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Abstract

Ab initio molecular dynamics simulations aimdsitu Raman spectroscopy are used to study
the speciation in two molal agueous Mg&€blutions at high pressureg, and temperatures,
T. While at ambient conditions the fluid is dominated by diszstec S(j*(aq) ions and sol-
vent separated ion pairs, ion association strongly ineseasth increasing temperature and
pressure along an 1.33 g/&isochore. AfT = 450°C andP = 1.4 GPa, thevl-SOf[ Raman
band is well described by three Gaussian+Lorentzian coemisnof about equal intensity
with peaks at about 980, 995 and 1005 ¢mAnalysis of the simulations, however, indicates
the coexistence of more than three species, including detsal S@*(aq) ions, contact and
triple ion pairs as well as larger complexes. In additiom, shifate groups may be bonded to
Mg as monodentate or bidentate ligands. The frequencidseofssociated species seem to
depend mainly on the type and number of Mgz3®@nds. We interpret the two rather broad
high-frequency Raman components as a single 'Mg-&itact’ component with variable fre-
guency distribution. As a consequence, ﬂ'lleSOfl‘ Raman band provides only information
on the molecular environment of the sulfate group, i.e.vidldial species cannot be resolved.
At fluid densities less than about 1.2 gfcand temperatures above 400, the formation of
HSQj, (aqg) containing species is observed in both simulationsexpédriments, which may be

accompanied by a change in pH and electrical conductivity.

| ntroduction

The binary BO-MgS(Q, is one of the most important systems to model natural aquitoids.
Magnesium sulfate is the second most abundant solute im'Ea¢awater, and sulfate is very
common in aqueous fluids and melts in the lithospheténder oxidizing conditions, sulfate can
be transported to great depth (at least#0 km) in subduction zones and released into the fluid
phase upon slab dehydratfonln addition, there is growing evidence that MgS@ays a very
important role in extraterrestrial aqueous environmeltis.long known that magnesium sulfates

are by far the most abundant water-soluble low-temperatqteeous alteration products in car-



bonaceous chondritésHydrated magnesium sulfates have been found on the sarfddédars’,
and Europa. Galileo spacecraft magnetometric measurements indieatelectrically conductive
layer in the near-surface interior of the Jupiter moon Earapterpreted as subsurface ocean with
Mg?* and SG" as dominant dissolved iofs

Aqueous MgSQ@ solutions have been studied extensively at ambient pred3uas a function
of temperatureT. In an early work, Noyest al.” related the electrical conductivity of aqueous
MgSO; fluids to their degree of ionization. For a 0.01 molal solntithe electrical conductivity
initially increases from ambierit to about 100- 150°C and is reduced again at higher temper-
ature$. Close to ambient conditions, a maximum in the specific cotidity was observed at a
concentration corresponding to a 1.7 molal solulion

Studies using ultrasonic absorption and dielectric re¢laraspectroscopies have shown the si-
multaneous existence of different associated sp&tiéswhich according to the association model
of Eigen and Tamr are the double solvent separated ion pair (2SIP), MGIASOs(aq), the sol-
vent separated ion pair (SIP), Mgf@)SQy(aq), and the contact ion pair (CIP), Mgf@q). For
concentrated solutions>(. molal), triple ions (TI), e.g. MgSgMg>*(aq), or more aggregated
species are suggestéd Based on information from dielectric relaxation speatogsy, the con-
centration of Tls increases strongly with temperature amttentration, and that of CIPs increases
steadily with the total solute concentration at 5 and@%nd passes through a maximum-dt.8
molal at 45°C and~1.4 molal at 65°C, due to increasing Tl formatidA. The concentrations
of 2SIPs and SIPs generally decrease with temperature atid@gh maxima at-0.1 and~0.5
molal'?.

Furthermore, temperature and concentration dependengebaf the symmetric stretching
mode of sulfate\(l—SOf[) in Raman spectra of MgS@Golutions have been related to the coex-
istence of different sulfate specfés!’. Although the interpretation of the observed spectra has
been somewhat controversial, particularly on the assigmmfethevl—sofl‘ band component at
~995 cnt! to CIPS!4, most authors agree that these changes are due to increasicentrations

of more associated species, including bidentate ligamigide ions and larger clustet®!’. The



Raman data also suggest the dominance of CIPs at higher aios®’, which is in agreement
with the relaxation spectroscopic studies mentioned abdVwe interpretation of the vibrational
spectra was accompanied aly initio simulation studies on hydrated clust&=°

However, much less is known about Mg&(@ aqueous fluids at high andT as present in
planetary interiors. Ritzert and Frarft&tudied 0.01 molal MgS§Xluids at densities between 0.8
and 1.2 g/cri and temperatures from ambient to 37. They found generally higher electrical
conductivity with increasing pressure at const@inbut this ceased at densities above 1.1 g/cm
at least along isotherms to 8C. From an exploratory Raman spectroscopy study of an 0.&lmol
MgSOy solution up to 1.1 GPa and 50C, Frantz et ak! conclude increasing MgS@ssociation
with increasing® andT along an isochore corresponding to a density of about 1r@%/c

The distribution of sulfate species at high T and MgSQ concentrationsy, in these solu-
tions is still largely unknown. Their determination regggmot onlyin situmeasurements but also
reliable molecular modeling for interpretation of the esipeental data. Here we combine both
approaches to address this issue. While the simulatiopstbdentify different species and their
stability as a function oP andT, the experiments provide quantitative information ontestri-
bution. Experimental methods that may provide direct orew information on the structure of
aqueous fluids include optical spectrosc®pgs well as x-ray and neutron scattering technidties
Raman spectroscopy is the experimental method of choideidy speciation in fluids at extreme
conditions since it is element specific and sensitive endoigbpe with the small sample volumes
in highP — T optical cellg23

Regarding different methods of molecular modeling, a reabte compromise between accu-
racy and efficiency has to be made. Accurate vibrationaluiegies of the sulfate group have
been obtained from static cluster calculations of diffesgrecies using quantum chemical meth-
0ds!®20 Those frequencies may be representive of the fluid closetent conditions but they
are not directly applicable to extreme conditions. For angjtetive analysis of speciation, a suf-
ficiently large set of molecular configurations has to be dathpFor aqueous NaCl solutions,

speciation was evaluated from long classical moleculaadyos simulations at ambieiftand



supercriticaf® conditions. However, it was shown recerffiythat both the binding free energy of
NacCl in solution and the Na—Cl distance in SIPs vary consiolgroetween popular classical force
fields and more accurate density-functional theory (B¥®§ based calculations. Since Mg$O
solutions are chemically more complex than NaCl solutitivesy classical force fields are expected
to be even less reliable, especially towards extreme dondibfP andT. We therefore chose an
ab initio DFT-based approach to perform molecular dynamics sinauiati The latter is compu-
tationally much more expensive than classical force fieldutations and hence restrictions on
system size and total simulation time are more severe. Henvthe kinetics of speciation changes
is reasonably fast at the high temperatures of interest Werether advantage of the quantum me-
chanical method chosen here over classical potentialeialility to predict chemical reactions

(e.g. hydrolysis) and hence the formation of new specidsawmitneed of explicit parameterization.

M ethods

Ab initio molecular dynamics simulations

Theab initio molecular dynamics simulations are performed using theR@arinello techniqu®
as implemented in the CPMD cotfe The system consists of 120 water and four Mg&®@lecules,
which adds up to a total of 384 atoms. Such a relatively laimgelation cell is needed to represent
an about two molal solution and to allow for ion pairing, fonieh at least a few molecules of the
solute need to be present. The calculations are performad tiee BLYP exchange correlation
functionaP132in conjunction with Goedecker-type pseudopotent@ldhe Kohn-Sham orbitals
are expanded in plane-waves up to an energy of 70 Ry. For thB&&nello molecular dynamics,
a fictitious electron mass of 600 a.u. and a time step of 0. B2efsiIsed. The CPMD simulations
are performed in the NVT ensemble (constant number of pestizolume and temperature). The
temperature is controlled by a Nosé-Hoover chain thernié¢fsta

The initial structure with a fluid density of 0.75 g/énis taken from a classical molecular

dynamics simulation of pure 40 using the SPC/E potential, to which the ions are added. This



configuration is then annealed in a CPMD simulation for 8 pst@mperature of 727C. Starting
configurations for simulations at higher densities are sgbsntly produced by rescaling the sim-
ulation cell and atomic positions of the previous lower digrmsmulation. At each volume, short
equilibration runs of 3- 4 ps are made before production runs of at least 10 ps aredtart new
higher density configurations are produced. The highest @ensity of this study is 1.50 g/céin
The final configurations of the 72C production runs are then cooled subsequently to 527, 327
and 227 C keeping the cell volume constant. Again, short equilibratuns are performed at each

temperature before production runs are started or the textype is reduced further.

Raman spectroscopy

An externally heated Bassett-type hydrothermal diamand-aell (HDAC) 36 equipped with type
la ultra-low fluorescence grade diamond anvils (culet diam@.9 mm) was used as optical cell.
The temperature in the sample chamber of the HDAC was meahsisiag K-type thermocou-
ples attached to the diamonds, and calibrated based oa thg quartz transition temperature
(574°C at 0.1 MPa) and the triple point of2® (0.01°C, 0.6 kPa). The power input to the resis-
tive heaters (NiCr coils around the tungsten carbide sdatseadiamonds) was controlled using
Eurotherm 2408 temperature controllers, which held thdesaperature withint0.2 °C during
spectra recording.

A piece of natural quartz and a 2.0 molal Mg&éalution were loaded into the HDAC sample
chamber, which consisted of a hole (initial diameter $00) in an iridium gasket separating the
anvils. Because of water evaporation during loading, thesd1gSQ, concentration was some-
what higher in the sealed sample chamber. A solute condemtraf about 2.2-0.1 molal was
obtained from spectral parameters of meSOf( Raman band (integrated intensity percentage of
the band component at995 cnt!, Raman shift and full width at half maximum of the compo-
nent at~980 cnT!) measured at 22C and 0.38 GPa. These parameters were calibrated using
measurements on Mg3@olutions in the HDAC, the concentrations of which were t@sed

from the vapor-saturated liquidus temperature. The pressas determined from the calibrated



frequency shift of the 464 cnt Raman line of quartz (Schmidt and Ziem&hrequations (2) and
(3) therein), with a random error of about 25 MPa.

The 2.2 molal solution was heated along an isochore frof22.38 GPa to 450C, 1.4 GPa
(Figure 1). Thes® — T — x conditions correspond to a fluid density of 1.33 gfémUnpolarized
Raman spectra of the solution in the region of the sulfatensgtric stretching modevi-SOf()
and of quartz were recorded at several temperatures. Alosteating path, the fluid was super-
saturated with respect to kieserite (monoclinic Mg3€O) at most conditions, except at 2€
and, possibly, at 100C3. At 450 °C, the pressure decreased slightly with time, the surface of
the quartz chip appeared corroded, and unidentified smedigitates formed. Further heating to
500°C caused rapid growth of a kieserite crystal, coupled withlestantial decrease in pressure
from 1.4 to 0.9 GPa (Figure 1). Upon cooling, this crystaltamred to grow at 400C, but started
to dissolve at K300°C. Sulfate crystals were still present after cooling t6’22 vapor pressure.

The Raman spectra were acquired in backscattering geomsitry a HORIBA Jobin Yvon
LabRAM HR800 UV-Vis Raman microprobe (gratings 1800 limes?, focal length 800 mm, con-
focal pinhole aperture 10Qm, objective Nikon MPlan SLWD 40x, excitation by 488.0 nmelin
from Ar™ laser). The laser interference filter was removed to rectashpa lines for wavenumber
calibration. The laser power at the source was#4D™MW. This corresponded to a power at the
entrance of the optical cell of about 66 mW, and was low endogévoid laser heating of the
sample. Raman spectra of the solution were collected witfs@the spectra 5 or 10) accumu-
lations of 20 s each, those of quartz with 10 accumulations50$ each. Nominal focal point
positions in the fluid were 15 to 3®m below the upper sample chamber surface to obtain compa-
rable integrated intensities of Raman bafd Spectra fitting was done using a linear baseline, a
symmetric shape (Gaussian-Lorentzian sum (area) moddl)é(\vl-SCf[ component$’ and the

asymmetric model Pearson IV for Raman lines of quartz anshpelines3-3”.



Results

Solvent structure from CPMD

Changes in the solvent structure with pressure at the higbeperature (727C) are similar to
those discussed in a previous paper on aqueous LiF soldtiomstermolecular O-H distances
and oxygen-oxygen distances decrease with increasingyrees A shoulder in the O-H radial
distribution functiongon (r) at a distance of about 2 A indicates the presence of some hydrogen
bonding. There is, however, strong overlap with the nonrbgen bonded O-H peak at about
3 A. Analysis of the dynamics of the hydrogen bonds reveatg skeort lifetimes of no more than
0.1 ps. The nearest neighbor coordination number of oxygeatter oxygen ions increases from
9.0 at the lowest pressure & 0.75 g/cn?) to about 12.5 at a density of 1.2 g/énThen, it remains
constant towards higher densities, which indicates a @asking of oxygen ions. With decreasing
temperature, the nearest neighbor oxygen-oxygen distasomames shorter. As in the aqueous LiF
systent®, there is a change in the slope of the oxygen-oxygen distarttigh fluid densities (here
between 1.2 and 1.4 g/énsee Figure 2). The first intermolecular pealgigy(r) that is related
to hydrogen bonding becomes more pronounced at lower tetyperand is observed between 1.7
(highest density) and 2.0 A (lowest density).

Some hydrolysis is observed especially at lower densiges Figure 3). Both proton and
hydroxide ions from dissociation of 40 molecules do not exist as free species but attach quickly

to SOE( and Md¢?" ions to form HSQ and MgOH" containing complexes (see Figure 4).

Solute speciation from CPMD

During the course of the simulations a variety of solute gseis observed, some of which are il-
lustrated in Figure 4. As mentioned above, hydrolysis I¢adise formation of HSQ and MgOH"
containing complexes, especially at densities below Tif)/At the lowest density (0.75 g/c)
two Mg ions cluster in a SEMgOH),(aqg) complex with short Mg-Mg distance (3.0 to 3.8 A).
At the highest densities, part of the solutes is dissociatedMg?t(aq) and S@(aq) ions. The



dominant species at densities above 1.0 §/are, however, contact ion pairs Mg®@q), triclus-
ters and short chains of MgQWgSOy(aq). In these complexes, §Oacts as both monodentate
or bidentate ligand. The distinction between the lattepigaaent in theyvgs(r) radial distribution
function (see Figure 5). Especially at high temperatureanges in the speciation are frequent
even on the short picosecond time scale of the CPMD simulsitids a result, a distribution of
mono- and bidentate ligands is observed over the whole tyemasige. This distribution shows a
shift from predominantly bidentate towards predominantignodentate sulfate ligands with in-
creasing fluid density (Figure 5).

The distribution of vibrational frequencies of the fourfsmlatoms is obtained from the power
spectraz>(v) of the velocity autocorrelation functiof$ Note that these spectra contain all fre-
guencies that involve motions of the sulfur atoms and thay #re not directly comparable to
the Raman spectra presented below, which are related tgesamthe polarizability. Therefore,
only the peak frequencies are compared and discussed bthienspectral shapes. As an exam-
ple, thez>(v) for the simulations al = 272°C andp = 1.10 g/cn? are shown in Figure 6. In
this case, three different aqueous species are identifige. fifst is a (SQ)IMg(SOs)? (aq) tri-
cluster where the two sulfate groups are both bonded to desiig. The corresponding sulfur
frequency spectra are peaked at 988 and 967 cnBoth sulfate groups act predominantly as
monodentate ligands, but in the course of the simulatiop #re temporarily transformed into
bidentate ligands (10 % and 40 % of the total simulation tiregpectively). The second species is
a Mgp(SOy)(MgOH)3t(aq) complex, that was not observed in simulations at otbesities. The
spectral weight of this complex is slightly shifted to higfrequencies (maximum at 1005 cH).
Finally, an HSQ (aq) complex with a considerably higher peak frequency @01om ! is ob-
served.

Figure 7 gives the distribution of species and their viloradil frequencies. Only the maxima of
thosez>(v) are shown that clearly correspond to individual species the frequency maxima of
sulfate ions that change their speciation during the sitaiare omitted. The HSPcontaining

species are clearly concentrated in the lower density regialistinctly higher frequencies com-



pared to those of Sij containing species. Even though the scatter in the fregeio€ the latter

is large, CIPs with bidentate ligands appear to have higleguencies than monodentate CIPs.
Adding a second (or third) Mg neighbor to a $Ogroup may also increase the frequency slightly
(see also Figure 6).

The frequency changes between the different species maydied to deformations of the 0
tetrahedra. The fully hydrated 2(dg) complex resembles in average a perfect tetrahedrdn wit
0O-S-0 bond angles close to 1094nd a mean bond length of 1.52 A. When a contact ion pair is
formed, the S-O bond length of the oxygen bonded to a Mg isiligncreased to about 1.54 A.
The other S-O bond lengths should decrease accordinglyhimutould not be resolved due to
statistical fluctuations. Changes in the bond angles aréfisignt but smaller than°2 Much larger
deviations are observed for the Hg(@q) complex. The mean S-O(-H) bond length is increased to
1.66 A, while the other S-O distances are decreased to 150AL Mean O-S-O(-H) bond angles
are observed between 10t 107 while the remaining O-S-O bond angles range betweeri 112
and 118.

Finally, the mean Mg coordination by oxygens is shown in Fegl It increases almost linearly
with density in the range considered here from dominantfgl8-to 6-fold coordination. With
decreasing temperature at constant volume, the coordmagpears to increase slightly but the
low-T results are much more scattered, which indicates that sncliée longer simulation times

are needed to provide reliable averages.

Raman spectra

Figure 9 shows Raman spectra of the 2.2 molal MgS@ution obtained at several temperatures
along the isochoric heating path. Below 18D, the Raman band shape in thpSOf( region
was accurately described by two Gaussian+Lorentzian coergs centered at995 cm ! and
~980 cnt 1. However, significant nonstatistical residuals were presethe high frequency region
of the vl-SOf[ Raman mode at temperatures above AG0Excellent fits for the high temperature

spectra were obtained by adding a third Gaussian+Lorentziaponent centered atL005 cnr .,
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The integrated intensity percentage of these three connnmnéthevl-SOf( band is shown in
Figure 10 along the isochoric heating path, assuming eqaialaR scattering cross sections of the
individual components. The proportion of the component@80 cnt ! generally decreases with
temperature, which is coupled with an increase in the factif the component at995 cntL.

At about 350°C, there appears to be a minimum in the fraction of 4880 cnt! component.
The ~995 cnt! component shows a maximum at about 3G0(Figure 10). These temperatures
roughly coincide with the observed solubility minimum o&kerite along the cooling path. The
component at-1005 cnt! is observed in all spectra &t150 °C. Its fraction increases steadily
with temperature (Figure 10).

Along the heating path, the solution was supersaturatell rggpect to kieserite at elevated
temperatures (probably at all > 100°C3). At 500°C, the system moved towards equilibrium.
Rapid growth of a kieserite crystal caused a simultaneousedse in the MgS£concentration
in the fluid and thus in the intensity of thg-SOf( Raman band (Figure 11). At the same time,
the quartz surface attained a corroded appearance and aareanfband at 1053 cm appeared
in the spectra of the fluid. This peak position differs siguwifitly (by +2 cnt?) from that of
the kieserite crystal at the sanfe— T conditions (Figure 11a). This band cannot be explained
by submicroscopic kieserite because Raman bands of natalsryare usually shifted to lower
wavenumber&42 Therefore, this band is assigned wg5O3(HSO; )#3. The Raman band at
~1050 cnt! was only observed at the highest temperatures. Upon codlidgsappeared from
the spectra at > 300°C (Figure 11b).

From optical observations, the kieserite crystal stillgedter cooling to 400C and dissolved
at T<300 °C. Further cooling to 22C did not result in complete dissolution. The existence
of a kieserite solubility minimum between 300 and 40D is also indicated by the minimum
in the integrated;l-SOf[ intensities in the Raman spectra of the fluid along the cgotiath
(Figure 11b). The concentration of Mga® the fluid at these conditions was estimated from the
integrated intensities of th\el-SOf( and thevsSO3(HSQO, ) Raman bands (Figure 11b) and their

relative isotropic Raman scattering coefficients takemfRudolpH=. At the solubility minimum
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the MgSQ molality in the fluid is reduced to about 0.4.

The large changes in the Mgg©oncentration of the fluid along the cooling path imply con-
siderable changes in the fluid density. Mass balance caagides lead to an estimate of about
1.24 g/cnt at 500°C, 0.89 GPa after reaction to kieserite based on the detedilySQ concen-
tration in the fluid (0.85 molal) and a density of kieserit€2d7 g/cni. Although molalities and
densities differ from those of the heating path, the pealt iections of thezl-SOf( Raman band
components show a very similar behavior (Figure 12). Lilsayia maximum of the 995 cm
component is observed at about 3@ The fraction of the 980 cmt component decreases and
that of the 1005 cm! component increases with temperature. At the highest teaype (500 C),

the fraction of the HSQ) component is about 15%.

Discussion

Ab initio molecular dynamics simulations and Raman experimentsoen@lementary approaches
to study complexation and speciation in aqueous fluids. &thié simulations provide direct ac-
cess to individual species and can be performed at extReme conditions relatively easily, the
constraints on accessible length and time scales makdidultito obtain converged distributions
of species. Moreover, the slowing down of particle dynamvith decreasing temperature may
not even allow to reach equilibrium conditions at lower temgtures. In the present study, sig-
nificant changes in speciation during the molecular dynamias were only observed at 72C

and 527°C. Thus, the results at lowdr only provide trends under the assumption that the spe-
ciation does not change considerably with However, the lowl runs were useful to evaluate
the vibrational frequencies of individual species (FigGrand Figure 7) because the speciation
changed much more frequently at hilh The Raman spectroscopic measurements, on the other
hand, provide quantitative information on the distribatwf different components to the studied
vibrational mode from ambient to high/T conditions. However, these components cannot be

assigned unambiguously to the corresponding speciesutithyput from numerical modeling.
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The most similar conditions of the simulations and the Ramgmeriments presented here
were obtained at the highest temperature of the heatinghgdtre the precipitation of kieserite
(2.2 molal solutionT = 450°C, p = 1.33 g/cn¥) and the respective simulations of the 1.9 molal
solution afT =527°C andp = 1.35 g/cn¥. At these conditions, the Raman spectra show roughly
equal fractions of the threel-SOf[ Raman band componentsa880 cmt, ~995 cn1!, and
~1005 cnrl. Thevl-SOf[ component at-995 cnt ! is usually assigned to CIPs, and the compo-
nent at~980 cnT! includes Raman-indistinguishable contributions fromasoeiated S§7(aq)
ions, SIPs and 2SIP& As suggested by dielectric relaxation spectroscopy in ®lgSlutions to
65°C12, the fraction of 2SIPs and SIPs is strongly reduced with eapire. At the highest tem-
peratures of our study, such species are most probablynifisent. The assignment of the third
vl-SOfl‘ component at-1005 cnt ! is unsettled. This additional feature in th@SOi_ mode has
also been observed at 28 in the Raman spectrum of a solution with a highzﬁﬂ@oﬁ‘ ratio
(4.098 molal MgC}+0.107 molal MgS@)’. It was interpreted as being due to the contact triple
ion Mgstﬁ+ , based on results from dielectric relaxation spectros¢bpg concentrated MgSQO
solutions, or to be related to bidentate CIP or larger corgg®f Mg and SG~ 1516,

Theab initio simulation results confirm most of the species previousgigested. In the high
density ranged > 1.2 g/cn®), fully hydrated S@‘(aq), CIPs, triple ions and even larger com-
plexes coexist on the picosecond time scale. In additiomadentate and bidentate sulfate ligands
are observed. This indicates that all of these species ma&asaderable contribution to the time
averaged Raman spectrum. It also means that the numbefatesspecies fromab initio calcula-
tions is much larger than that of Raman-distinguisha@isof( components. Unfortunately, the
frequency resolution of the simulations is too low to assighvidual species to spectral compo-
nents. There is only the general trend that more associptmies seem to have highvalr-SOf[
frequencies. This seems to be related to the slight defewmaf the SQ tetrahedra, as shown in
the Results section.

After nucleation and growth of kieserite, the fluid densigcrkased to about 1.2 g/épand
the MgSQ concentration in the fluid to about 0.85 molal at 5@and 0.43 molal at 400C. At
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these conditions, the Raman spectra of the fluid always sthawadditional band at1050 cn?,
which is assigned to HSQ i.e. vsSG; of this ion*3. Formation of hydrogen sulfate ions shows

that in addition to

Mg +SG~ =MgSd 1)
the reactions
Mgt +SCG~ +H,0 = MgOH" +HSQ, 2)
and
SG~ +H0=HSQ, +OH"~ 3)

take place and create buffer conditions. Even though thdiealwas significantly diluted due to
formation of kieserite, comparison of the results from Rarsectroscopy anab initio modeling
is justified, because the changes in the sulfate speciatimnatanf andT with MgSO, concen-
tration are much larger in dilute solutions 0.25 molal) than at higher concentratidfsIndeed,
HSQ, (ag) and MgOH (aq) are found in the simulations at fluid densities lowenthe2 g/cnd.
The considerable shift in the vibrational frequencies dfuswatoms in HSQ towards higher val-
ues is also confirmed (Figure 7).

Raman spectroscopy in thg(S-O) region is much more sensitive to the molecular environ
ment of the sulfate molecule than the simulations. Sincenthmber of components fitted to the
spectra (three) is smaller than the likely number of frequseitfate species, some of the highly
associated species observed in the ighT fluid must have very similar vibrational properties.
Similar behavior is observed at Idvand T, where the component at980 cnt ! includes Raman-
indistinguishable contributions from unassociatecﬁS(@q) ions and the solvent-shared ion pairs
SIPs and 2SIP. This is because the first coordination shell of the sulfatalii these species is
very similar, consisting only of water molecules. As an éiddal complication, the Raman spectra
become very broad towards high temperatures, which may eaalthermal vibrations but also
due to time averaging of dynamic changes in the speciationm&tion of hydrogen sulfate via

bonding of a proton to one of the sulfate oxygens has a muchgr effect on the S-O vibrations
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(bondlength, polarizability) than Mg-Sssociation. This results in a considerably larger shift of

the vibrational band towards higher wavenumbers.

Conclusions

Ab initio molecular dynamics simulations have provided new insigta the speciation in aque-
ous MgSQ fluids at high pressures and temperatures. From the resulissstudy, the Raman
spectra of these fluids should be interpreted as foIIows.v'[lftéOf[ Raman frequency of contact
MgSOy(aq) monomers or polymers in aqueous Mg30lutions seems to depend on the num-
ber of Mg ligands of the sulfate and whether the Mg ligandsnao@odentate or bidentate. Both
changes in the molecular environment of sulfate (two MgHaginstead of one and bidentate
instead of monodentate MgQappear to cause a shift of(S-O) towards higher wavenumbers
and are not clearly distinguishable in the Raman spectras,Tthe emergence of the component
at ~1005 cnt! and the increase of its percentage with temperature onlgctsfincreased ion
association by both formation of more bidentate ligandsraode polymers. In other words, the
components at-995 cnT! and~1005 cnT! cannot be assigned to individual species (just as this
is known to be the case for the980 crm 1 vl-SOf[ component). Instead, they may be interpreted
as a single 'Mg-S@contact’ component, with a frequency distribution depagdin the type and

number of Mg ligands of associated sulfate.
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Figure 1: P —T path of the experiments. The fluid density correspondindp¢cisochores of the
heating cycles is 1.33 g/cinwhereas the fluid density after precipitation of kiesegt®wered to
about 12 g/cn®. Symbols indicate measured pressures from Raman specitade.
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Figure 2: Nearest neighbor oxygen-oxygen distance as édumnaf temperature and fluid density.
At all temperatures, the slope changes at densities in tigeraf 1.3:0.1 g/cnf.
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Figure 3: Time averaged number of dissociated water masdwolut of a total of 128) as function
of fluid density. The released protons usually attach to mﬁe_Snolecules to form HSQ bearing
complexes.

Figure 4. Snapshots from the simulations illustratingedight species. Oxygens are represented
as large red, Mg as green, S as yellow and H as white balls.etagsociated complexes such
as triclusters, some of them containing additional protmmisydroxide ions, are dominant at low
densities f = 0.75 g/cn?): (HSO»)Mg(HSOy)(aq) (a) and (SE)(MgOH)»(aq) (b). Sometimes,
association leads to the formation of short chains, e.g. 988MgSQOy(aq) (c). Dissociated
MgOH*(aq) and HSQ(aq) (d) are observed up to intermediate densities. At higisities, hy-
drolysis is suppressed, which leads to fully hydrated®Mgq) and S(ﬁ (aq) ions. Associated
complexes at high density include monodentate (e) or bader{f) MgSQ(aq) species but also
larger clusters, such as triple ions or chains. Also nolileess the increase of Mg coordination
towards higher densities.
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Figure 5: Mg-S radial distribution function at 72€. The peak around 3.3 A is characteristic for
a monodentate sulfate ligand whereas the peak around 2 j8rdsents the bidentate ligand.
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Figure 6: Example of vibrational spectra of the individualfgr atoms afT = 227 °C andp =
1.10 g/cn? derived from the respective velocity autocorrelation fiows. The two black lines
correspond to sulfate groups bonded predominantly as nesnat ligands to a single Mg cation.
The sulfate group represented by the solid black line alsedaas bidentate ligand (40 % of the
total simulation time). The yellow spectrum corresponda tdg,(SO;) (MgOH)3*(aq) complex
that was only observed at this density. The spectral weibthteoHSQ, (aq) complex (red line) is
clearly shifted to higher frequencies.
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Figure 6.
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22



| 22 °c, 0.38 GPa
100 °C, 0.56 GPa

intensity (a.u.)

200 °C, 0.82 GP

1350 °C, 1.17 GPa

1400 °C, 1.28 GPa

920 940 960 980 1000 1020 1040
frequency (crhl)

Figure 9: Raman spectrain tIu@SOf[ region of in the 2.2 molal MgSgxsolution at isochori® —
T conditions. Spectra are shifted along the intensity axisifrity. The narrow line at 1044 cni
is a plasma line from the Arlaser.
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Figure 10: Relative integrated intensities of componehtb@vl-SOf[ Raman band in 2.2 molal
MgSOy solution along the 1.33 g/chisochore.
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Figure 11: (a) Raman spectra in th@SOf( andvsSQ3(HSGy ) region at 500 C during kieserite
crystal growth. Sequence of spectra (elapsed time afterr680@ere attained at = tp): blue,
to+ 5 min; yellow,to + 10 min; red,tp + 20 min; black,to + 25 min. The green spectrum is that
of the coexisting kieserite. Narrow lines at 1044 and 1057 tare plasma lines from the Ar
laser. (b) Integrated intensity of thq-SOﬁ‘ andvsSO3(HSQO, ) Raman bands in the fluid in the
presence of kieserite along the cooling path. Green sgsalgjon at 0.38 GPa before heating.
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