
ORIGINAL PAPER

E. A. Johnson � G. R. Rossman

An infrared and 1H MAS NMR investigation of strong hydrogen
bonding in ussingite, Na2AlSi3O8(OH)

Received: 22 April 2003 / Accepted: 16 October 2003

Abstract The mineral ussingite, Na2AlSi3O8(OH), an
‘‘interrupted’’ tectosilicate, has strong hydrogen bonding
between OH and the other nonbridging oxygen atom in
the structure. Infrared spectra contain a strongly
polarized, very broad OH-stretching band with an ill-
defined maximum between 1500 and 1800 cm)1, and a
possible OH librational bending mode at 1295 cm)1.
The IR spectra confirm the orientation of the OH vector
within the triclinic unit cell as determined from X-ray
refinement (Rossi et al. 1974). There are three distinct
bands in the 1H NMR spectrum of ussingite: a pre-
dominant band at 13.5 ppm (TMS) representing 90% of
the structural hydrogen, a second band at 15.9 ppm
corresponding to 8% of the protons, and a third band at
11.0 ppm accounting for the remaining 2% of structural
hydrogen. From the correlation between hydrogen bond
length and 1H NMR chemical shift (Sternberg and
Brunner 1994), the predominant hydrogen bond length
(H…O) was calculated to be 1.49 Å, in comparison to the
hydrogen bond length determined from X-ray refine-
ment (1.54 Å). The population of protons at 15.9 ppm is
consistent with 5–8% Al–Si disorder. Although the
ussingite crystal structure and composition are similar to
those of low albite, the bonding environment of OH in

low albite and other feldspars, as characterized through
IR and 1H NMR, is fundamentally different from the
strong hydrogen bonding found in ussingite.
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Introduction

Ussingite, Na2AlSi3O8(OH), is a very rare mineral first
identified by Böggild (1914) that occurs in extremely
basic, silica-poor sodalite syenites (hyperagpaitic rocks)
(Sørenson 1997). Ussingite formed as a late-stage
hydrothermal pegmatite mineral in the Ilı́maussaq
intrusive complex in southwest Greenland (Engell et al.
1971) and the Lovozero and Khibina complexes of the
Kola peninsula (Ilyukhin and Semenov 1959). It is also
found in sodalite xenoliths in the Mont Saint-Hilaire,
Canada, alkalic gabbro–syenite complex (Mandarino
and Anderson 1989).

The crystallographic structure of ussingite was deter-
mined by Rossi et al. (1974). Ussingite has an ‘‘inter-
rupted’’ aluminosilicate framework structure, in which
seven of the nine oxygen atoms are bridging oxygens
linking the Al and Si tetrahedra in four-, six-, and eight-
fold rings. The remaining two oxygen atoms [O(2) and
O(8)] are nonbridging and participate in hydrogen
bonding (Fig. 1). The O(8)–H, O(2)–H, and O(2)–O(8)
distances were determined from structural refinement of
the X-ray data to be 0.97, 1.54, and 2.507 Å, respectively.
The hydrogen bonding in ussingite is characterized as
strong, since the O(2)–O(8) distance is significantly
shorter than the sum of the van der Waals radii of two
oxygen atoms (about 3.0 Å) (Emsley 1981). As is typical
for strongly hydrogen-bonded systems, the O(2)–H–O(8)
angle is nearly linear (171�) (Rossi et al. 1974).

The Al in ussingite is almost completely ordered into
the T(1) tetrahedron, one of four tetrahedral sites in the
structure (Rossi et al. 1974). However, Ribbe (1974)
found a better agreement between observed and calcu-
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lated T–O distances for ussingite when 5% of the Al was
transferred from T(1) to T(3). Ussingite is triclinic, but it
exhibits a pseudomonoclinic symmetry (Rossi et al.
1974). The complete Al–Si ordering and the asymmetric
nature of the O–H…O bonding are the causes of the
triclinic symmetry.

Previous workers have investigated some of the
physical properties, the crystallographic structure, and
chemistry of ussingite. A 29Si nuclear magnetic reso-
nance (NMR) and 29Si–1H cross-polarization (CP)
NMR study confirmed the assignment of Si to three
tetrahedral sites and provided additional constraints on
Si–H distances in the ussingite structure (Oglesby and
Stebbins 2000). Thermal gravimetric analysis showed
that ussingite is dehydrated over a temperature range of
500 to 650 �C (Ilyukhin and Semenov 1959). Several sets
of chemical analyses report that ussingite largely con-
tains stoichiometric Na, Al, Si, and H (Böggild 1914),
with some samples containing minor amounts of K, Ca,
Fe, Mn, S, and Cl (Ilyukhin and Semenov 1959;
Povarennykh et al. 1970).

However, the OH in ussingite has not previously been
characterized with IR or 1H NMR spectroscopy. Both of
these techniques can provide important constraints on the
nature of hydrogen bonding. Correlations have been
established between hydrogen bond length and 1H NMR
chemical shift (Jeffrey and Yeon 1986; Sternberg and
Brunner 1994), as well as between the IR OH-stretching
frequency and O–H…O distance (Nakamoto et al. 1955;
Libowitzky 1999) for minerals and solid hydrates.

The crystallographic orientation of the OH vector can be
determined accurately with single-crystal polarized IR
spectroscopy. Magic-angle spinning (MAS) NMR re-
duces the bandwidth of the proton signal in solids, so that
it is possible to resolve proton populations that experience
slightly different hydrogen-bonding environments.

As discussed in Ribbe (1974) and Rossi et al. (1974),
there are striking similarities between the structures of
low albite and ussingite. Both structures have complete
or nearly complete Al–Si ordering in tetrahedra that
form four-, six-, and eight-fold rings, and in both
structures the Na atoms are irregularly coordinated
(with coordination numbers of five and six in ussingite,
and five in low albite) (Rossi et al. 1974; Downs et al.
1996). In fact, an equation derived from structural data
of sodic plagioclases used to quantitatively describe the
variation in T–O bond lengths in these minerals pro-
duces excellent estimates of the Al–O, Si–O, and Si–
(OH) bond distances in ussingite (Ribbe 1974).

There are two main purposes for conducting this
study. The first is to determine if the stoichiometric OH
observed in ussingite (2.98 wt% H2O) can be used as a
structural model for the small quantities (0–0.051 wt%
H2O) of structural OH that are incorporated into low
albite as well as other plagioclase feldspars, sanidine, and
anorthoclase (Hofmeister and Rossman 1985a, b; Hof-
meister and Rossman 1986; Johnson and Rossman
2003). The mechanism for how OH is incorporated into
the feldspar structures is unknown, so a comparison of
the IR and 1HNMR spectra of OH in feldspars (Johnson
and Rossman 2003) and the OH in ussingite will provide
important constraints on the possible bonding environ-
ments of OH in feldspars. The second reason for this
study is that there have been few IR investigations of
strong and very strong hydrogen bonding in minerals,
such as serandite and pectolite (Hammer et al. 1998), and
mozartite (Nyfeler et al. 1997). A complete study of the
IR spectra of ussingite will increase knowledge of the
characteristics (energy, band shape, polarization, and
symmetry) of strong hydrogen bonds in minerals.

Experimental

The ussingite used in this study is from the Ilı́maussaq complex,
Greenland (sample GRR1967). It occurs in a white, transparent to
translucent granular aggregate. Single crystals are less than 100 lm
to several millimeters across. Mineral identification was confirmed
with powder X-ray diffraction.

Oriented, polished slabs of single crystals were prepared for
infrared spectroscopicmeasurements using cleavage and twin planes.
Because of the granular nature of the sample, no crystal faces were
visible. Three cleavages, c{001}, m{110}, and Mf1�10g, were origi-
nally reported for ussingite (Böggild 1914). In the present study the
triclinic unit cell ofRossi et al. (1974) was used (a ¼ 7.256, b ¼ 7.686,
c ¼ 8.683 Å, a ¼ 90�450, b ¼ 99�450, c ¼ 122�290), and in these
coordinates the cleavages are: c{100}, mf01�1g, and Mf1�1�1g. A pol-
ished slab was prepared parallel to the {100} cleavage to obtain
polarized IR spectra with E||b and E||c. The b and c axes are nearly
perpendicular to each other (a ¼ 90�450) (Rossi et al. 1974), and the
angle between the normal to (010) and the principal optical direction
Y is 5–6� (Böggild 1914), which, in addition to cleavage planes, made

Fig. 1 The crystal structure of ussingite projected onto (100)
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it possible to locate the b and c axes within the polished slab. Twin-
ning occurs parallel to {010}, and grains lying on this surface produce
a slightly off-center flash figure. The principal optical directionZ (the
acute bisectrix) is about 33� from the vector normal to (100) in the
{010} plane (Böggild 1914). Thus, it was possible to obtain a polar-
ized spectrum with E||a on a polished slab parallel to (010). It was
necessary to fabricate polished slabs that were as thin as possible,
since ussingite has a relatively high OH concentration (2.98 wt%
H2O), and because the OH bands overlap the very intense silicate
modes. Slabswere preparedwithAl2O3 anddiamondfilms.The grain
was mounted on a circular thin-section slide with Crystalbond
thermal adhesive, and after preparation, the adhesive was dissolved
in acetone to produce anunsupported, slightlywedge-shaped slab for
IR work. The thickness of the portion of each slab used to obtain IR
spectrawasdeterminedusing the birefringence colors obtainedunder
crossed polars (refractive indices a ¼ 1.504, b ¼ 1.508, c ¼ 1.545)
(Böggild 1914). The final polished slabs were 17 lm thick (010) and
15 lm thick (100).

Polarized infrared spectra were obtained in the 400–5000 cm)1

region using a Spectra-Tech Continulm microscope accessory with
a Nicolet Magna 860 FTIR spectrometer at 4 cm)1 resolution, an
extended-range KBr beamsplitter, Au wire grid on AgBr polarizer,
and MCT-B detector. Each spectrum was averaged over 512 scans,
using a 50–100-lm-square aperature.

1H MAS NMR spectra were recorded on a Bruker DSX
500 MHz spectrometer and aBrukerAvance 200 MHz spectrometer
at the solid-state NMR facility in the Department of Chemical
Engineering at Caltech. A 4-ls 90� – 8-ls 180� pulse depth sequence
(program written by Sonjong Hwang; Cory and Ritchey 1988) was
used to minimize probe background for most spectra. Tetrakis-
(trimethylsilyl)silane (TKTMS) was used as a primary chemical shift
(d) reference, but final spectra are referenced to tetramethylsilane
(TMS), using the relationship d(TMS) = d(TKTMS) + 0.247 ppm
(Hayashi and Hayamizu 1991). Saturation-recovery experiments
were used to determine a spin-lattice relaxation time T1 of about
100 s for all of the structural hydrogen environments in ussingite.
The recycle delay time was set at 510 s, or roughly five times T1.
Variable temperature experiments were conducted between 178 and
373 K. Dry nitrogen from a high-pressure liquid nitrogen tank was
used for cooling and spinning the samples.

Results

The polarized infrared spectra of ussingite are shown in
Fig. 2. In each spectrum, the absorption bands of the
silicate modes (1200–600 cm)1) are off-scale (absorbance
is greater than 2.0). The E||b spectrum is characterized by
a flat background in the 3500–1300 cm)1 region, with a
small, broad absorbance band at about 1700 cm)1 and a
sharper, more intense band at 1295 cm)1. The E||c spec-
trum lacks the 1295 cm)1 band, but has a very broad and
intense band that begins at around 3000 cm)1 and con-
tinues under the silicatemodes to less than 800 cm)1. This
broad band is interrupted by features at 2500, 2200, and
1300 cm)1 that resemble notches or inverse bands that cut
into the absorption. It is difficult to determine the exact
energy of themaximum absorbance of this band due to its
width and due to the interference of the silicate modes and
inverse bands. However, the maximum absorbance most
likely occurs between 1500 and 1800 cm)1, since the
intensity of this broad band in theminimumat 850 cm)1 is
roughly equivalent to that at 3000 cm)1, after subtraction
of estimated absorbance due to the silicatemodes. Finally,
the spectrum taken with E||a also contains a weak
component of this very broad band, although it is not as

intense and lacks the prominent notches seen in E||c. The
narrow band at 1298 cm)1 is most intense in the E||a
spectrum.

There are three distinct bands present in the 1H MAS
NMR spectra of ussingite. The NMR spectra taken at 6
and 12 kHz magic angle spinning speeds are shown in
Fig. 3a. Spinning sidebands occur at intervals of the
spinning speed on either side of the primary bands. There
is one predominant band in the spectrum at
d ¼ 13.9 ppm, which (along with its spinning sidebands)
accounts for 90% of the total band area and 1H in the
crystal structure. The other two primary bands are at
d ¼ 15.9 ppmand d ¼ 11.0 ppm, and represent about 8%
and 2% of total structural hydrogen, respectively. The
band at 4 ppm is due to adsorbedwater on the sample and
materials in the NMR probe (Johnson and Rossman
2003). The center bands of 1H MAS spectra obtained
using different magnetic field strengths and pulse se-
quences are presented in Fig. 3b. The three distinct 1H
bands are present in the spectra regardless of field strength
(200 and 500 MHz) and pulse sequence (a depth sequence
versus a single pulse), although the fine structure of the
band at 15.9 ppm is apparently an artifact caused by the
depth-pulse sequence since it is not present in the single-
pulse experiment. The shapes, positions, and proportions
of all three bands in the ussingite 1H NMR spectrum re-
main constant over a range of temperatures (178–373 K).

Discussion

IR spectroscopy

The energy of maximum absorption andwidth of the very
broad band in the E||c and E||a IR spectra in Fig. 2 are

Fig. 2 Polarized single-crystal infrared spectra of ussingite. The
asterisks mark the ‘‘inverse’’ Fermi resonances superimposed on
the broad OH band (3000–800 cm)1). Some silicate bands are off-
scale and have been truncated. The spectra have been offset
vertically for comparison
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characteristic of OH bands in other silicate minerals that
have strong or very strong hydrogen bonding. For
example, pectolite, NaCa2[Si3O8(OH)] and serandite,
NaMn2[Si3O8(OH)], have O–H…O distances of 2.45 to
2.48 Å, and haveOH-stretching bands that are centered at
approximately 1000 cm)1 and span a region from greater
than 3000 cm)1 to less than 600 cm)1 (Hammer et al.
1998). Similarly, the IR spectrum of mozartite, CaM-
n3+O[SiO3OH], has an extremely broad OH-stretching
band with a maximum at 1300–1700 cm)1, and a corre-
sponding O–H…O distance of 2.501 Å (Nyfeler et al.
1997). The unusual notches or inverse absorbance fea-
tures that interrupt the OH-stretching band in the us-
singite spectra are also present in the IR spectra of
mozartite, pectolite, and serandite (Nyfeler et al. 1997;
Hammer et al. 1998). These features are called Fermi (or
Fano) resonances, and are caused by the interaction of the
broad OH stretching with the OH-bending librations
(Hadži and Bratos 1976; Emsley 1981; Struzhkin et al.
1997). The unusual structure of the most intense region of
the OH band (a central maximum with weaker submax-
ima) is also seen in hydrogen-bonded complexes of ethers
with hydrogen halides and is most likely due to sum and
difference modes of the OH stretch and a low-energy
stretching mode in the structure (Hadži and Bratos 1976).

The broad OH-stretching band is very strongly
polarized. This very strong polarization of the OH-
stretching frequency is consistent with the strong direc-
tionality of the OH vector in the triclinic symmetry of
ussingite. The E||c spectrum has very strong OH
absorption (Fig. 2), whereas the E||b spectrum has little
or no OH stretch absorption, consistent with the align-
ment of the OH vector in the crystal structure (Fig. 1).
In the (010) plane, the OH vector is aligned with the

principal optical direction Z, which is not aligned with
the crystallographic axes. This is the reason for the
intermediate OH stretch absorption in the E||a spectrum.

It is known that the OH-stretching frequency is re-
lated to the strength of hydrogen bonding for many
materials. More specifically, the OH-stretching fre-
quency decreases with decreasing length of hydrogen
bonding, due to a combination of a decrease in the bond
strength (and force constant) of the hydroxyl group and
an increase in vibrational anharmonicity (Lutz 1988). A
number of experimental studies have quantified the
relationship between hydrogen bonding and IR fre-
quency in organic and inorganic compounds, including
minerals, and discuss the deviations from this correla-
tion due to the effects of nonlinear and bifurcated
geometries and proton dynamics (e.g., Nakamoto et al.
1955; Libowitzky 1999), as well as the effects of cation
substitution into crystallographic sites adjacent to OH
(Skogby and Rossman 1991). The precise energy of
the maximum OH stretch band intensity of ussingite is
not tightly constrained, but occurs between 1500
and 1800 cm)1. Using the correlation between OH-
stretch- ing frequency and O–H…O distance given in
Libowitzky (1999) m(cm)1) ¼ 3592–304 � 109

exp[-d(O–H…O)/0.1321], the O–H…O distance in us-
singite is calculated to be 2.48–2.50 Å. This agrees well
with the O(2)–O(8) distance of 2.507 Å determined by
least-squares refinement (Rossi et al. 1974).

The band at 1295 cm)1 in the E||a and E||b spectra
of ussingite may be an OH librational bending mode
or a silicate mode or overtone. There are three reasons
for concluding that this band is an OH-bending mode.
The OH-bending mode is expected to be infrared ac-
tive in a direction perpendicular to the OH vector, and
the 1295 cm)1 band is absent in the E||c spectrum but
present in the E||b and E||a spectra. Other minerals
with strongly hydrogen-bonded OH groups also have
OH-bending modes at energies higher than the fun-
damental silicate modes (serandite at 1386 cm)1,
pectolite at 1396 cm-1; Hammer et al. 1998). Finally,
the highest-energy Fermi resonance occurs at

Fig. 3a, b 1H MAS NMR spectra of ussingite. a Spectra obtained
on a 500 MHz magnet at 6 kHz and 12 kHz magic-angle spinning
speeds, showing the main bands and spinning sidebands (marked
with asterisks). The band at 4 ppm is due to adsorbed water and
probe materials. b Expanded view of the three center bands of
ussingite spectra taken on a 500 MHz magnet using a depth pulse
sequence and a 200-MHz magnet using a single pulse
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2525 cm)1, which is approximately twice the frequency
of the 1295 cm)1 mode. The origin of the other two
Fermi resonances is unknown.

1H MAS NMR spectroscopy

The 1H NMR chemical shift is largely determined by O–
H bond polarization, which is dominated by hydrogen
bonding to the neighboring oxygen (Sternberg and
Brunner 1994). Short hydrogen-bonding distances in-
crease bond polarization and thus also increase the
proton chemical shift relative to protons that experience
weak hydrogen bonding. Since ussingite has only one
hydrogen site with a single hydrogen-bonding distance
(H…O), only one band is expected in the 1H NMR data,
and in fact most of the protons (90%) constitute a single
band at 13.9 ppm. Using the correlation between inverse
hydrogen bond length rH…O)1 and isotropic chemical
shift dH determined by Sternberg and Brunner (1994) [dH
(ppm) = 4.65/rH…O – 17.4], the band at 13.9 ppm
corresponds to an H…O bond length of 1.49 Å. This
distance is slightly shorter but within 5% of the H…O
distance determined from X-ray refinement (1.54 Å)
(Rossi et al. 1974).

There are two additional NMR bands (about 10% of
the protons) that are not accounted for with this model.
The Al in ussingite was originally determined to be
completely ordered in the T(1) site, with Si filling the
remaining three tetrahedral sites, including the T(4) site
attached to the O(8) hydroxyl-forming oxygen atom and
the T(3) site coordinated by the O(2) hydrogen-bonding
oxygen atom (Rossi et al. 1974). However, Ribbe (1974)
found that the mean T(1)–O distance in ussingite was
significantly shorter (0.01–0.013 Å) than the mean Al–O
distance in low albite. Ribbe (1974) concluded that
about 5% of the Al was in the T(3) site rather than the
T(1) site. Since Al–O bonds are longer than the Si–O
bonds, in a local bonding environment where Al is
substituted for the Si in the T(3) site, the increased
T(3)–O bond length would result in a shorter hydrogen
bond length and a higher 1H NMR chemical shift value.
The relative underbonding of the O(2) attached to Al
rather than Si would also be expected to increase
hydrogen bonding. To quantify this expected shift in d,
the difference between the mean Al–O bond distance for
the T(1) site (1.734 Å) and the Si–O(2) bond distance for
the T(3) site (1.584 Å) (Rossi et al. 1974) was calculated
to be 0.15 Å. Shortening the H…O distance by this
amount results in a hydrogen bond length of 1.39 Å and
a predicted chemical shift of 16.0 ppm. This value of d
agrees well with the observed d ¼ 15.9 ppm of the band
in the ussingite 1H NMR spectrum corresponding to 8%
of the total hydrogen concentration. This calculation
assumes that the T(3) cation, O(8), H, and O(2) are all
colinear. If the fact that the T(3)–O(8)–H angle is about
138� rather than 180� is accounted for in this calcuation,
then the chemical shift for a hydrogen adjacent to Al in

the T(3) site is determined to be 15.3 ppm, assuming an
O–H…O distance of 2.5 Å from the IR data, an OH
distance of 0.97 Å from X-ray refinement (Rossi et al.
1974), and allowing the T(3)–O(8)–H angle to change
upon lengthening of the T(3)–O(8) distance by 0.15 Å.
The 1H NMR spectrum therefore provides an indepen-
dent confirmation of minor amounts of Al–Si disorder
between T(1) and T(3) in ussingite.

The band at d ¼ 11.0 ppm represents about 2% of
the total hydrogen atoms, or about 0.06 wt% H2O. The
H…O bond distance calculated for this value of d is 1.64
Å. The origin of this band is unknown, but it is possible
that local distortion of the crystal structure due to the
substitution of Ca2+ for 2 Na+, for example, could re-
sult in longer hydrogen bonding distances and lower the
chemical shift value. Alternatively, small amounts of
other mineral impurities in the ussingite sample could be
responsible for this 1H NMR band, although an inves-
tigation of the sample with optical microscopy and
Raman spectroscopy revealed only alteration products,
most likely zeolites, forming distinct coatings on the
outside surface of the hand sample.

The lack of temperature dependence of the band
positions and shapes in the 1H NMR spectrum and the
long spin-lattice relaxation time (100 s) indicate there is
little or no dynamic chemical motion involving the
protons in ussingite.

Criteria for strong hydrogen bonding

The criteria for classifying hydrogen bonds as strong or
weak are summarized in Emsley (1981), and include
considerations of bond length, O–H…O bond symmetry,
infrared OH and OD stretch modes, NMR chemical
shift, and bond energy. As mentioned above, the
O–H…O distance (as determined by X-ray refinement
and now IR spectroscopy) in ussingite characterizes it as
a material with strong hydrogen bonding. The large
downfield 1H NMR chemical shift and broad IR OH-
stretching band with a maximum of 1500–1800 cm)1 are
also consistent with the definition of strong hydrogen
bonding.

In general, strong hydrogen bonds tend to be linear,
i.e., the O–H…O angle is about 180� (Emsley 1981), and
indeed this angle is 171� in ussingite (Rossi et al. 1974).
For strong hydrogen bonds, it has been suggested that
the hydrogen atom is symmetrically centered between
the oxygen atoms (Emsley 1981), but the data in this
study point to an asymmetric bonding environment. The
H…O distance for ussingite constrained by 1H NMR
data is significantly longer than half of the O–H…O
distance determined with IR spectroscopy. There are
many recently reported examples of minerals with strong
hydrogen bonding exhibiting asymmetric O–H…O
bonding (Beran and Libowitzky 1999), so it is concluded
that ussingite is well characterized as a material with
strong hydrogen bonding.
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Comparison of OH in ussingite to OH in feldspars

The nature of OH in low albite or other plagioclase feld-
spars is apparently very different from that of the OH in
ussingite, despite similarities in their respective crystal
structures. This can be seen in the polarized IR spectra of
low albite, andesine, and ussingite in Fig. 4. The silicate
modes in the thick feldspar samples are off-scale below
2300 cm)1, but it is still possible to observe the differences
between the feldspar and ussingite spectra in the 3000–
3700 cm)1 region. Low albite is characterized by very
sharp OH bands around 3500 cm)1, a broad underlying
fluid inclusion band at about 3450 cm)1, and a broad OH
band around 3050 cm)1 (Johnson and Rossman 2003).
Andesine (andother plagioclase andalkali feldspars) have
broader OH bands in the 3000–3500 cm)1 region, and no
Fermi resonances are visible in the spectrum. The 1H
NMR chemical shift of OH in feldspars (4–6 ppm) is
much smaller than the d for OH in ussingite
(11–15.9 ppm), and there are no detectable bands in the
11–15.9-ppm region of feldspar 1H NMR spectra
(Johnson and Rossman 2003). Therefore, a maximum of
about 10–20 ppm H2O could be present as strongly
hydrogen-bonded OH in these feldspars. Unlike the OH
in ussingite, the OH in feldspars is therefore not strongly
hydrogen-bonded.
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