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Bragg diffraction is a major tool to solve and refine crystal structures, though it is limited as
results obtained from the bulk sample are averaged in time and space. In contrast, spectroscopy
is site sensitive, and thus a probe for local structure with high time and space resolution. Com-
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INTRODUCTION

Since the first days of X-ray diffraction, crystal structu-
res have been solved and refined using the positions and
intensities of Bragg reflections from single-crystal and
powder diffraction experiments. Later on, the use of
»light« sources different from X-rays, i.e., neutrons,
electrons, extended the use of diffraction experiments to
crystals with very light elements, e.g., hydrogen-bearing
samples, and micro-samples in an electron microscope.
However, though the method can give the full image of a
crystal structure, information is always based on the
more or less strict periodicity (long range order) of the
crystal lattice.! Thus, the data are averaged over the
whole sample, both in space and time. Therefore, infor-
mation on local disorder (space) and dynamics (time),
and on defects at only trace concentrations may be limi-
ted. (The recent method of measuring diffuse X-ray scat-
tering? in the »background« region between the Bragg
peaks to address these problems is not considered here.)

On the other hand, spectroscopy, and in this paper
vibrational spectroscopy such as infrared (IR) and Ra-

bination of both methods may reveal important additional information on crystal structures
such as disorder and dynamics, and may even help avoid pitfalls in structure solution. Among
the given examples are three minerals, i.e., lawsonite, hemimorphite, leonite, which show
phase transitions from dynamically disordered to ordered structures. Continuous evolution
from order to dynamic disorder, however without a phase transition, is found in washing soda.
Finally, examples of proton dynamics in a tetragonal garnet and in minerals with very strong
hydrogen bonds are presented.

man spectroscopy are employed, will never result in full
description of a crystal structure. However, since it does
not rely on crystalline periodicity, non-crystalline mate-
rials such as gases, liquids, melts, glasses and metamict
samples can be investigated. Moreover, because it is si-
te-specific (a number of spectroscopic methods are even
element-sensitive), even defects at low concentrations in
a host structure and short range order phenomena may
be studied. Finally, the excellent time resolution facili-
tates resolving dynamic processes much better than dif-
fraction.?

STRUCTURAL INFORMATION FROM SPECTRO-
SCOPY

Using vibrational spectroscopy, quantitative data can be
obtained that provide useful structural information in
three ways. Since the band energy (frequency, wave-
number) of a vibrational band is dependent on the mass
and bond strength of the vibrating unit, e.g., an O-H
group, the peak positions provide important data on
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bond lengths, like in the case of hydrogen bonds (see be-
low). Absorption (IR) and scattering experiments (Ra-
man) with polarized radiation on oriented, optically ani-
sotropic samples result in data on the spatial orientation
of a vibrating unit in a crystal structure (see below). Fi-
nally, by calibration of band intensities in a number of
different ways, even information on the amount of a cer-
tain molecular species (down to trace concentration lev-
els) in a sample can be obtained (see below). Because IR
spectroscopy is frequently used in the examples given
below, these quantitative IR techniques are described
briefly (however, they work in a similar way also for Ra-
man spectroscopy).

In a basic IR absorption experiment, a beam of IR
light (modulated in frequency by a monochromator or in
modern spectrometers by an interferometer) with inten-
sity I, is absorbed by a molecular vibration in the sample
and the remaining transmitted intensity / is recorded by
the detector. The basic quantity //] is the transmittance
T (usually expressed in [ 100 %]). However, since it is in
logarithmic relation with thickness d and absorber con-
centration ¢, a more convenient unit is absorbance A = —
log T. According to the Beer-Lambert law, A =¢ - ¢ - d, it
is in linear relation to sample thickness and absorber
concentration; ¢ is the molar absorption coefficient.*

Correlation diagrams to derive hydrogen bond
lengths from O—H stretching vibrations have been devel-
oped since the 1950s both from theoretical calculations’
and from empirical studies.®® In general, hydrogen
bonds can be classified according to their bond lengths,
i.e., d(O---0), d(H---O), d(O-H), into very strong (very
short): d(O--0) < 2.50 A, strong (short): 2.50 < d < 2.70
A, and weak (long): d > 2.70 A with a barely defined
upper limit beyond 3 A.1° Figure 1 shows the positive,
curved correlation between O-H stretching wavenumber
and O---O / H:--O hydrogen bond lengths. The principle
of this correlation is that with increasing hydrogen bond
strength (decreasing H bond length), the H bond accep-
tor attracts the proton and thus elongates and weakens
the O-H bond (~ 0.98 A without H bonding), which in
turn results in decreased stretching frequency
(wavenumber). Further effects that correlate with increa-
sing H bond strength are increasing peak width, and in-
creasing anharmonicity.*”-11-14 Besides Figure 1, it is
important for the examples below to realize that stretch-
ing vibrations are observed at 3200-3700 cm~! for weak
H bonds, at 1600-3200 cm! for strong H bonds, and be-
low 1600 cm™! for very strong bonds.'? Finally, it must
be stressed that in addition to H bonding, the cationic
environment has also a (minor) influence on the wave-
number of O-H stretching vibrations.!>

The spatial orientation of an O-H vector (or any
other vibrational direction) can be derived from mea-
surements with polarized IR radiation along the princi-
pal optical directions (the main axes of the indicatrix el-

Croat. Chem. Acta 79 (2) 299-309 (2006)

E. LIBOWITZKY

4000 ————T
3500f
sooof
25005
2ooof

1500 |

O-H stretching wavenumber / cm™'

1000 |

24 26 28 3.0 3.2 34
d(0---0)/ A

4000 e

3500

L

T

3000

T
1

2500 |

T
1

2000 |

1500 [

O-H stretching wavenumber / cm™'
T
o
L

o
1000 - oo i
P PR BRI 1 IR I R B

12 14 16 18 20 22 24 26 28 30
d(H:+-0) / A

Figure 1. Correlation diagram between OO / H--O hydrogen
bond lengths and O—H stretching wavenumbers.?

lipsoid) in optically anisotropic crystals'® (it is therefore
impossible in cubic crystals). According to Figure 2, the
absorbance components along the principal axes A,, A,,
A, are in a simple cosine squared relation to the total
magnitude of the absorbance (as if measured parallel to
the absorber). Thus, by measurements with IR radiation
polarized parallel to all three main directions, the angles
and consequently the orientation of the absorber are ob-
tained. Moreover, the sum of the three components re-
sults in total absorbance, which is the correct quantity to
estimate the concentration of the absorber.

Information about the concentration of a certain ab-
sorbing species is obtained by calibration of IR band in-
tensities (preferably band areas are used instead of peak
heights) with different analytical methods. In the case of
hydrous species and defects in minerals, water contents



CRYSTAL STRUCTURE DYNAMICS

A, = A cos’a
A, = A cos’p
A, = A cos’y

Figure 2. Sketch of an absorber with total absorbance A and
components A,, A, A, that can be obtained by polarized IR ab-
sorption measurements parallel fo main optical directions x, y, z.16

may be calibrated by heating the crushed (and milled)
sample, and detection of the expelled water vapor by va-
rious methods.!” Because of water adsorbed at grain sur-
faces, results are sometimes inaccurate. Bulk methods,
e.g., proton magic angle spinning nuclear magnetic reso-
nance ('H MAS NMR), nuclear reaction analysis
(NRA), and secondary ion mass spectrometry (SIMS),
avoid this disadvantage but are available only in rare,
large-scale facilities. Finally, a general calibration using
stoichiometric compounds was worked out, indicating a
strong positive correlation of the molar absorption coef-
ficient with the H bond strength.'®19 Nevertheless, re-
sults of recent years (and disagreement with the general
trend) confirm the necessity of individual mineral-speci-
fic calibrations.!”
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Figure 3. IR absorption specira acquired with polarized radiation
of vesuvianite from Rotkopf/Zillertal, Austria.29 The inset shows a
detail of its crystal structure around the strong hydrogen bond.?'
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A simple, illustrating example of the above mentio-
ned structural constraints from IR data is given in Figure
3, showing spectra?® acquired with polarized IR radiati-
on of the tetragonal hydroxyl-bearing silicate mineral
vesuvianite. The spectrum with the electric vector E of
the polarized light parallel to ¢ shows a band at ~ 3150
cm~!, which is absent in the spectrum perpendicular to c.
Thus, an OH~ group with strong hydrogen bonding is
expected (using Figure 1, an O---O distance of ~ 2.7 A is
derived) with orientation parallel to the ¢ axis. This hy-
droxyl group (refined O--O H bond length ~ 2.70 A) is
actually observed by diffraction methods (inset in Figure
3).2! In addition, weak or non-H bonded hydroxyl
groups with various cationic environments and different
orientations (~ 30° from the c¢ axis) are confirmed by the
bands at higher wavenumbers in both spectra. Using the
band areas (integrated absorbances) and the general cali-
bration trend of Libowitzky and Rossman,!? a concentra-
tion ratio of 1 : 4 between the former and the latter hy-
droxyl groups is obtained (please note that the areas are
not directly comparable!), which is in excellent agree-
ment with the crystal structure refinement.2%-2!

LAWSONITE

Lawsonite, CaAl,Si,0,(OH), - H,0O, space group Cmcm,
is a hydrous high-pressure mineral. Due to its wide sta-
bility range, it is suggested to carry large quantities of
water down to the Earth’s mantle in subduction zones.??
Its crystal structure consists of edge-sharing AlOg octa-
hedra interconnected by di-silicate groups to a three-di-
mensional framework. The remaining interstitial cavities
are filled with Ca atoms, H,O molecules and OH-
groups in highly symmetric positions (Figure 4).23 Ap-
parently, the latter two possess only weak (long) H
bonds to neighboring oxygen atoms. The mineral shows
a low-temperature phase transition at 273 K and another
one at ~ 120-150 K. X-ray diffraction confirms that the
framework of the structure is, in principle, preserved
during all transitions, and structural changes affect most
strongly only the hydrous species in the cavities. During
the first transition, it appears from the single-crystal
X-ray diffraction that the water molecule is rotated from
its symmetric position at room temperature towards one
of the hydrogen bond acceptors on the side (enhancing
this H bond). In addition, the hydroxyl groups appear to
be rotated to non-equivalent sites enhancing also one of
the H bonds. Thus, this transition to space group Pmcn
appears to be of a displacive type. During the second
transition, the hydrous species deviate from their special
positions in the drawing plane (Figure 4) and thus cause
the non-centrosymmetric space group P2;cn. Both rever-
sible phase transitions can be nicely monitored by
non-linear, partially abrupt changes in lattice parameters,
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(a) Cmem, 298 K

cl2

(b) Pmcn, 233 K
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(c) P2,cn, 110 K

Figure 4. The crystal structure of lawsonite. (a) Room temperature structure with hydrous species in apparently highly symmetric positions.
(b) Low-T structure with hydrous species »rotated« in the drawing plane. (c) Lowest-T structure with hydrous species deviating from the

drawing plane (numbers denote deviations by 0.01 A).2

X-ray reflection intensities, birefringence data, and H
bond lengths with changing temperatures.??

IR spectroscopic investigations with polarized radia-
tion of 3—4 um thick, oriented and polished slabs of law-
sonite?* give quite a contrasting picture (Figure 5). The
spectra evolve continuously (without abrupt changes)
versus temperature. Two observations are of special in-
terest: (i) There are strong peak shifts of the low-ener-
getic modes with changing temperature. (ii) Neverthe-
less, even at room temperature two bands occur at low
wavenumbers (Y: ~ 3200 cm™!, Z: ~ 3000 cm™!) and
thus indicate strong hydrogen bonding. The former ob-
servation is the characteristic behavior of vibrational
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bands in the close vicinity of a displacive/order-disorder
phase transition.?3 The latter fact, however, is in strong
disagreement with the X-ray data at room temperature
(only weak H bonding!) and thus requires revision of the
crystal structure at room temperature and of the first
phase transition.

A consistent picture of the room temperature struc-
ture of lawsonite is only obtained if the low time resolu-
tion of diffraction experiments is considered (see abo-
ve). In the case of dynamic motions, this low time reso-
lution may result only in diffuse centers of motion,
whereas spectroscopy gives »snapshot«-like images of
the endpoints of motion. Thus, the highly symmetric po-

Absorbance

0 T T T T T T
3600 3400 3200 3000 2800 2600

Wavenumber / cm™'

Figure 5. IR absorption spectra acquired with polarized radiation of lawsonite parallel to Y (left) and Z (right), at temperatures between 80
(bottom) and 325 K (top).24 Note the strong and continuous shift of the low-wavenumber modes.
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sition of the H,O molecule in the center of the cavity of
the lawsonite structure (as evidenced by X-ray diffrac-
tion) is only an average center of motion of the H,O
group. In reality, the H,O molecule shows a rapid hop-
ping motion between positions visible only in low-tem-
perature diffraction experiments (where the hopping mo-
tion is frozen). This refined picture is then in agreement
with the strong hydrogen bonds evidenced by spectros-
copy at any temperature, and it is more reasonable from
electrostatic considerations. An H,O molecule in the
center of a large cavity, attracted on both sides by H
bond acceptors, would be as unstable as an iron sphere
between the poles of two strong magnets.

The lawsonite hydroxyl groups show a similar dyna-
mic behavior, hopping between positions visible in the
low-temperature structures. This proton dynamics was also
confirmed by neutron diffraction experiments, where the
H atoms show large, elongated anisotropic displacement
parameter (ADP) ellipsoids.2® The short H bond distan-
ces at room temperature were confirmed also by proton
NMR experiments (Gabuda & Kozlova).?” The phase
transitions are therefore not displacive but rather of a dy-
namic disorder-order type.

Recent investigations have shown that there are also
small displacive variations in the framework of the
structure (indicated by the strong peak shifts of the
low-energetic IR absorption bands). Using optical, di-
electric and elastic parameters, the thermodynamic char-
acter was shown by Landau theory to be tricritical in
the first transition and second-order in the second transi-
tion. Pronounced precursor effects up to 200 K above
the first transition temperature (well visible in birefrin-
gence data) may indicate fluctuations in the ordering
scheme of the H bonds, e.g., from short to medium ran-
ge order, followed by long range order below the transi-
tion temperature. For these and further details see Son-
dergeld er al.?® and references therein. Finally, it should
be mentioned that these phase transitions were also ob-
served in the isostructural, rare mineral hennomartinite,
SrMIl?Si207(OH)2 . H20.29

Summing up, it should be stressed that four impor-
tant observations indicated the dynamic disorder-order
phase transitions and led to the revised description of the
crystal structure: (i) strong shift of IR bands with chang-
ing temperature; (ii) two H bond acceptors (energetic mi-
nima) in the close vicinity of the hydrous species, with
the H,O molecule apparently in an unstable position
in-between; (iii) strongly anisotropic ADP ellipsoids (re-
vealed by neutron diffraction); (iv) mismatch between dif-
fraction and spectroscopy (H bond lengths in this case).

HEMIMORPHITE

The mineral hemimorphite, Zn,Si,0,(OH), - H,0, space
group Imm?2, is a common alteration product in the oxi-
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dation zone of zinc deposits. Its crystal structure shows
four-membered rings of ZnO, tetrahedra interconnected
by di-silicate groups to form a polar framework structure
(Figure 6a).3% The remaining channels are filled with
hydroxyl groups and water molecules at apparently sym-
metric sites. The arrangement of the hydrous species
along the channel axis is given in Figure 6b. These data
from a neutron refinement3 indicate strong dynamics of
the H,O and OH~ groups by the large and strongly
anisotropic ADP ellipsoids. Moreover, there are two H
bond acceptors for each hydroxyl group, i.e., the oxygen
atom of the water molecule and the oxygen atom of the
opposite hydroxyl group.

326 A

Figure 6. The structure of hemimorphite. (a) Projection parallel to
[001]. (b) Projection parallel to [010] showing the content of the
structural channels and indicating the strong dynamics of hydrous
species by elongated ADP ellipsoids.30

Croat. Chem. Acta 79 (2) 299-309 (2006)
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Infrared spectra acquired with polarized radiation of
7 um thin, oriented hemimorphite slabs3! show two im-
portant features (Figure 7): (i) a strong shift of the O-H
stretching vibration || ¢ with changing temperature;
moreover, this band at ~ 3400 cm™! indicating a moder-
ately strong H bond is in disagreement with any H bond
distance of the structure refinement; (ii) three bands || a
and one major band (besides weak maxima) || ¢, clearly
visible at low temperatures. The former feature is a
strong indicator of the vicinity of a phase transition (see
above). The latter is in disagreement with vibrational
modes calculated from a factor group analysis®? of the
hydrous species using the neutron data of Hill er al.30 —
Because of one symmetric (|| ¢) and one antisymmetric
(|| @) stretching vibration of the two symmetric hydroxyl
groups (vibrating in-phase and out-of-phase) and one
symmetric (|| ¢) and one antisymmetric (|| @) stretching
vibration of the water molecule, two bands are expected
|| @ and two bands || c.

Thus all four indications of a dynamic disorder-or-
der phase transition were observed (see above). The
transition was finally confirmed by birefringence data at
98 K3! and the low-temperature structure was refined
with neutrons at 20 K.33 This structure shows doubling
of the b and c lattice parameters, resulting from the or-
dering of the hydrous species along the channel axis.

82K

] e ——
3800 3600 3400 3200

Wavenumber / cm™!

Figure 7. IR absorption spectra using polarized radiation of hemi-
morphite parallel to a (fop) and ¢ (bottom) at variable temperatures. !
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The alternating rotation of the hydroxyl and water mole-
cules leads to a continuous system of moderately strong
H bonds and changed orientations of O-H vectors,
which is in better agreement with the spectroscopic data.
Similar to lawsonite, the apparently highly symmetric si-
tes of the OH~ and H,O groups in the room-temperature
structure of hemimorphite® are due to the hopping mo-
tion between positions visible only in the low-tempera-
ture phase.

Dehydrated hemimorphite can be obtained by heat-
ing the mineral up to 500 °C for 12 hours. By this proce-
dure, only the water molecules are expelled and the rest
of the structure remains unchanged (similar to zeoli-
te-like behavior). Single-crystal X-ray diffraction and IR
spectroscopy with polarized radiation of oriented crystal
slabs3 still confirm strong dynamics of the hydroxyl
groups; however, because of the missing water molecule
(and thus the missing, most important H bond acceptor),
no phase transition is observed down to 80 K.

LEONITE

Leonite, K,Mg(SOy), - 4H,0, space group C2/m, occurs
in the top layers of salt deposits and belongs to a group
of isostructural minerals and compounds, of which the
other members are synthetic »Mn-leonite«, K,Mn(SOy),
- 4H,0, and mereiterite, K,Fe(SO,), - 4H,0. Its crystal
structure (Figure 8) is basically composed of linear, cor-
ner-sharing units of SO4-Me(H,0),0,-SO, units aligned
parallel to the a axis in a distorted NaCl-like arrange-
ment, interconnected by the K atoms and hydrogen
bonds of the water molecules.3®> However, there are two
different types (crystallographically different sites) of
these linear units, one of them with dynamically disor-
dered sulfate groups at room temperature, which is indi-
cated by split, half-occupied oxygen atom positions (he-
re simply indicated by A and B). In a schematic way of
description, alternating layers parallel to (001) can be
observed that contain either only disordered units (D)
containing mixed A and B sites or only ordered units
(O). Therefore, the sequence through these schematic la-
yers along [001] is ...O D O D O D... (Figure 8). The
disorder freezes at low temperatures and thus leads to re-
versible phase transitions.3> The interesting point is that
Mg- and Mn-endmembers show two low-temperature pha-
se transitions, ordering at the first transition to space group
I2/a with the sequence ... OAOBOAOBOAOB..
As a consequence, the ¢ lattice parameter is doubled.
In the second, displacive transition at even lower tem-
peratures, this ordered structure switches suddenly to an-
other layer sequence ..O A O A O A... in space group
P2,/a with approximately original lattice parameters.
The Fe-endmember shows only one transition ordering
at low temperature directly to the sequence ... O A O A
O A... (Figure 8).3
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Figure 8. Crystal structures of leonite-type compounds and their
changes from a disordered structure (ODO — top) to ordered
structures (OAOB — center and OAO - bottom) at low tempera-
tures.3> Bold arrows indicate dynamic disorder-order transitions,
the grey arrow indicates the sudden displacive transition of leonite
and Mn-leonite.

In order to investigate the thermodynamic characters
of these transitions, differential scanning calorimetry, op-
tical, X-ray intensity,?® and IR and Raman spectroscopic’’
measurements were performed at variable temperatures.
In all cases, the first-order type of the second, displacive
transition (at lowest temperatures) was confirmed by
sharp discontinuities in the measured parameters versus
temperature. The dynamic disorder— order transition, how-
ever, required a more detailed analysis according to Lan-
dau theory, which correlates certain measured, physical
macroscopic quantities with the evolution of the order pa-
rameter (from O to 1) below the critical temperature of
transition. Though data from all methods resulted more
or less clearly in a tricritical character of the dynamic dis-
order to order transition, analysis of IR and Raman spectra
showed very impressively the freezing of the dynamic
behavior. Figure 9a depicts the evolution of Raman spectra
in the region of sulfate vibrations across the transition
temperatures. Whereas the first-order transition is visible
by sudden band shifts, the ordering process is only indi-
cated by a continuous change of band parameters. The non-
linearity of these changes is well discernible in Figure 9b.
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Figure 9. The evolution of Raman spectra of leonite with tempera-
ture. (a) The general appearance of the sulphate vibrational re-
gion.3” Broken lines indicate transition temperatures, arrows point
to sudden changes in the spectra. (b) The evolution of peak posi-
tion and width (FWHM) of the sulphate stretching vibration versus
temperature.3” Dotted lines mark phase transition temperatures,
broken lines indicate the extrapolated course of the data above
the dynamic disorder-order phase transition.

The peak position of the symmetric stretching vibration
is, of course, suddenly changed at the first-order transi-
tion due to an abruptly changed structural environment,
whereas the ordering process is only barely indicated. In
contrast, the peak width (FWHM) correlates nicely with
the ordering process and indicates the dynamic disorder—
order transition by a non-linearity in the data slope. Ex-
cess decrease of the FWHM data results in a critical pa-
rameter of ~ 0.25 in the evolution of the order parameter,
thus confirming the tricritical character of the transition.
The first-order transition at lower temperatures is not
manifested by a change in peak width, as this sudden
transition does not provide any change in the disorder and

Croat. Chem. Acta 79 (2) 299-309 (2006)
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dynamics of the structure (both low-temperature phases
are ordered, only the ordering scheme is changed from
OAOB to OA).

The different behavior of Fe- versus Mg- and Mn-
endmembers is explained by the more distorted shape of
the coordination polyhedron around Fe, which also acts
on the whole hydrogen bonding scheme surrounding and
connecting the structural units.?® In general, these H bonds
with O--O distances as short as ~ 2.65 A are shortened,
on the one hand, and elongated, on the other, during the
ordering process at low temperatures (though the evolu-
tion of bond lengths is more complex in detail). This be-
havior is in good agreement with that of H bonds in law-
sonite and hemimorphite described above.

WASHING SODA

The mineral natron, Na,CO5 - 10H,0, space group Cc,
occurring as a rare mineral in nature, is an important syn-
thetic compound used in detergents and thus commonly
known as »washing soda«. Its crystal structure is com-
posed of groups of edge-sharing hydrated sodium octa-
hedra, Na,(H,0);(, and carbonate groups. These units
are in an NaCl-like arrangement, held together only by
moderately strong hydrogen bonds with O---O distances
> 2.73 A3 The carbonate group was previously sug-
gested to be disordered at room temperature, leading to
speculations about a centrosymmetric space group.*?

A recent investigation® at different temperatures has
shown that the carbonate group in washing soda is or-
dered at a low temperature (110 K), and confirmed the
non-centrosymmetric space group Cc. Though most parts
of the structure are centrosymmetric, only the orientations
of the CO32~ molecules and a few H atoms violate this
symmetry. This behavior is caused by the fact that 20 H
atoms at the polyhedra around Na cannot be hydrogen
bonded to the three acceptor O atoms of the carbonate
group in an equivalent, centrosymmetric way. The most
interesting observation, however, is that the CO3% mo-
lecule is only partially disordered at higher temperatures
(270 and 295 K), still maintaining its low-temperature
position by ~ 60 and 45 %, respectively. Besides 2-3
new, additional disordered positions, a centrosymmetric
equivalent of the ordered carbonate position is occupied
by only 10-15%. Thus, the space group Cc remains un-
changed at all temperatures and no phase transition is
observed. The evolution from the ordered structure at low
temperatures to a partially disordered system at room
temperature seems to be continuous, ending up only 10
K higher at the melting point of soda at 305 K with a
complete disorder of the carbonate group and simultaneous
break of all connecting hydrogen bonds. This continuous
behavior from order to disorder and melting is also re-
flected in a smooth evolution of optical and spectroscopy
data versus temperature.3?

Croat. Chem. Acta 79 (2) 299-309 (2006)
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A TETRAGONAL GARNET

Garnets are common rock-forming minerals and have the
general formula X;3Y,(ZO,)s, space group la3d. In the
natural solid solutions of the pyralspite and grandite
series, X = Mg, Ca, Fe**, Mn?*; Y = Al, Fe3+; Z = Si.
The structure is built up of a framework of alternating,
corner-sharing YOg4 octahedra and ZO, tetrahedra, with
the X cations in dodecahedrally coordinated positions in-
between. In addition to the mentioned abundant elements,
even rare elements may form garnet structures, either by
synthesis intended for technical applications, e.g., YAG
(yttrium-aluminum-garnet), or in nature in special geo-
chemical environments, e.g., Cr3* or Mn3* garnets in chro-
mium or manganese ore deposits. In addition, the silicate
tetrahedron can be formally substituted by the larger O4H,
tetrahedron to form hydrogarnets, which are mainly found
in solid solutions with grossular,*! and more generally in
the grandite series.

The rare mineral henritermierite is an unusual hy-
dro-garnet with the formula CasMn,>*(SiO4),(OH),,
space group I4,/acd. The tetragonal symmetry is caused
by the special arrangement of the Jahn-Teller elongated
octahedra around Mn3*.#? A detailed view of the struc-
ture around the (O4H,) tetrahedron is given in Figure 10.
In contrast to cubic hydrogrossular,*® where the next-
nearest hydrogen bond acceptors of the OH~ groups are
found only beyond 3 A at the corners of the same hydro-
garnet tetrahedron, in henritermierite an elongated oxy-
gen corner of a manganese-bearing octahedron comes
close to the (O4H,) group and thus forms a moderately
strong hydrogen bond (O---O distance ~ 2.76 A).

Therefore, as expected from the stretching frequen-
cy — H bond distance correlation® described above, the
intense O-H stretching band of henritermierite*> occurs
at considerably lower wavenumbers (~ 3430 cm™!) than
that of hydrogrossular*! (~ 3660 cm™!). Much more in-
teresting, however, is the fact that additional, weaker
sidebands at higher frequencies (~ 3510 and 3550 cm™})
are observed (well resolved at 80 K) in henritermierite.

elongated Mn-O bond

Figure 10. Structural environment of the O4H, tetrahedron in hen-
ritermierite.42
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Since more remote H bond acceptors are only found at
the corners of the (O4H,) tetrahedron itself, dynamic be-
havior of the OH- group hopping or librating between
the different H bond acceptors is suggested. This dyna-
mic picture is in better agreement with orientations ob-
tained from polarized spectra and supported by large
ADP ellipsoids in neutron refinements of the hydrogar-
net group.*243

VERY STRONG HYDROGEN BONDS

Very strong (very short) hydrogen bonds with donor—ac-
ceptor distances of 2.40-2.50 A are found in a number
of synthetic compounds and also in rare minerals.*!!
Their IR spectra are characterized by an extremely wide
band at very low wavenumbers around 1000-1500 cm™!,
which resembles an increasing, wavy background line,
interfering mostly with sharp bands of other structural
units.” The reason for this peculiar behavior is the enor-
mous anharmonicity of the stretching vibration, operat-
ing in an asymmetric double-well potential, and result-
ing in resonance phenomena such as transmission win-
dows and combinations with low-energy modes of the
whole H bond.!0-13 On the other hand, H bonds with the
shortest natural bond lengths (~ 2.40 A) are considered
to be symmetric, i.e., O-H = 1.20 A= H---O, which is
reflected in decreased anharmonicity caused by a single-
minimum potential, and consequently narrower bands.”
An extremely short, symmetric H bond was observed
under high external pressure in the high-pressure phase
of ice VII with an O---O distance of ~ 2.20 A4

In the isostructural minerals pectolite, NaCa,[ Si;Og(OH)],
and serandite, NaMn,[ Si;O4(OH)], space group P1, the
silicate chain (Figure 11) hosts a hydroxyl group, where
both donor and acceptor atoms are part of the silicate
chain. The O--O distances are 2.45-2.48 A. The IR
spectra acquired with polarized radiation (Figure 12) show
a flat background line and the sharp bending mode of
the OH- group at ~ 1400 cm™! perpendicular to the chain
direction (E || ¢), and the characteristic O—H stretching
band of a very strong H bond parallel to the chain direc-
tion (E || b).*> The extremely broad band shape starting at
3500 cm™! and extending down to below 500 cm™! with
wavy appearance and transmission windows (gaps at
~ 1200 and 700 cm™!) in the region of the silicate modes
(at ~ 1000 cm™") confirms the strong anharmonicity. Thus
an asymmetric double-well potential and the possibility
of proton dynamics (proton transfer) between the two
minima (one closer to O3, the other closer to O4) is most
likely. This spectroscopic evidence for proton transfer
was confirmed by a recent accurate single-crystal neu-
tron diffraction study, where a second position of the
proton (with a lower site occupancy factor) in this H
bond close to O4 could be identified in a contour map
and refined.*¢
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Figure 11. Structural environment of the silicate chain of pectolite
and serandite with a very short hydrogen bond between two sili-
cate tetrahedra.*®

In the mineral mozartite, CaMn3+O[ SiO5(OH)], spa-
ce group P2,2,2,, a very strong hydrogen bond with an
0---O distance of 2.50 (2.48) A is observed at 300 (100)
K.#7 The interesting point is that the proton position is
closer to an O atom of the silicate tetrahedron than to
that of the distorted octahedron of Mn3*, whereas it is
closer to the octahedron in the isostructural mineral vua-
gnatite, CaAl(OH)[ SiO,], with Al in the octahedral posi-
tion.*8 IR spectra*’ acquired with polarized radiation
show the characteristic, wide O-H stretching band
around ~ 1500 cm~! of a very strong H bond and indi-
cate the anharmonic character of an asymmetric double-
well potential. The latter was indicated also by the two
different proton positions in the two isotypic minerals,
though the protons were located at only one site each.

Minerals and synthetic phases of the natrochalcite
series, AMe,(Z0,)[ (H,O)(OH)]; A = Na, K, Rb; Me =
Cu, Co, Ni; Z = S, Se; may contain a very strong hydro-
gen bond in the central part of a formal H;0, group,
which was considered symmetric, located at a structural
site with point symmetry 2/m.* In the Na-S endmem-

Absorbance

Ellc
A TP B B SN T T

0
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™’

Figure 12. IR absorption spectra acquired with polarized radiation
of serandite. The smooth, bold, grey curve indicates the ideal
shape of the broad O-H stretching mode in the E || b spectrum of
the very strong hydrogen bond.*?
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bers, the O---O distances are as short as 2.44 A (Cu),
243 A (Co), and 2.42 A (Ni). Even in these extreme ca-
ses, the characteristic band shape and its low-energy po-
sition in IR spectra®®3! recorded with polarized radiation
confirmed an asymmetric configuration of the hydrous
group. Moreover, a recent accurate single-crystal X-ray
refinement revealed a split, disordered H position in an
electron density map around the center of the H30,~
group,’! suggesting proton transfer between the two
equivalent, closely spaced sites. The H;0,~ unit is there-
fore better described as H,O plus OH~ group.

CONCLUSION

Whereas diffraction methods are efficient techniques for
solving and refining crystal structures on the basis of
their general periodicity, i.e., averaged in space and ti-
me, spectroscopic methods (though limited to partial as-
pects of the structure) are site-specific local probes with
a high resolution in space and time. Therefore, the com-
bination of diffraction and spectroscopy provides an
ideal tool for obtaining information about complicated
structural situations such as disorder in space and time
(dynamics), and even to classify and pursue phase tran-
sitions from dynamic disorder to structural order.
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SAZETAK

Dinamika Kkristalne resetke prikazana primjenom difrakcije i spektroskopije

Eugen Libowitzky

Difrakcija je glavna tehnika za odredivanje i uto¢njavanje kristalne strukture iako daje prostorno i vremen-
ski prosjecne podatke o uzorku. S druge strane, spektroskopija je tehnika osjetljiva na poloZaj strukturnog
motiva u kristalu pa je dobra za istraZivanje lokalne strukture sa znatnim vremenskim i prostornim razluciva-
njem. Kombinacijom obaju tehnika mogu se izvesti dodatni podaci o kristalnoj strukturi, kao npr. neuredenost i
dinamika, a isto tako mogu se izbje¢i zamke pri odredivanju kristalne strukture. U radu su opisana tri minerala,
i to lavsonit, hemimorfit i leonit, koji pokazuju faznu pretvorbu iz dinamicki neuredene u uredenu strukturu.
Postepeni prijelaz iz uredene u dinamicki neuredenu strukturu, bez fazne pretvorbe, utvrden je u sodi za pranje
(natronu). Na kraju se daju primjeri protonske dinamike u tetragonskom granatu i mineralima s vrlo jakim vo-
dikovim vezama.
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