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Abstract:

Abhurite Sn10Cl16(OH)14 is a tin oxy-hydroxychloride discovered in 1985aa8n
corrosion product formed after long immersion ia s&ter, has been synthesised and studied
using FTIRAS analysis. The vibrational spectra miad in transmission and reflectance
modes of analysis are presented and compared twiltih@tional spectra determined by

Kramers Kronig analysis. Transversal and longitab{iftO and LO) optical modes have been

identified.
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Introduction

The corrosion behaviour of tin in various enviromtsehas been reported in numerous
works. Stannic and stannous oxide appear as thea cw@rosion products even if the
formation of tin(ll) sulphates and tin(ll) chlorislehas been also detected respectively in
industrial and saline environments [1-3]. Amongsthein corrosion products, the tin oxy-
hydroxychloride SpO6Cl16(OH)14, called abhurite, was discovered for the firstetim 1985
on the surface of tin ingots submerged during 188y in the Red Sea after a shipwreck [4].
It was also detected recently on the surface oftgewartifacts remaining from the Queen
Anne’s Revenge wreck that sank near Beaufort, NGdtolina in 1718 [5]. The stability field
diagram for the SnO-HCI4® system have been established at 298.2 K by Edvedral. and
points out that in natural environments, high sgliand low pH are the conditions which
favour the formation of abhurite [6].

The crystallographic data available in the literatdata are sufficient to perform the
identification of abhurite with X-ray diffractionXRD), but is efficient only for well
crystallised materials. IR spectrometry enablesousapidly obtain structural information
even in cases of inefficiency of XRD. This compouwveak not really investigated by means of
Fourier Transform InfRared Reflection AbsorptioneSposcopy (FTIRAS). Von Schnering
presents a single infrared spectrum of abhuritainbt in transmission mode without the
exact location of the absorption bands [7]. No datavailable for specular reflectance
spectroscopy analysis. The reflection mode of amalg a non-destructive investigation way
that is essential to perform the analysis of arcloggcal artefacts corrosion layers. It is well
established that the absorption bands positiorfleation mode of analysis can differ from
the transmission ones. Few parameters as the aedfraadiation incidence angle, the
composition and the thickness of the corrosion reyare determining in reflectance

spectroscopy.



Consequently, the purpose of this work is to ghe Wiseful data necessary to perform
efficiently the characterisation of §@sClig(OH)14 by FTIRAS. The infrared spectra of
synthesised abhurite are presented in transmissidrspecular reflection modes and the main
absorption bands are indexed and assigned. Moreavermerical analysis of the spectra was
also performed using the Kramers-Kronig analy§lse effect of the thickness layer on the

transverse and longitudinal (LO-TO) optical modesalso studied.

Experimental section
Sample preparation

A potentiostatic method was carried out to prepaBephOsClig(OH)14 reference
sample using an EGG-PAR 273A potentio-galvano#tathree-electrode cell was set up,
where the working electrode was a tin plate (98@%ity). The tin surface (35 cm?) was
freshly prepared by a mechanical polishing with@@Q@ade SiC paper. The counter electrode
was a circular Pt grating and the reference an g@lfelectrode. A NaCl solution 2M with a
pH value of 6.6 was used as electrolyte. The erpatt was conducted at room temperature
using a constant electric current of 0.1 mAZfar one hour. At the end of the experiment,
the pH of the electrolyte had reached a pH valubeérange 11-12 and a grey corrosion layer
had recovered the tin plate surface. This corrolagar was removed mechanically from the
surface and the resulting powder characterised fgyXdiffraction (fig.1) and Mdssbauer

spectroscopy was found to be the:83Clig(OH);4 crystallised phase only [8].

Investigation methods
XRD analysis was carried out with a Brucker D8 equent using the Co-K

radiation f= 1.78897 nm).



FTIRAS spectra as function of the vibrational wavwebers were collected with a
Nicolet 710 instrument accumulating 128 interfeesgs in the energy range 4000-250"can
a resolution of 4 cfh In transmission mode, the sample analysed idlet pentaining 1 mg
of powder mixed and pressed with 300 mg of KBr.specular reflection technique, two
auxiliary optical instruments were used to provadgingle reflection at 16° and 80° angles of
incidence with respect to the perpendicular tostrmple surface. The optical constants n and

k of the compound have been calculated using tlaeniérs-Kronig transformation.

Results and discussion

FTIR is very useful to perform the characterizatmncorroded surface as it was
demonstrated in previous works [9]. Contrary to a¥-ranalysis, both crystalline and
amorphous corrosion products can be investigatedhé transmission mode of analysis,
corrosion products have to be removed mechanidadiy the corroded surface whereas in
specular reflection mode, the surface is direatiyestigated, the latter configuration being

preferred for archaeological artifacts studiesesiih¢s non-destructive.

Infrared spectra and optical parameters

Transmission spectrum of §0Cli¢(OH)14 obtained in the range [3800-250] Cris
presented on Fig. 2. The exact location of eaclorphisn band is given in the table 1 with
tentative assignments based on literature worksl0 The spectrum is characterised by
strong OH absorption bands in the region [3600-B286" depending on the degree of
hydrogen bonding. The peaks at 3564 and 3407 are probably due to the non- or low
hydrogen bonded OH absorption while the band a6328" can be assigned to OH groups
involved in strong hydrogen bonds. The band locatets21 crit is characteristic of the OH

bending mode in water. The few strong absorptiamdbdocated in the mid-infrared (1000-



300 cnm) spectral region are in the absorption domainuofiamental vibrations of metallic

ions of crystal lattice and can therefore be asgign the Sn-O and Sn-Cl stretching modes.

Numerical analysis of reflectivity spectra using tkramers Kronig method permits
the determination of the refractive indexand the extinction coefficierk of abhurite.
Measurements of the IR reflectance at nearly noin@atlence have been made on pressed
pellets composed of abhurite powder. The pelldi$ained by compression of the powder
under vacuum with 10 tons by énad a high-quality reflecting surface, with véaw values
of the roughness coefficient for IR optics. Thedpen acquired with this pellet represents
the reflectivityR as a function of the wavenumber Providing the measurement is done at
near—normal reflectance, one may use the Kramesgaiirelation to calculate the phase shift
@ [12]. KnowingR and g, the refractive index and the extinction coeffitiean be calculated
from the following equations [13-14]:

n(w) = (1-R)/ (1+R-2K coP)
k(w)= (-2RsiB)/ (1+R-2R* coD)

Fig. 3 shows th@& andk values versus the wavenumber. Knowledge of thactbe
index and extinction coefficient permits the detigration of the complex dielectric function
E(w)=e1(w)+iez(w), using the relations:

e1(w)=n*k?
€2(w)= 2nk

The real §;) and imaginary &) parts of the complex dielectric function are fdt
versus the vibrational frequency on fig. 4. Knovgedf this complex dielectric function, or
of the complex index of refraction bj=n(w)+ik(w), is needed in a wide variety of
applications such as the interpretation of spectiipsometry or reflection absorption

infrared spectra.



Calculation of FTIRAS spectra

From the dielectric parameters,(€,), the reflection spectra can be calculated using
the well-known expressions of specular reflectaoica thin dielectric film on an infinitely
thick metallic substrate [15-16].

The peak maxima of the complex function imaginagrtpimE)=¢, and Im(-
1/e) = e.l(e1*+ €,°) are associated with the presence of the transvapsical (TO) and the
longitudinal optical (LO) modes, respectively [1F]g. 5 shows In¥) and Im(1£) graphs as
function of the wavenumber in the range [550-300'krTable 2 presents the LO and TO
optical modes of abhurite thus determined.

The complex expression of the specular part oféflectance has been calculated for
the two 16° and 80° angles of incidence usuallydusethe specular reflection mode of
analysis[18]. The specular reflection spectra calculated for 25,00.5, 0.75, 1 and 2 pm
thickness layer of abhurite on a tin substratenaeidence 16° and 80° are presented in the
range [1100-300 cifj in fig 6a and 6b.

For a thin abhurite layer, the spectra exhibit [tk optical modes only at 497, 443,
and 381 crit while the TO optical modes located at 477, 4279 8@’ appear to the
detriment of LO modes with increasing thicknesse TI©-TO splitting of the lower energy
mode (2 crit) is not enough significant to note an evolutiorgRrding to the bands due to
hydroxyl OH deformations, located at 966 and 923'dmthe transmission spectrum, the
positions obtained by means of the calculated spect a little different and the intensities
remain smaller. The positions are 972 and 930 afrincidence 80° and stay roughly similar
with various thicknesses while the position vaignir971 and 930 cinto 966 and 924 cih
with increasing thickness for the incidence 16i asillustrated in fig. 7.

In order to compare the simulated and experimespaltra, the fig. 8 presents an

experimental spectrum obtained at 16° of incidemedin coupons covered with a layer of



pure synthesised abhurite ;80sCli6(OH)14. One can note that the experimental spectrum is
well in accordance with calculated spectra deteeshiat 16° of incidence. There are some
discrepancies for the intensity of the bands inghergy range higher than 500 tnSuch
changes in the relative intensities have already lodserved [19]. The band located near 630
cm™* was assigned to a stretching mode, but we camxohide the addition of other vibration
modes. On this assumption, the extinction coefficiextracted from the Kramers Kronig
analysis could be underevaluated. Regarding ttottegion of the absorption bands, it is quite

similar to the calculated spectrum obtained fayeet with thickness of about 2um .



Conclusion

Abhurite Sn;06Cl16(OH)14 has been synthesised and studied in details bRAS|
analysis. The positions of the absorption bandewetermined from experimental spectra in
transmission and reflection mode of analysis. Usthg Kramer Kronig analysis, the
refractive index n, the extinction coefficient kdathe dielectric parameters and g, of
abhurite were determined and used to identify tBealhd TO optical modes.

The displacement of the absorption bands and tpeaapnce of LO and TO optical
modes with the thickness of the abhurite layereaftection spectra at 16° and 80° angles of

incidence were also examined.
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