The fundamental frequencies for
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Fig. 5 Rietveld refinement of buddingtonite synthesis B2 and NDj- accordance with selection rules, the IR spectrum of
buddingtonite showing the accuracy of the refinement NH,CI contains two intense absorption bands which can

be assigned to the triply degenerate vibrations v;
the free ammonium molecule are v, = 3040 cm™!, (stretching) and v, (deformation) of the NH; molecule
v, =1680 cm™', v3=3145cm™' and v, = 1400 cm™' (Wagner and Hornig 1950). Additionally, at the low-
(Nakamoto 1986 after Landolt-Bornstein 1951). In energy wing of the stretching band v;, a combination
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Table 2 Rietveld refinement parameters

Phase Rp Ryp P DW Quantitative phase analysis
Buddingtonite Bl 0.062 0.086 1.20 1.63 99 wt% Buddingtonite; 1 wt% Quartz
Buddingtonite B2 0.077 0.106 1.24 1.63 99 wt% Buddingtonite; 1 wt% Quartz
Buddingtonite B3 0.077 0.103 1.36 1.54 84 wt% Buddingtonite; 16 wt% Quartz
Buddingtonite B4 0.051 0.067 1.23 1.55 100 wt% Buddingtonite;

Buddingtonite BS 0.071 0.095 1.33 1.48 99 wt% Buddingtonite; 1 wt% Quartz
Buddingtonite B6 0.062 0.081 1.42 1.38 99 wt% Buddingtonite; 1 wt% Quartz
Deuterated Buddingtonite 0.072 0.093 1.38 1.48 98 wt% Buddingtonite; 2 wt% Quartz
Natural Buddingtonite® 0.061 0.079 1.47 1.34 60 wt% Buddingtonite; 35 wt% Quartz; 4 wt% Illite®
Orthoclase 1¢ 0.062 0.083 1.19 1.71 100 wt% K-feldspar;

Orthoclase 2° 0.067 0.091 1.18 1.68 86 wt% K-feldspar; 14 wt% Quartz

#Natural sample from Menlo Park, California
] wt% minor phases which could not be identified

¢ Synthesized at 500 °C, 200 MPa from a stoichiometric mixture of SiO,, Al,O3; and K(OH)

mode v, + v4 and the first overtone of the deformation
band v, are clearly visible. The behaviour of the NH;
molecule in NH4Cl at room temperature can be used to
describe the N-H vibrational spectrum of both bud-
dingtonite and its deuterated analogue.

Band positions and FWHH for NH4CI, both syn-
thetic and natural buddingtonite, and NDy-budding-
tonite are summarised in Table 1. The IR spectra of a
natural buddingtonite from Menlo Park, California, and
a synthetic buddingtonite (B3) are given in Fig. 2. The
IR spectra of NDy-buddingtonite at 298 and 77 K are
displayed in Figs. 3 and 4, respectively. Both natural
and synthetic buddingtonite show a broad band at
around 1430 cm™" as well as a system of overlapping
bands in the spectral region 2700 to 3500 cm™'. These
absorption bands are attributed to the presence of NHj .
The NDg4-buddingtonite additionally exhibits a system
of bands around 2850 to 2200 cm™ ' and a single ab-
sorption band at 1080 cm™' that are due solely to the
presence of NDJ (cf. Figs. 3 and 4). The spectrum of
NDy-buddingtonite (Fig. 3) additionally shows weaker
absorption bands due to N-H vibrations. This indicates,
during synthesis, diffusion of H, taking place across the
Au membrane into the capsule, as well as possible con-
tamination from atmospheric moisture. While vibrations
due to the ND; molecule are shifted to a lower energy as
compared to those for NH; (cf. Fig. 2 and Table 1), they
still show the same basic pattern of absorption bands.

In buddingtonite, the tetrahedral ammonium mole-
cule is situated on the nine-fold co-ordinated A position
which has an m site symmetry. However, the symmetry
of the ammonium molecule on this site is reduced, which
causes a further splitting in the former degenerate energy
levels (Bastoul et al. 1993). This perturbation of the
NH; tetrahedron is documented in the IR spectra by a
substantial increase in the FWHH of the vibrational
bands caused by NH; in comparison to NH4Cl as well as
the occurrence of shoulders on the broadened bands (cf.
Table 1 and Fig. 2). This indicates that, while assigning a
T4 symmetry to the NH; molecule is no longer valid
(senso stricto), the non-cubic field is not large enough to
cause a substantial splitting of the bands. For example,
the FWHH of both the v; and v4 bands are nearly twice

as large as those for NH4Cl. In addition, they both ex-
hibit shoulders. Further bands, arising from overtones
(2v, and 2v4) and combination modes (v, + vy4), are then
superimposed on this spectrum (cf. Figs. 2—4). In an IR
study of NHj in a hyalophane feldspar crystal from
Zagrlski Potok, Bosnia, Beran et al. (1992) observed a
reduction in the Ty symmetry of the NH; molecule
similar to what we have observed here.

Low-temperature IR spectra at liquid N, tempera-
tures, i.e. 77 K, for buddingtonite and NDy-budding-
tonite were also obtained. Drying the pellet eliminated
most of the free H>O adsorbed on the surface of the KBr
pellet. The IR spectrum for buddingtonite or NDy-
buddingtonite show neither a substantial decrease in the
FWHH nor a splitting of the NH or ND bands (cf.
Figs. 3 and 4), nor was resolution of possible overlap-
ping bands improved. A slight decrease in the FWHH
for the bands was recorded, but this did not improve the
resolution of the component bands for the degenerate
states described above. This implies that a detailed de-
scription of the effective symmetry for the ND; and/or
the NH; polyhedron is not possible from IR spectra at
liquid N, temperatures. Therefore, within the scope of
this study, this justifies assigning the most intense N-H
and N-D bands to vibrational transitions on the basis of
T4 symmetry as a first approximation (cf. Table 1).

The relative degree of hydrogen bonding between the
NH; molecule and the surrounding oxygens in bud-
dingtonite can be estimated from comparison with the
ammonium halides, e.g. NH4Cl, NH4Br etc. In the
ammonium halides, the N-H-X hydrogen bonds are
extremely weak. The N-H frequency is typically found
in the vicinity of 3300 cm™'. The deformation mode vy,
which normally can be used as a clear indicator for the
formation of hydrogen bonds, is generally shifted to
higher energies (Plumb and Hornig 1950). In budding-
tonite, comparable energies are observed at stretching
frequencies of around 3295 cm™' (cf. Figs. 2-4). This
represents only a very slight shift in the stretching and
deformation modes to higher energies. It implies that
hydrogen bonding between the NH; molecule and the
surrounding oxygens, at least down to 77 K, must be
relatively weak, if not non-existent.
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Table 3 Results of Rietveld analysis of powder XRD data of buddingtonite and NDy-buddingtonite

(hkl Buddingtonite (B2) (NHy4)[AISi3Og] NDy4-Buddingtonite (B7) (ND4)[AISizOg]
d [A] 20 [ I/T;90(0bs) I/T190(calc) d [A] 20 [°] I/T190(0bs) I/T1p0(calc)

110 6.773 13.062 16.4 15.6 6.773 13.064 18.6 18.3
020 6.528 13.555 67.4 68.2 6.523 13.567 63.8 65.0
001 6.454 13.710 12.9 13.8 6.446 13.730 12.5 12.8
11-1 5.916 14.964 49.3 50.0 5918 14.961 46.4 473
20 -1 4.333 20.483 100.0 100.0 4.339 20.457 100.0 100.0
111 3.983 22.304 37.8 39.0 3.978 22.336 443 42.6
130 3.814 23.303 83.1 89.2 3.812 23.322 82.1 85.0
13-1 3.639 24.441 10.0 10.2 3.638 24.454 9.9 9.9
22 -1 3.610 24.643 33 4.0 3.612 24.633 3.2 3.7
11-2 3.464 25.701 29.6 32.0 3.462 25.718 25.0 25.8
220 3.386 26.297 75.5 78.9 3.386 26.306 82.3 84.8
20-2 3.318 26.848 52.6 52.6 3.321 26.830 43.8 44.1
040 3.264 27.303 44.0 453 3.262 27.325 39.3 40.1
002 3.227 27.621 89.5 93.0 3.223 27.662 85.0 84.6
131 3.015 29.602 40.3 42.9 3.013 29.632 40.7 41.1
22-2 2.958 30.190 18.9 19.7 2.959 30.186 17.1 17.6
041 2913 30.672 18.5 19.7 2.910 30.707 16.5 17.5
022 2.893 30.887 15.4 17.0 2.889 30.935 14.8 15.8
31-1 2.868 31.161 8.4 8.6 2.871 31.134 9.6 10.0
13-2 2.770 32.289 7.1 8.4 2.769 32.312 7.0 7.6
31-2 2.655 33.736 17.2 18.2 2.658 33.701 17.2 17.3
24 -1 2.607 34.374 23.0 24.8 2.607 34.380 22.1 22.3
310 2.588 34.629 3.6 3.5 2.589 34.627 3.9 3.7
240 2.519 35.615 12.9 12.5 2.518 35.635 13.3 12.7
33-1 2.436 36.868 9.1 9.9 2.438 36.846 9.3 9.6
20-3 2.381 37.753 2.4 2.1 2.381 37.761 2.0 2.1
11-3 2.318 38.825 3.9 34 2.316 38.863 2.7 2.7
31-3 2.181 41.365 2.6 2.6 2.183 41.335 2.2 2.2
060 2.176 41.468 22.8 23.3 2.174 41.514 20.8 21.0
241 2.151 41.965 6.8 6.8 2.150 41.999 6.0 6.1
42 -1 2.070 43.704 6.0 6.4 2.071 43.682 7.7 7.2
42 -2 2.056 44.007 6.5 7.0 2.058 43.972 6.3 6.1
222 1.991 45.514 8.2 8.0 1.989 45.582 7.8 7.8
400 1.981 45.777 8.0 7.8 1.981 45.777 10.3 10.4
420 1.895 47.964 3.5 3.6 1.896 47.954 3.7 4.0
42 -3 1.865 48.806 5.5 5.0 1.866 48.775 5.0 4.7
113 1.858 48.978 3.8 4.0 1.856 49.055 3.6 3.6
062 1.804 50.553 8.4 9.0 1.802 50.627 7.7 8.0
204 1.796 50.790 37.1 36.5 1.795 50.838 30.8 30.6
242 1.761 51.890 4.7 5.5 1.759 51.956 5.5 54
51-3 1.663 55.202 4.5 4.5 1.665 55.130 4.4 4.2
42 -4 1.608 57.249 34 34 1.609 57.222 2.9 3.0
024 1.566 58.916 3.8 3.5 1.564 59.028 3.7 3.2
46 -1 1.541 59.993 4.3 4.1 1.541 59.998 4.1 3.7
280 1.509 61.398 17.4 18.1 1.508 61.452 16.7 16.5
530 1.489 62.316 2.7 2.5 1.489 62.323 33 33
55-2 1.461 63.656 5.2 5.5 1.462 63.607 5.4 5.3
243 1.448 64.290 4.5 4.4 1.446 64.395 4.2 4.1
402 1.430 65.174 3.9 4.0 1.429 65.255 49 4.8
282 1.287 73.564 6.8 7.0 1.285 73.682 6.6 6.5

The isotopic relation for the triply degenerated states
for buddingtonite and NDy4-buddingtonite, assuming Ty
symmetry, is v?vP /vilvil = 0.5647. This value is within
the usual range of agreement with the harmonic ap-
proximation value of 0.5528 (Wagner and Hornig 1950).

Rietveld refinement
Rietveld analyses were performed for all synthesis runs

yielding nearly pure buddingtonite. In addition, syn-
thesised deuterated buddingtonite, natural budding-

tonite from Menlo Park, California, and two synthetic
potassium feldspars were refined for comparison. All
data concerning the Rietveld analysis of either phase,
along with the obtained phase proportions, are given in
Table 2. For all refinements, the obtained statistical
parameters were within the range which indicates a
good fit (cf. Table 2). Reflection positions and the
relative intensities for the first 50 strongest peaks for
buddingtonite synthesis B2 and one of the three NDy-
buddingtonite syntheses are given in Table 3. In Fig. 5,
the corresponding observed and calculated X-ray pat-
terns are shown. Cell dimensions for each sample,
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Table 4 Cell dimensions of buddingtonite, ND4-buddingtonite and K-feldspar

Phase a(A) b (A) ¢ (A) p(©) Vol (A% Source
Buddingtonite Bl 8.8268(7) 13.0641(9) 7.1935(5) 116.108(3) 744.87(11) This study
Buddingtonite B2 8.8251(6) 13.0553(8) 7.1896(5) 116.142(3) 743.60(11) This study
Buddingtonite B3 8.8262(7) 13.0574(9) 7.1882(6) 116.121(6) 743.81(12) This study
Buddingtonite B4 8.8326(12) 13.0445(15)  7.1875(8) 116.220(6) 742.91(20) This study
Buddingtonite B5 8.8347(8) 13.0574(10)  7.1926(6) 116.162(6) 744.72(13) This study
Buddingtonite B6 8.8398(11) 13.0411(14)  7.1868(8) 116.285(6) 742.84(18) This study
Deuterated Buddingtonite  8.8359(11) 13.0461(14)  7.1871(8) 116.253(6) 743.03(19) This study
Natural Buddingtonite® 8.804(2) 13.040(3) 7.193(2) 116.075(24)  741.8(3) This study
Natural Buddingtonite 8.804(3) 13.024(3) 7.183(1) 116.105(18)  739.6(3) Kimball and Megaw (1974)
Orthoclase 1° 8.6050(8) 13.0154(11)  7.1851(6) 116.017(3) 723.17(14) This study
Orthoclase 2° 8.6054(9) 13.0209(12)  7.1857(6) 116.032(6) 723.47(15) This study
Natural Orthoclase 8.600 13.020 7.220 116.1 726.3 Chao et al. (1940)

4Natural sample from Menlo Park, California

®Synthesized at 500 °C, 200 MPa from a stoichiometric mixture of SiO,, Al,O; and K(OH)

Table 5 Microprobe analyses of synthetic buddingtonite

Sample B1 B2 B4
analyses 10 9 7
(NH,),0 10.38(13) 10.42(13) 10.32(21)
SiO, 68.51(55) 68.50(42) 68.44(45)
ALO; 19.49(60) 19.57(34) 19.75(36)
Total 98.38 98.49 98.51
Atoms pfu®

XNH, 1.05 1.05 1.04

Vsi 2.99 2.98 2.98

VAL 1.00 1.01 1.01

#Calculated on the basis of eight O atoms

refined using the Rietveld technique, are listed in
Table 4.

In buddingtonite the NH; molecule replaces the K *
cation in the orthoclase structure on the nine-fold co-
ordinated A position with m site symmetry. Due to the
larger radius of NHj in comparison to K", ie. 1.69 vs.
1.52 A, the polyhedron enclosing the NH; molecule is
expanded with N-O distances ranging from 2.95 to
3.16 A. However, these individual interatomic distances
did not expand as a function of their length. Rather, the
shorter the original K-O; distance in orthoclase, the
larger the expansion of the corresponding N-O; distance
in buddingtonite (cf. Fig. 6) with the interatomic N-O,
and N-O; distances showing the greatest increase. The
one exception to this trend is the N-Ojs distance, which
exhibits a relatively smaller increase in length (cf.
Fig. 6).

In general, the A-site polyhedron in buddingtonite is
expanded in such a way that it becomes more regular in
comparison to the A-site polyhedron in orthoclase. To
compensate for this expansion, the Al, Si framework
responds via rotation of the rigid Al, Si tetrahedra. This
is obvious from the changes in the T;,—O—T;, angles,
which are correlated to the changes in the interatomic
distances. Because of this expansion in the interatomic
distances, the unit-cell parameters for buddingtonite are
larger when compared to natural and synthesised

0.3 T T T T T T T T

0.25 | ]

0.05

0
27 275 28 285 29 29 3 305 31 315

interatomic distance (K-Oi)

Fig. 6 Representative plot of the difference between N-O; and K—
O; interatomic distances, i.e. A—O; = N-O; — K-O;, as a function
of interatomic distance K—O; in orthoclase for three buddingtonite
syntheses, i.e. Bl (solid line); B2 (dash-dot line); and B4 (dotted line).
Buddingtonite syntheses B1-B6 and the NDy4-buddingtonite syn-
thesis show exactly the same pattern within experimental error

potassium feldspars (cf. Table 4). This is especially seen
with respect to the lattice parameter ¢ and the mono-
clinic angle f which are the most influenced by the
substitution of NHj for K. In contrast, within exper-
imental error, the magnitude of the b and c¢ lattice
parameters remains nearly unchanged.

The strong influence on the magnitude of ¢ and f
from the substitution of NH; for K" is also evident
from investigations of natural buddingtonites. For ex-
ample, a sample of buddingtonite from Sulphur Bank,
Lake County, California (Kimball and Megaw 1974),
which contains a 5 mol% orthoclase component, has
markedly smaller values for ¢ and § compared to pure
end-member synthetic buddingtonite (cf. Table 4). This
effect is also seen for a sample of natural buddingtonite
from Menlo Park, California, investigated in this study
(cf. Table 4). The obtained cell dimensions for this



sample are in good agreement with those given by
Kimball and Megaw (1974) for the buddingtonite from
Sulphur Bank and suggest the presence of a minor or-
thoclase component similar to that seen in the Sulphur
Bank sample.

Lattice parameters obtained for a series of synthetic
buddingtonites (Bl to B6) were found to be extremely
variable with respect to the lattice constants ¢ and » and
also the monoclinic angle f, lying outside experimental
error (cf. Table 4). Yet all samples from B1 to B6 were
synthesised under the same pressure-temperature con-
ditions with one exception: for Bl the synthesis tem-
perature was lowered from 500 to 400 °C. Cell
dimensions obtained for the synthetic deuterated bud-
dingtonite also fall within this range (cf. Table 4). These
variations in the cell parameters are unlikely to be due to
differences in chemical composition since they were all
synthesised under relatively the same conditions from
the same stoichiometric SiO>—Al,O3 oxide mix and 25%
NHj; solution. Microprobe analysis of samples B2 and
B4 indicated, within analytical error, no evidence for
variations in the chemical composition. However, since
the error in the electron microprobe measurement of
nitrogen is relatively large, some uncertainty does exist
as to whether or not incorporation of H;O " instead of
NH; or zeolitic water could play a role in this vari-
ability. The incorporation of either H;O ™ or zeolitic
water could distort the unit-cell lattice in buddingtonite
as well as be responsible for the variability in the unit-
cell parameters seen in Fig. 6, since each buddingtonite
synthesis could take in variable amounts of either type.
However, careful IR measurements of samples B2 and
B4, which were both at different extremes in the range of
unit-cell variability, indicated that neither sample con-
tained H;0 " or zeolitic water.

It is also quite possible that these trends could be
caused by structural variations such as the Al, Si dis-
tribution. This is certainly the cause of deviations in
unit-cell parameters for natural and synthetic orthoc-
lases (Kroll and Ribbe 1987). However, Al, Si ordering
in the unit-cell lattice for orthoclase leads only to vari-
ations in the b and ¢ directions. In contrast, the lattice
parameter ¢ and the monoclinic angle f should remain
nearly unaffected. In the case of the buddingtonites
synthesised for this study, we observe variations in the
magnitude of the b lattice constant outside experimental
error which certainly could be caused by Al, Si ordering
on the 7'} and T, sites. However, the observed variability
in the « lattice parameter is highly unlikely to be caused
by Al, Si ordering. This is because along the « direction
in the lattice unit cell, the number of 7| and T, tetra-
hedra are the same (Kroll and Ribbe 1987). In this
context, while the substitution of NH; for K™ and the
corresponding expansion of the A site could play an
important role with respect to the variability of the a and
f unit-cell parameters, most likely, both expansion of
the A site and Al, Si disorder have some influence on the
variability of the a and b lattice parameters and the f
monoclinic angle.
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