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Abstract

To better understand lattice disorder in hydrozincite, natural hydrozincite samples and
synthetic analogues were investigated by XRD, FTIR, *C MAS and C CPMAS NMR. The size
of coherent diffraction domains ranges between ~10 nm (Synth1) and ~30 nm (Synth2). FTIR peaks
from the antisymmetric CO;” stretching v3 mode were observed at 1383 cm™ and 1515 cm™ in all
samples. Peaks due to OH vibrations were observed for all the samples at 3234, 3303 and 3363 cm’
! and were sharp only for the samples having larger crystal domains. The >C MAS and CPMAS
spectra showed a main carbon signal at ~164 ppm in the Synth2 sample, while two main signals
were observed at ~164 ppm and ~168 ppm in the Synthl sample. The intensity ratio of the latter
signals were found to be independent of contact time, in the investigated range between 0.2 and 30
ms.

In addition, ?C CP MAS dynamics indicates that the Synthl sample has shorter Ty, with
respect to Synth2. This indicates a more effective process of spin diffusion of proton magnetization
in the former due to different structural properties of Synthl and Synth2 samples. In addition,
chemical shift anisotropy analysis was attributed to a structural change in the carbonate group or
hydrogen bonding for Synthl and Synth2. This was interpreted as a deviation from the ideal

structure generated by linear and planar lattice defects and / or grain boundaries.
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Introduction

Hydrozincite [Zns(CO;3)2(OH)s], is a mineral commonly occurring in the oxidized zones of
zinc ores. It is often found as masses or crusts associated with other secondary minerals such as
smithsonite, hemimorphite, and aurichalcite (Anthony et al. 2003). Hydrozincite can also precipitate
during processes controlled by cyanobacteria (Podda et al. 2000, De Giudici et al. 2009; Medas et
al. 2012a, b). More recently, hydrozincite was found to precipitate with hydrocerussite in
filamentous fungi (Staba and Dtugonski 2011).

The crystal structure of hydrozincite was first studied in a highly crystalline sample by Ghose
in 1964 using single crystal X-ray diffraction. The structure is monoclinic with ag=13.62, by=6.30,
co=5.42 A, p=95°0". The space group is C2/m. Zn occupies two different octahedral sites and
one tetrahedral site. The octahedral and tetrahedral sites are in a 3 : 2 ratio. Zinc atoms in
tetrahedral coordination occur above holes that are present in the sheets of octahedral zinc atoms.
COs> groups bind these sheets parallel to (100). An oxygen atom for each CO;3 group is shared with
an octahedrally coordinated Zn, a second oxygen atom is sheared with a tetrahedrally coordinated
Zn, and the third oxygen atom is hydrogen bonded to three OH groups.

Ghose (1964) found also that synthetic crystals of hydrozincite have low crystallinity, and
speculated that replacement of some carbonate groups holding Tetrahedral-Octahedral-Tetrahedral
(T-O-T) groups together would result in stacking disorder. Jambor (1966) and Zabinsky (1966)
found that infrared spectra from different hydrozincite specimens differed significantly and showed
peak broadening. Such a difference was explained invoking contributions of different plane defects.
Conversely, Jambor (1964) and, more recently, Hales and Frost (2007) interpreted IR peak
broadening of hydrous zinc carbonate as due to the formation of polymorphs. Lattanzi et al. (2007)

and De Giudici et al. (2009) investigated the crystallinity of biologically produced hydrozincite in
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comparison with synthetic and geologic reference standards. As pointed out by Medas et al. (2012
b), high precision synchrotron-based X-ray Powder Diffraction (XRPD) patterns of hydrozincites
collected in the Rio Naracauli, Sardinia, do not match any known structures of this mineral. In fact,
a fairly large difference was recorded for the a, cell parameter of the geologic hydrozincite (13.59 +
0.03 A) and the biologically produced Naracauli hydrozincite (13.832 + 0.006 A).

Hydrozincite has been the subject of many studies because of its role in the corrosion of Zn-
rich materials (Stoffyn-Egli et al. 1998; Morales and Borges. 2006; Ghosh and Singh 2007), and its
involvement in controlling the mobility of zinc both in soils (Uygur and Rimmer 2000) and waters
(Mercy et al. 1998; Zuddas and Podda 2005; Wanty et al. 2013). The occurrence of hydrozincite in
Zn-contaminated calcareous soils was recently documented by Jacquat et al. (2008). Hydrozincite is
a precursor for the preparation of ZnO (Music et al. 2002 and references therein) and it was
recently found to be a by-product of Zn-mine-drainage remediation technologies (Perez-Lopez et al.
2011).

Our interest in hydrozincite originated from the discovery, some years ago, that this mineral
directly precipitates from the heavy-metal contaminated waters of Rio Naracauli, Sardinia, in
association with a biological photosynthetic community, composed of an algae (Chlorella sp.) and a
cyanobacteria (Scyfonema sp.; Podda et al. 2000; Zuddas and Podda 2005). At Naracauli Creek, as
already shown in the literature, the precipitation of this biomineral results in the reduction of zinc
concentration from 348 to 2 mg/L within a few hundred meters downstream. In addition, Pb
concentration in the biominerals attains 6500 mg/kg, Cd concentration is 540 mg/kg, together with
many other heavy metals detected in high concentration in the Naracauli hydrozincite (see Table 1
in Podda et al. 2000). In a previous study, Transmission Electron Microscopy (TEM) and XRPD
analysis indicated a progressive decrease in the size of the particles comparing the biomineral to
both the synthetic and geologic samples (De Giudici et al. 2009). Moreover, De Giudici et al.
(2009) showed that '>C Magic Angle Spinning (MAS) and Cross Polarization magic angle spinning

(CPMAS) NMR spectra have more than one peak for all the investigated samples, despite the fact
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that carbon atoms occupy a single crystallographic position in the hydrozincite structure. The
additional peaks might reflect the presence of lattice defects typical of nanocrystals.

The disruption of the periodicity in the stacking order leads to measurable effects in the
diffraction pattern of the crystal (see Estevez-Rams et al. 2007, and reference therein), and can
affect both shape and chemical shift of IR and NMR peaks (see De Giudici et al. 2009, and
reference therein). The information about the stacking arrangement contained in the IR and NMR
signal, in many cases is not directly available, and can be further “hidden” by other effects such as
other structural imperfections (e.g. grain size, line defects, chemical bonding distortion) that
contribute to the broadening of the spectral profiles.

The scope of this work is to investigate structure of [Zns(CO3)2(OH)g]. For this purpose we
investigated synthetic hydrozincite samples with different size of single coherent crystal domains by
using °C MAS, CPMAS and Fourier Transform Infrared Spectroscopy (FTIR). These methods are
particularly sensitive to small changes in C-O bonding environments, and so represent a suitable

method for investigating lattice defects in hydrozincite.

Materials and methods

Samples used in this study

Four specimens of hydrozincite were investigated in this study. Sample Synthl was
synthetized according to protocol reported in Garcia-Clavel et al. (1989) slightly modified. Zinc
nitrate was added instead of calcium chloride and synthesis was carried out at 373 K by mixing
equal amounts of (NH4),CO;3; (Aldrich) solution and Zn(NO;),-6H,O (Aldrich) solution. The
precipitate was obtained in about 30 min, then was filtered, washed with cold distilled water and
dried at room temperature. A second sample was synthesized according to the hydrothermal
procedure described by Music et al. (2002). The aqueous solution was made by adding

Zn(NO3)*6H,0 (Carlo Erba chemicals) with urea (Carlo Erba chemicals). Two autoclaving thermal
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treatments were applied, first at 60° C for 6 h, and then at 160° C for 20 h. The precipitate obtained
was filtered, washed with cold distilled water and dried at room temperature. Hydrothermal
hydrozincite is hereafter referred to as Synth2.

Besides the two synthetic samples, two museum samples were investigated. One is from the
Sa Duchessa Mine (SD), and a second from the Malfidano Mine (MF) respectively, both located in
Sardinia, Italy. These samples come from supergene Zn mineralization (calamine), and are more

than one million years old (Boni et al. 2003).
X-ray diffraction

XRD was performed with a 0-20 conventional diffractometer (Phillips X’PERT MPD) with
Cu Ko radiation (1.5418 A). For XRD analysis, 200 mg of each sample was lightly ground in agate
mortar and was packed into the sample holder for X-ray diffraction analysis.

The particle size of sample was estimated from the full-width at half maximum (FWHM) of
the most intense peak according to the Debye-Scherrer formula. The exact FWHM and peak
position were obtained by a non linear fitting of the XRD spectra with Log Normal function using

the Origin 5.0 program from Microcal Software.

Fourier Transformed Infrared Spectroscopy

FTIR spectra were collected in the Mid region from 400 cm™ to 4000 cm™ at 4 cm™ resolution
over 64 averaged scans using a Bruker Equinox 55 spectrophotometer. For FTIR analysis of solids,
10 mg of solid sample was ground in an agate mortar with 30 mg of KBr and pressed.

The overlapping bands observed in the region 2500 — 4000 cm™ were decomposed using the
Origin 7 (Microcal) software package. A sum of Gaussian and Lorentzian functions was used
throughout with the minimum number of component bands used for the fitting process. Other

functions were also examined but the results were inferior. Line widths, intensities, and frequencies
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were allowed to vary in the iteration process until reproducible results were obtained with squared

correlations (R? greater than 0.999).

Nuclear Magnetic Resonance

High-resolution NMR spectra were collected using a Varian Unity Inova spectrometer with a
9.39 T wide-bore Oxford magnet operating at a proton frequency of 399.952 MHz. '*C MAS
experiments for solids were performed by packing ~100 mg of lightly ground (in agate mortar)
sample into a 4 mm Si3Ny4 rotor, with 7 kHz spin rate, 1200 s recycle time, 6.3 us pulse length (90°)
and 50 kHz spectral window. >*C CPMAS spectra were collected with contact times of 4 ms, and a
recycle time of 10 s. Hexamethylbenzene (CH; = 17.4 ppm) was used as external reference for °C
chemical shifts. Variable contact time experiments were performed by arraying 17 different contact
times from 0.2 to 30 ms. These values were selected in order to investigate a wide range of contact
times allowing us to collect any signal from proton that, in hydrozincite environment, can cross
polarize. An acquisition time of 50 ms, "H 90° pulse of 4 ps, BI field strengths of about 36 kHz,
4k data points, a recycle delay of 10 s and 2000 transients were used to acquire all the spectra. The
acquisition of the BC MAS NMR spectra of the Synth1 and Synth2 samples was performed with a
probe with 7 mm Si3N4 rotors at a spinning rate of 6 kHz for sensitivity reasons. MAS experiments
were run with a recycle time of 35 min and 80 transients, 45° pulse lengths (4.5 ps) and 50 kHz
bandwidth. The "C spin-lattice relaxation time in the laboratory frame (T,) was measured by the
Torchia (1978) pulse sequence. The 3C Chemical Shift Anisotropies (CSA) (see Feng et al. 2006
for more details) were determined from analysis of the spinning side band intensities using the

WSOLIDS program (Eichele and Wasylishen, 2000).

Results and discussion

XRD
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Figure 1 shows the XRD patterns of the samples Synthl and Synth2. The sharp diffraction
lines of sample Synth2 can be indexed as a hydrozincite single phase with a monoclinic structure,
according to the experimental (PDF Card 19-1458) and calculated (PDF Card 72-1100) reference
patterns. XRD patterns of the Synth1l show broader diffraction lines suggesting a decrease in the
size of crystal-coherent domains. The average sizes calculated from the main reflection were ~30
nm, ~19 nm, ~14 nm and ~10 nm for Synth2, MF, SD and Synthl, respectively. It is worth noting
that this decrease in the size of crystal coherent domains might depend on the structural evolution of

the mineral and/or the crystallization process (Meldrun and Célfen 2007; De Giudici et al. 2009).

FTIR analysis

The FTIR spectra of the samples MF, SD, Synthl and Synth2 in the range 400 — 4000 cm’
are shown in Figure 2 and indicate the presence of carbonate groups. The carbonate stretching and
bending vibrations were attributed on the basis of the data reported in the literature (Music et al.
2002; Stoilova et al. 2002; Hales and Frost 2007). The four peaks at 1520—-1390 cm ' are ascribed
to the antisymmetric COs> stretching v3 mode. The peak at 1050 cm™ is assigned to the vl
symmetric CO;” stretching mode. The strong and sharp peaks at 834 and 705 cm™' are assigned to
the v2 out-of-plane OCO bending mode and to the v4 antisymmetric OCO bending mode,
respectively.

The v1, v2, v3 bands in the Synthl and SD are broader than observed for MF and Synth2
samples. This has been attributed to lattice defects in hydrozincite (Zabinsky 1966; Music et al.

2002). Music et al. (2002) reported that the splitting into v3 frequency of the two bands at 1512 and

1387 cm™' is dependent on Zns(OH)s(CO3), synthesis.

It should be noted that, spectra of carbonate minerals such as calcite (1421 cm™'), magnesite
(1439 cm™), dolomite (1420 cm™), and smithsonite (1392 cm™) are characterized by a single peak,

which corresponds to vs degenerate antisymmetric stretching of an undistorted CO3> group (White,
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1974; Nakamoto, 1997). Indeed, distortion of this group eliminates the degeneracy and results in a
double peak at ~1435 and ~1515 cm™ (Sato and Matsuda, 1969; Neumann and Epple 2007). This
has been observed in silicate glasses containing dissolved carbon dioxide (Fine and Stolper 1985),
ground diopside samples (Kalinkina et al. 2001) and other carbonate minerals such as vaterite (Sato
and Matsuda 1969), monohydrocalcite and aragonite (Neumann and Epple 2007).

In the range 2500-4000 cm™ all the samples exhibit a complex pattern of overlapped bands,
which can be ascribed to the stretching modes of the hydroxyl groups and water. As shown in
Figure 3 the FTIR spectra of the sample Synth2, MF and SD show three main peaks at 3234, 3303
and 3363 cm™, that have been attributed to the stretching vibrations of the structural OH groups in
hydrozincite (Music et al. 2002). In contrast, the FTIR spectrum of the Synthl sample shows a
broad band, instead of the three peaks with the shoulders as observed in the previous samples. The
shoulder at higher wavenumbers can be easily detected in Figure 3. In addition, peaks at 3234, 3303
and 3363 cm™ appear to progressively broaden, going from Synth2 to MF, and to the SD sample.
Broadening is even more pronounced in the Synthl sample, where the three bands are not more
identifiable and a unique broad band is observed, shifted to higher wavenumbers. All the spectra
show shoulders at 3490-3520 cm™ and at 2900-3100 cm™. The complex overlapping of OH
stretching bands can be resolved by the application of band component analysis. This approach has
been used in the literature for the simulation of infrared spectra of hydrozincite (Hales and Frost
2007). In order to fit the Synthl spectrum, the position of the bands attributed to the stretching
vibrations of the structural OH groups found in the Synth2 spectrum were set as initial values before
the iteration procedure was started.

The FTIR spectra in the 2500 — 4000 cm’ region of Synthl and Synth2 samples can be fitted
with 6 overlapping bands (Fig. 4). Bands at 3375 + 2, 3303 + 1, 3234 + 1 cm™ (line width 110 £ 25,
91 + 5 and 65 £ 7 cm™ respectively), are found in the Synth2 sample. In the Synthl sample, 3376 +
14, 3304 + 7 and 3239 + 10 cm™ (line width 130 + 18, 109 + 24 and 106 + 26 cm™ respectively)

are found. Results from FTIR fitting does not provide evidence for changes in the band frequency
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of OH molecular vibrations. However, it reveals a difference between the line width of the 3239
em” (65 + 7 cm™ ) and the 3234 cm™ (106 + 26 cm™) bands, while the others do not significantly
differ.

Shoulders observed in the 3510-3542 ¢cm™ region might be due to adsorbed and /or hydrogen
bonded water. Adsorbed water, indeed, should show a band at 3550 cm’!. The band at 3473 cm’
was attributed to hydrogen bonded water molecules in hydrotalcites by Frost et al. (2003). Broad
bands near 3200-3100 cm™ have been tentatively ascribed to adsorbed water in rosasite group
minerals and aurichalcite (Reddy and Frost 2007). Ghose (1964) indicated that hydrozincite always
contains some adsorbed water on the surface. Moreover, as suggested by Ghose (1964), part of the
water molecules could be structural and/or located in channels running parallel to the (001) plane,
thus, between the rows of carbonate groups. Therefore, we can speculate that some of the adsorbed
and /or hydrogen bonded water identified in the FTIR spectrum should be attributed to water

molecules in these hydrozincite channels.

BC NMR analysis

The NMR technique is well known to be sensitive to crystal order and to the presence of
lattice defects such as stacking faults and/or polytypes. The chemical shifts provide atomic
selectivity for well-ordered systems and is influenced by the local environment, extending to only a
few spheres of coordination (Mehring 1983; Engelhardt and Michel 1987).

The *C MAS spectra of the Synth2, MF and Synth1 hydrozincite samples show overlapping
signals in the 162-169 ppm range despite the fact that hydrozincite has only one crystallographically
independent site (Fig 5). All the spectra show a main carbon signal at ~164 ppm which is
characterized by ">C spin lattice relaxation time in the laboratory frame (T)), T, = 97 + 15 s for

Synthl sample, T; = 5.1 + 0.7 s for MF sample, T; > 150 s for Synth2 sample. In the Synthl
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sample a second peak can be observed at ~168 ppm with °C T, (89 + 27 s) not significantly
different from that measured at ~164 ppm.

The long C T of the carbonate carbon in the Synthl and Synth2 samples is indicative of a
rigid atomic lattice, while the lower value of *C T, recorded for the MF sample is due to the
presence of paramagnetic impurities (De Giudici et al. 2009). All the spectra show shoulders that
decrease in intensity going from Synthl to MF to Synth2 samples. Stacking faults or polytpysm in
the structure of hydrozincite would cause a deviation from the ideal structure and would generate
small local distortions resulting in the slight shifts of the carbonate resonance. In addition,
nanocrystals such as synthetic hydrozincite have a huge surface area, where crystal truncation
produces dangling chemical bonds. In turn, this creates an excess of surface energy that decreases
because of aggregation of nanoparticles. For these reasons, De Giudici et al. (2009) ascribed the
observed additional peaks to the presence of lattice defects, namely, grain boundaries and stacking
modes, in agreement with HRTEM analysis. Figure 5 also shows the ?’C MAS spectra obtained
with cross polarization (CPMAS) collected at a contact time of 4 ms. No significant differences
were observed between MAS and CPMAS spectra.

In the '"H-""C cross-polarization experiment, magnetization transfer to the carbon nucleus
depends upon the contact time period and is related to other structure-dependent parameters, such as
the distance between the two nuclei, the number of protons and the proton relaxation times in the
rotating frame (Mehring 1983; Slichter 1989). Only signals from carbon atoms having neighboring
hydrogen atom can be collected in the cross-polarization spectrum. Moreover, carbon having a
different environment and/or a different mobility are expected to show cross-polarization at
different contact times. Thus, the total intensity of the *C spectra should vary with contact time,
depending on how the different signal components behave with respect to contact time. However, in
a range between 0.2 and 30 ms, the features of the *C CPMAS spectra of the investigated samples
were found to be independent of contact time, even in the Synthl sample, where a higher

concentration of lattice defects have been observed. Then, we argue that all carbon atoms of our
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hydrozincite samples have neighboring hydrogen atoms. It should be noted that non-H-bonded
carbonate groups, if present, would have not been cross polarized at short contact times, but could
be cross polarized only at longer contact times.

Figures 6 and 7 show the ?C CPMAS spectra of Synth2 and Synth1 samples acquired at two
different spinning rates. The spectrum of Synth2 (Fig. 6) shows five bands at 2300 spinning rate ,
while ten bands are observed at a 13 kHz spinning rate. The spectrum of the Synth1 (Fig. 7) shows
a more intricate pattern, characterized by five bands at a 2.3 kHz spinning rate, and each band
shows two separate peaks, corresponding to the two isotropic peaks at 164 and 168 ppm. At a 1.4
kHz spinning rate, seven bands are observed (Fig. 7), and again, each band is constituted by two
peaks.

The sideband patterns were simulated for each peak to obtain the principal values of the
chemical shift anisotropy (CSA) tensors in order to obtain information on the local structure and
motions of the carbonate group. The CSA for resonances in °C CPMAS spectra were determined
from the analysis of the Spinning Sidebands (SSB) intensities obtained at low spinning rate.
Least-square fitting of SSB intensities of the Synth2 sample yields the following CSA values for &,
=164 ppm: &y = 218ppm, &2, = 153 ppm, and 333 = 120 ppm. The uncertainty of the principal
values, based on four repeated experiments at different spinning rates, was estimated to be about 2
ppm. These values deviate significantly from axial symmetry of carbonate group, in agreement
with the differences reported by Ghose (1964) for C-O bond distances in the carbonate group in
hydrozincite, C-O1 1.35 A, C-O2 1.44 A and for C-03 1.27 A.

For the Synth1 sample, CSA values were obtained from the SSB intensities of the two signals
at 164 and 168 ppm in the CPMAS spectrum recorded at 1.4 kHz. The CSA values of the signal at
Oiso = 164 ppm were 811 = 216 ppm, 8y, = 154 ppm, and 833 = 122 pmm. The signals at &;5, = 168
ppm has 6;; = 205 ppm, 85, = 182 ppm, and 333 =115 ppm.

Significant differences can be noted in the CSA values for the signal at 164 and 168 ppm in

the Synthl spectrum. In particular &, differs by 28 ppm between the signal at d;5, = 164 and 168
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ppm for Synthl . On the contrary, significant differences in CSA values for the signal at 164 ppm in
the Synth1 and Synth2 CPMAS spectra were not observed.

Previous studies on carbonate and carbonyl compounds indicate that the most shielded
principal axis of the CSA, 833, is usually perpendicular to the carbonate plane, while the less
shielded axis, 011, is placed along the direction defined by the two ether oxygen atoms. This puts the
intermediately shielded axis, 8,,, along the C=0O double bond ( Stueber et al. 2002; Robyr et al.
1998; Oas et al. 1987).

It is peculiar that, in our samples, the most affected parameter is the 8, parallel to the C=0
bond, which, as reported by Ghose (1964), is involved in hydrogen bonding with the three OH
groups. A relationship between hydrogen bond and the &, parameter has been observed in previous
works on carboxyl groups in aminoacids and peptides (Ando et al. 1988, Gu et al 1994,
Gardiennet-Doucet et al. 2006 ). Gu et al. (1994) observed a strong correlation between the 8,
values and the strength of hydrogen bonding. Specifically, they observed that the deshielding effect
of deprotonation leads to decreased shielding for the &,, element for the protonated carboxyl groups
having strong hydrogen bonding. The reverse occurs for the deprotonated carboxylates.

The values of the CSA principal components might be explained by 1) changes in the
planarity of the carbonate group, 2) and/or changes in the C-O bond distances induced by deviation
from the ideal structure generated by linear and planar lattice defects, grain boundaries and stacking
faults, 3) change in H-bonding. In the cases 1 and 2, a variation also of &;; and/or 833 CSA tensors
should be expected. On the other hand, significant change in the hydrogen bond is not supported by
the analysis of FTIR peaks and the lack of contact-time-dependence observed in *C CPMAS
features of Synthl. Then, a change in H-bonding would be based only on the observed broadening
of the FTIR bands in the Synthl sample. Thus, additional measurement of H position in
hydrozincite structure and H bond length are needed to definitely rule out or confirm that changes in

H-bonding are responsible for the large difference in 8, CSA tensor element.
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Additional information can be obtained by *C CPMAS dynamics spectroscopy (Stejskal and
Memory, 1994). In this technique, the intensity data are fitted as a function of the contact time
using the standard relationship (Mehring 1983; Slichter 1989):

1(t) = To(1 - Ten/T1p) ' [exp(-t/T1p) - exp(-t/Tcn)] (1)
where [y is the peak intensity, Tcy is the cross-polarization time between protons and carbons, and
Ty, 1s the proton spin lattice relaxation time in the rotating frame, allowing the values for these two
characteristic times to be obtained. The least squares curve-fitting are shown in Figure 8, while
Table 1 reports the values obtained for Tcy and Ti,. The curve fitting was carried out using the
intensity (I(t)) of the peak at 164 ppm for the Synthl, MF and Synth2 samples. The intensity of the
168 ppm peak was also analyzed for the sample Synthl.

The carbonate signal at 164 ppm of the Synth2 and MF samples exhibits fast build-up of the
magnetization and a slow relaxation rate, while the Synth1 signal at 164 ppm is characterized by
slower build-up of the magnetization and a faster relaxation rate (Fig . 8). The Ty, data of Synth2
sample show a value >100 ms, larger than in the Synthl sample, 22.04 ms. The large T, value
observed in the Synth2 sample is an indication of the rigid conformation and/or an ineffective spin
diffusion. However, the carbonate signal of the Synth2 sample is also characterized by large °C T,
(>150 s) providing an indication of a highly rigid crystal lattice. This is supported also by the SSB
pattern observed for both samples at low spinning rate.

The Synthl sample is also characterized by a large °C T; (97 + 15 s) and SSB pattern
similar to that observed for the Synth2 sample. Thus, we argue that the lower T, data measured in
the Synth1 sample must be attributed to a more effective spin diffusion of proton magnetization.

The Tcy value measured for the carbonate signal at 164 ppm is significantly higher for the
Synth1 sample, 1.84 + 0.15 ms, than for the Synth2 and MF samples, 0.65 + 0.09 ms. The time
constant Tcy depends on several parameters such as: the distance between the protons and carbon

nuclei, the magnitude of the "H-">C dipolar coupling (it decreases with the number of hydrogen
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atoms bound to the carbon atom under observation and or the distance between proton and carbon
atoms), and the mobility of a structural fragment bearing the particular carbon atom. The efficiency
of CP transfer is also inversely dependent on mobility, thus, a decrease in Tcy values would reflect
an increase in the fragment rigidity. The slower build-up of the magnetization of the signal at 164
ppm in the Synth1 sample should be an indication of a decrease in the carbonate rigidity and/or the
structural fragment, which would be in agreement with the smaller T, ">C value observed in this
sample. Moreover, the carbonate signal at 168 ppm in the Synthl sample shows a T,and Tcy
value (19.16 £ 0.29 ms and 2.12 + 0.29ms, respectively) not significantly different than those
measured at 164 ppm (22.04 + 1.2 ms and 1.84 + 0.15 ms, respectively). If the T;, parameter is
sensitive both to molecular motion and to proton spin diffusion, significantly different values would
indicate the presence of dynamic processes that are characterized by different rates but are not
averaged by proton spin diffusion, which can be possibly attributed to a certain degree of spatial
heterogeneity in the sample. The similar values observed suggest that proton spin diffusion in the
Synth1 sample is efficient enough to equilibrate dynamical processes, and that the nearest protons
are sufficiently close to produce adequate cross polarization of the carbon atoms. The proton spin
diffusion might be also mediated by the presence of water molecules in the channels.

A °C NMR study of 28 synthetic and natural carbonates including samples of mineralogical
and biogenic origin, showed only a small shift range, from166.3 ppm for a synthetic magnesian
calcite to 169.9 ppm for aragonite (Papenguth et al. 1989). This relatively small chemical shift
variation reflects some change in the structure of the COs> group (Papenguth et al. 1989). On the
other hand this relatively narrow range is slightly extended to 163.8 ppm in the scapolite series,
where the carbonate group is more distorted than in the simple carbonates (Sherriff et al. 1987). A
similar chemical shift value is observed in hydrozincite, as shown, supporting the idea that the
carbonate group might be similarly distorted. However a tight correlation between carbonate

distortion and °C chemical shift cannot be invoked. In fact, many examples could violate a general
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rule, for example the carbonate groups in vaterite have higher *C chemical shifts than observed for
calcite, but the carbonate group in this mineral is more distorted than in calcite.

Finally, the IR and NMR analysis provided deeper insight on the hydrozincite structure,
showing some structural difference in the mineral depending on the synthesis methods. (Ghose
1964; Jambor 1964; Zabynski, 1966; Hales and Frost 2007; De Giudici et al. 2009; Medas et al.
2012b). Specifically, the elongation of the ay lattice parameter by more than 10% (Lattanzi et al.
2007) could correspond also to distortion of carbonate groups. In fact, the carbonate groups hold
the T-O-T sheet structure together and consequently, a microstructural change of carbonate groups
in hydrozincite can be reflected in different layer sequences, in agreement with the observed
elongation in the a, cell parameter observed by Lattanzi et al. (2007) (see also Medas et al. 2012a).

NMR analysis indicates that the Synthl sample shows shorter T1, with respect to the better
cristalline Synth2 sample. This seems to be due to spin diffusion to a reservoir of restrictedly
mobile H. Such a change in the H spin diffusion processes might be due to different structural
properties of Synthl and Synth2 samples. These are nanometric size, abundance of both line and
planar defects, fusion of nanocrystallites during aggregation processes, presence of chemical
dangling bonds, elongation of a, lattice parameters. While fairly crystalline samples like Synth2
show a structure similar to the hydrozincite defined by Ghose (1964), poorly crystalline samples
like Synthl have a significantly different structure, likely a polymorph. Based on the observed
NMR features, biologically controlled [Zns(CO3),(OH)s] mineralization from Naracauli (De Giudici

et al. 2009) has the same structure as the poorly crystalline Synth1 sample.
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Table 1 - Cross polarization parameters for Hydrozincite Synth1, Synth2 and Malfidano samples

Synth1 Synth1 MF Synth2

(168 ppm) (164 ppm) (164 ppm) (164 ppm)
Tcu (ms) 2.1+0.3 1.8+0.2 0.6+0.1 0.6+0.2
Tip (ms) 19.2+£2.9 22.0+1.2 >100 >100
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Captions

Figure 1 — XRD patterns of synthetic (Synth1 and Synth2) samples.

Figure 2 - FTIR spectra of Synth1, SD, MF and Synth2 samples

Figure 3 - FTIR spectra of Synth1, SD, MF and Synth2 samples in the region 2500 — 4000 cm™

Figure 4 — FTIR spectra of Synth1 and Synth2 samples in the region 2500 — 4000 cm™

Experimental signals are decomposed into individual Gaussians.

Figure 5 — *C MAS and *C/'H CPMAS spectra of the Synth1 and Synth2 samples.

Figure 6. Experimental (a, b) slow spinning 3C CPMAS spectra of carbonate group of Synth2
sample and the best-fitting (¢). The spinning frequencies were a) 2300 rpm, b) 1400 rpm. The

assigned center bands are indicated.

Figure 7. Experimental (a, b) slow spinning ?C CPMAS spectra of carbonate group of Synth1
sample and the best-fitting (c). The spinning frequencies were a) 2300 rpm, b) 1370 rpm. The

assigned center bands are indicated.
Figure 8 - Variable contact time >C CPMAS and non linear least-square fitting for Synth2 at 164

ppm, triangles; Malfidano at 164 ppm, rhombus; Synthl at 164 ppm, squares; Synthl at 168 ppm,

circles.
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Fig. 4
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Fig. 5
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