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Abstract

A combination of theoretical predictions and isotopic equilibration experiments using the
three-isotope method have been performed to assess Si isotope fractionation among
minerals, and aqueous species in the presence of dissolved catechol. Aqueous Si in abiotic
ambient temperature aqueous solutions is dominated by the IV-coordinated H4SiO4° species,
but the presence of aqueous catechol provokes the formation of a VI-fold Si-catechol
complex. Results show an equilibrium Si fractionation factor of ~ 19%o between the VI-fold
coordinated Si-catechol complex and the IV-fold coordinated aqueous silicic acid, an
amplitude never previously observed for silicon. The fractionation between V-fold Si-
organo complexes (with diolate, glyconate or methyllactate groups) and silicic acid has also
been estimated through theoretical predictions to be about -10%.. These extreme
fractionations can be used to improve our ability to interpret the Si isotope compositions of
natural solids, and in particular those associated with marine silica biomineralization

processes (e.g. sponge spicules).

Keywords: Silicon; equilibrium isotope fractionation; organo-silicon complexes; first

principle calculation; three-isotope method; Si coordination change
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1. Introduction
Silicon (Si) enters the biogeochemical cycle through the weathering of silicate
minerals, and circulates through the biosphere as dissolved aqueous Si primarily as silicic

acid (H4S10,°). Silicon occurs in numerous plants mostly as phytoliths, which enhance their

bone or tissue formation (e.g. Jugdaohsingh et al., 2015). In marine environments Si is used
by phytoplankton, zooplankton and sponges to form opaline structures, such as frustules,
tests or spicules (Kubicki and Heaney, 2003; Hendry and Robinson, 2012; Poitrasson, 2017;
Cassarino et al., 2018). Such ‘bio-Si’ has distinct isotopic signatures with &°°Si values

ranging from +3 to -6.5 %o (Poitrasson, 2017). In general, biogenic solids preferentially

-7 %o, has been observed in sponges (Cassarino et al., 2018) and choanoflagellates (Marron
et al., 2019). The processes and mechanisms generating these light Si isotope compositions
are not yet fully understood (Kubicki and Heaney, 2003; Kinrade et al., 2002; Poitrasson,
2017; Cassarino et al., 2018). One possibility, however, is that the interaction between
aqueous Si and organic matter could impact Si isotope fractionation (Kinrade et al., 2002;
Cassarino et al., 2018).

Silicon can form aqueous complexes with a number of organic ligands including
polyols, saccharides, phenols, pyridine and tropolones (Cella et al., 1980; Sjoberg et al.,
1985; Kinrade et al., 2001a; Benner et al., 2003; Kubicki and Heaney, 2003). The formation
of such complexes can alter the aqueous Si coordination environment. Past Nuclear
Magnetic Resonance (NMR) studies have shown that Si, which usually occurs in natural
waters as the IV-coordinated silicic acid (H4Si04") complex can form V- and VI-coordinated

organosilicon complexes in the presence of aqueous organic ligands such as phenols and
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polyols (Cella et al., 1980; Kinrade et al., 2001a). Evidence of natural occurring VI-
coordinated organosilicon compounds formed in-vivo has been provided by the *’Si nuclear
resonance study of the fresh water diatom Navicula pelliculosa (Kinrade et al., 2002). In
general, coordination changes have been identified as a primary factor influencing isotopic
fractionation (Schauble, 2004). Such is the case for example of boron, with an isotope
fractionation of about -27 %o between boric acid (H;BOs® with trigonal B) and the borate ion

This study investigates the effect of the change in Si coordination by aqueous
organic Si complex formation on equilibrium Si isotope fractionation in water-rock systems.
Catechol (C¢H4(OH),) is used as a representative aqueous organic ligand, as it readily binds
to Si (Barnum, 1970; Pokrovski and Schott, 1998) and changes the common IV-coordinated
aqueous Si to a hexacoordinated complex with a 6-membered ring structure as shown in Fig.
1 (Sjoberg et al., 1985; Kinrade et al., 1999). To determine Si isotope equilibrium
fractionation between silicic acid and the Si-catecholate complex, this study combines first-
principle calculations and experiments performed using the three-isotope method performed
at 25 °C and pH ~8.8 at equilibrium between amorphous silica and 0.05 M and 0.08 M
catechol solutions. The results of this study provide new insight into the effects of aqueous

organic complexation on Si isotope equilibrium fractionation in the bio- and hydrosphere.
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2. Materials and Methods
2.1. Theoretical modelling

To assess the role of changing Si coordination due to aqueous organic complexation
on its isotope fractionation properties, both VI-fold and V-fold coordination compounds
were considered. These calculations were based on compounds modelled from X-ray
determined structures found in the literature. As an example of VI-fold coordinated Si,
Liy[Si(Cat);]*3.5dme was considered (where cat = the catecholate dianion, and dme =
dimethoxy ethane CH3-O-CH,-CH,-O-CHj3; Hahn et al., 1995). For V-fold coordinated Si,
three structures were considered, chosen for their different functional groups and
coordination polyhedrons: Li[Si(AnErytH.,)>(OH)]-H,O (where AnErytH.
»=anhydroerythritol dianions; Benner et al., 1999), [2-(Dimethylammonio)ethoxy]bis|[2-
methyllactato(2-)-0',0%] silicate (compound 7 of Tacke et al, 1999), and
are assumed to be representative of VI- and V-fold coordinated aqueous Si and will be

referred to as SiCats>, SiDio, SiLact and SiGly, respectively.

2.1.1. First-principle calculations of equilibrium Si isotope fractionation factors

The equilibrium fractionation of silicon isotopes between two phases is obtained by
combining the pB-factors of both phases. The B-factor corresponds to the isotopic
fractionation factor between Si atoms in a phase compared to it as an ideal gas. This quantity
can be computed within the harmonic approximation from the vibrational frequencies of the
phase of interest (Bigeleisen and Mayer, 1947). Details of the calculation of the B-factor of
(2007) and Dupuis et al. (2015), respectively. The B-factors of hypervalent Si model
structures in the present study were computed from their phonon frequencies at the I'-point

according to equation (5) of Dupuis et al. (2015). The phonon frequencies were computed
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from first-principles using density functional theory (DFT; Hohenberg and Kohn, 1964;
Kohn and Sham, 1965). The calculation was based on two exchange-correlation functionals:
local functional (Lee et al., 2010). It used a plane-wave basis set, and atomic

pseudopotentials as implemented in the Quantum Espresso package (Giannozzi et al., 2009).

2014). The pseudopotential used for C was taken from Fiiger et al. (2018). Electronic wave-
functions were expanded in plane-waves up to an energy cutoff e.,«= 80 Ry and the charge
density cut-off is set to 4 & The electronic structure calculation was performed at the I'-
point of the first Brillouin zone for Si-catecholate (SiCat;*), and at the Baldereschi point
(Baldereschi, 1973) for Si-diolate (SiDio), Si-lactate (SiLact) and Si-glyconate (SiGly).
Phonon frequencies were computed using linear response theory (Baroni et al., 2001) and
the Quantum Espresso package (Giannozzi et al., 2009). The calculated structural properties
(Table A.1), vibrational properties (Fig. A.2) and the derived fractionation properties (Figs.

A.1, A3, A.4) are discussed in detail in the Supplemental Information A.

2.1.2. Speciation calculations

Speciation calculations for all aqueous solutions used in this study were performed
using the PHREEQC code (Parkhurst and Appelo, 2013) together with its lInl
thermodynamic database. The equilibrium constant for the amorphous SiO, dissolution
reaction of the lInl database was changed to match that reported by Stamm et al. (2019); this
value was obtained on the same amorphous SiO, powder as used in the present study.
Furthermore the dissociation constants of aqueous catechol from Sillen and Martell (1971)
and the formation constant of the Si-catechol complex from Pokrovski and Schott (1998)

summarized in the Supplemental Table B.1 were added to the 1Inl database.
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The equilibrium fractionation factor between the aqueous solution and amorphous

silica depends on the Si speciation of the solution, and the individual fractionation factors,

x/28

ai—SiOZ,am’

of each of the ith Si aqueous species with respect to amorphous silica. The Si

isotopic fractionation factor between the solution and amorphous silica is the weighted sum

of the fractionation factors of each species such that (Zhang et al., 1995):

103Ina™/8 =¥ (x; % 103Ina™/?8 ) (1)

luid—-Sio,,am i—Si0,,am
2 2

where x; refers to the mole fraction of the subscripted Si aqueous species present in the fluid.

Note that Si isotopic fractionation between the fluid and SiO,,am, AxSiﬂm'd_SiO}am i

approximately related to a;lﬁ.i_ Si0,am by

A*Sipuid-si05.am = 1O3lna]icl<12i?i—5i02,am 2)
2.2. Experimental approach
2.2.1. Experimental design.

The three-isotope method was used to determine the equilibrium isotopic
fractionation factor between aqueous catechol solutions and SiO,,am. This method permits
the determination of the degree of isotopic exchange (F) between the solid and its coexisting
aqueous solution after adding a *’Si tracer to the aqueous phase. A detailed description of
brief the equilibrium isotopic composition of amorphous silica (63OSisi02,am) and the fluid
(8Siqua) were obtained from the linear extrapolation of 8°°Si values to 100% isotope
exchange. This extrapolation was facilitated by plotting of measured §*°Sigiq and 63OSisi02,am

as a function of the degree of isotopic exchange F. F was calculated using

__ (6¢—6y)
F= (8e=6)) (3)
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where 6, denotes 8°°Si of the fluid at any time # during the reaction, and J; and J, describe the
initial and equilibrium 8*Si value of the fluid, respectively; J, was deduced iteratively from
mass balance considerations. A detailed description of these mass balance calculations is

All isotope equilibration experiments performed in this study were conducted at bulk
chemical equilibrium but isotopic disequilibrium conditions to minimize the potential effect
of kinetics on the isotopic fractionation. The experiments were performed within

experimental series consisting of two steps as described below.

2.2.2. Starting materials

All experiments were performed using Alfa Aeser” 100 mesh hydrated silicic acid
powder (SiOj,am powder). Ultrafine particles were removed from the powder by
sedimentation using the approach of Pokrovski and Schott (1998). Specifically, 50 g of the
powder was suspended in >18.2 Q de-ionized Milli-Q® water by stirring in a 1dm’ glass
beaker. The solid was sedimented and then the fluid phase decanted. This was repeated until
the supernatant became clear within the first 5 min. The powder was subsequently oven
dried, and placed into a desiccator while cooling.

Two aqueous solutions, one containing 0.05 mol’kg and the other 0.08 mol/kg
catechol were prepared by dissolving Merck®™ pyrocatechol (CsH4(OH),) into a NH,4CI —
NH; pH-buffer solution. The buffer solution was prepared from de-ionized Milli-Q® water,
suprapur Merck® NH4Cl salt and Merck® 25 % NH; solution and contained 0.1 mol/kg

NH4CI and 0.36 mol/kg NHj.
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2.2.3. Step 1: Equilibration of the reactive aqueous solutions with amorphous SiO,
Experiments in this study were performed within two distinct series. One series was
performed with an aqueous 0.05 mol/kg catechol solution and the other with a 0.08 mol/kg
catechol solution prepared as described above. These solution compositions were chosen as
they were likely to contain high percentages of Si bound in VI-coordinated aqueous
complexes. Each aqueous solution (200 mL) was first equilibrated with 3 g of washed
amorphous SiO, powder in a closed polypropylene (PP) bottle. The closed bottles were
placed in a constantly shaking thermostatic bath at 25°C. The aqueous solutions were

regularly sampled over 10 days. The short equilibration period was chosen as aqueous

catechol decomposes or reacts with ammonia over time (Barnum, 1972). The pH and
concentration of the aqueous solutions were measured immediately after sampling. The
aqueous Si concentrations of the fluid samples were determined by colorimetry. When the
measured pH, and the Si concentrations of the sampled solutions attained a constant value,
chemical equilibrium was assumed to be reached. The equilibrated aqueous solutions were

then filtered with Teflon syringe filters (Merck® 0.2 um).

2.2.4. Step 2: Isotopic exchange experiments.

To employ the three-isotope method, the chemically equilibrated solutions were
enriched with a small quantity of *’Si isotope tracer solution having an initial composition of
0.21% *%Si, 99.76% *°Si, and 0.03% >°Si, to obtain starting reactive fluids having a 3*’Si
~23%o. To ensure that these fluids were still at equilibrium with SiO,,am after adding the
spike, the pH and Si concentrations of these spiked fluids were measured. The isotope
exchange experiments in this study were conducted in two series consisting of 8 individual
closed system experiments and lasted up to 7 days. The short duration of the experiments
avoids the decomposition of the aqueous catechol. By performing individual closed system

experiments, solids and fluids could be collected and analysed after selected experiment

9
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durations. For the individual experiments, ~0.30 g of freshly pre-washed SiO,,am powder
with a known Si isotope composition was placed in 10 ml polypropylene reactors together
with 10 ml of the prepared *’Si enriched aqueous catechol solution. The reactors were
wrapped in aluminium foil, to avoid light, and placed in an orbital shaker to be constantly
mixed at 25 °C. To verify that the reactors were indeed closed, they were weighted at the
beginning and end of each experiment. The experiments were terminated at pre-chosen
times. Once an experiment was complete, the reactor was centrifuged for 20 min at
4500 rpm. The supernatant was then separated from the powder and filtered with Merck®
0.2 pm Teflon syringe filters. The pH and Si concentrations of the recovered aqueous
solutions were measured just after sampling. These solutions were then immediately
prepared for column chromatography to avoid any isotopic fractionation during
decomposition of the organic ligand. The powders were washed and filtered with de-ionized

Milli-Q™ water, oven dried at 40°C, then stored prior to Si isotopic analysis.

2.3. Analytical methods
2.3.1. Characterization of SiO; powder

The cleaned SiO,,am powder, and the SiO,,am powder collected from the longest
duration experiments were characterized using a JEOL JSM-7800F Prime scanning electron
microscope (SEM) and a JEOL JEM-ARM200F Cold FEG transmission electron
microscope (TEM) , both located at the Raimond Castaing Microcharaterization Centre
(Toulouse, France). Some representative images are shown in Fig. 2. The average grain size
of the cleaned silicic acid powder was 23 £ 7 nm (n=100, S.D.) as determined using TEM
images and the ImageJ software package (Schindelin et al., 2012). The water content of the
powder was determined to be 7.86 % by thermogravimetric analysis using a Mettler Toledo®

ATG/DSCI. This is consistent with the chemical formula Si0,°0.28 H,0.

10
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The specific surface area of the cleaned amorphous SiO, powder used in the
experiments was determined to be 195.6 m*/g with an estimated uncertainty of + 10% using
a Quantachrome Autosorb-1MP, together with the nitrogen multipoint BET method

(Brunauer et al., 1938).

2.3.2. Characterization of aqueous solutions.

The pH of all aqueous solutions was determined using a Metrohm® 913 pH Meter
connected to a standard glass microelectrode. The electrode was calibrated using certified
Orion Thermo Scientific® buffers, and yielded an uncertainty of 0.05 pH unit (2 SD).

Aqueous silicon concentrations were determined by the molybdate blue method
(Truesdale and LeCorre, 1975) using a Bran & Luebbe® analyser-III colorimeter coupled to
a Seal XY-2 autosampler and a Technicon analyser II mixing unit. The Si concentrations of
the measurements ranged from 0.1 to 10 ppm, with a long-term reproducibility within 3%
and a quantification limit of 0.04 ppm. To exclude possible uncertainties in measured Si
concentrations introduced by the presence of catechol, aqueous solutions with known Si
concentration were prepared, doped with 0.05 M and 0.08 M catechol, and measured at the
same time as the experimental solutions. No effect of the presence of aqueous catechol was
observed in the analyses.

*Si nuclear magnetic resonance (NMR) was used to verify the presence of the Si-
catecholate (SiCat;*) complex in the aqueous solutions. Two 1.8 mM *°Si solutions were
prepared, one at pH = 10.1 without catechol and the second at pH = 8.9 with a catechol
concentration of 0.05 mol/kg to match the experiments. In NMR glass tubes, 300 pl of the
**Si solutions were mixed with 300 pl D,O as a solvent. NMR measurements were carried
out at 298K using a Bruker® AVANCE III HD 500 spectrometer at the ICT Institut de
Chimie in Toulouse. The spectrometer was set at 11.7 T and a resonating frequency of 99.35

MHz for *Si using a 5 mm Z-gradient BBO Prodigy cryoprobe. The *’Si NMR chemical

11
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shifts are reported in ppm relative to the SiMe, internal standard. An echoing pulse program
(spin-echo for X nuclei with 1 H inverse gated decoupling) was used with a relaxation delay
of 20s. The acquisition time for the solution without catechol was 0.5 h with 96 scans,

whereas the acquisition time for the catechol was 17.75 h with 3072 scans.

2.3.3. Data reporting and Si isotope analysis

Silicon isotope compositions were measured on all aqueous solutions and solids
sampled from the isotope exchange experiments, as well as the initial soild, the non-spiked
chemically equilibrated aqueous solutions, and the spiked initial aqueous solutions. The
silicon isotope compositions in this study are expressed using the standard d-notation in per

mil (%o) relative to the international NBS-28 standard (NIST RM-8546) as defined by:

( xSi/ZSSi)sample
(*Si/*8Si)NBs—28

§%Si = - 1] %1000 (4)

where x denotes the mass of Si, either *Si or *°Si, and (XSi/ZSSi)mmp;e refers to the molar ratio

of the Si with mass x to that of mass 28 in the sample.

The fractionation between an aqueous fluid and a solid (ax/ 28

Fluid—solia) 1S defined either as

“;Cz/uzifz—solia = ((ZZZZ% (5)
or as

A*Sifia—sotia = 6*Sifyia — 6*Sigolia (6)
Note that A*Sigia-soiia» 1S approximately related to a;lfii_ sotig PY Eqn. (2).

The uncertainty in retrieved Si isotope fractionation factors is calculated from the error

propagation function given by

i . 2 . 2
EAN*Sifpia-souia = [(ES *Sifwia)” + (ES *Sisoua) 12 (7

12
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where EA*Sigiasoiia 1s the uncertainty of the Si isotope fractionation factor, and Ed"Sig« and
E0"Si0nq are the analytical error of the indicated analysis of the fluid and solid, respectively.
Note that uncertainties due to the extrapolation of Si compositions to 100% of isotope

exchange are taken into account.

To determine their isotopic compositions, SiO;,am powders were prepared by an
initial calcination of 1-5 mg of each powder at 500 °C (Cornu et al., 1999) and then using
the alkali fusion method of Zambardi and Poitrasson (2011). The sampled aqueous solutions
were prepared for isotope analysis by a combination of calcination, similar to the approach
of Cornu et al. (1999) for soils, and the alkali fusion method of Zambardi and Poitrasson
(2011). In detail, five ml of aqueous solution was evaporated in silver crucibles (XRF
scientific, Montreal, Canada). The remaining Si and organic residue were then calcined by
heating the crucibles in a furnace at 500°C for 4h, destroying all remaining organic residue,
leaving only the Si of the solution behind. After cooling, ~200 mg of Merck” NaOH pellets
were weighted into the crucibles. The crucibles were capped and placed into a furnace
heated at 720°C for 10 min. After cooling to room temperature, the crucibles were placed
into 30 ml Savillex® Teflon beakers filled with 15 ml Milli-Q® water to dissolve the
amorphous SiO, powder. The resulting aqueous solutions were transferred after 24 hours
into 30 mL polypropylene bottles and diluted with Milli-Q® water to 20 ml and subsequently
acidified with ~10 N bi-distilled HCI to a pH of 1.5.

All samples were purified prior to Si isotope analysis by cation exchange
chromatography using 2 ml of Bio-Rad® AG50W-12X cationic resin filled into 10 ml Bio-
Rad® polypropylene columns. The resin was initially cleaned as described in Georg et al.
(2006). After cleaning, 2 ml of the liquid samples were loaded onto the column, directly
collected, and eluted twice with 2 ml Milli-Q® water. The collected fluids were then diluted
and acidified to obtain a 3 ppm Si solution and a total HCI concentration of 0.05 mol/kg.

The overall Si recovery was determined to be between 90 and 100 %. The **Si signal of the

13
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procedural blank was found to be less than 3% of the total signal, which can be considered
negligible. This was confirmed by assuming a signal bias of 3%, within a -1%o to +1%o
signature range as shown in Supplemental Table B.2. For the solids, the maximum bias
effect on the isotopic signature is < 0.04 %o, which is four times less than the measured 2 SD
uncertainty.

Silicon isotope ratios were determined using the Thermo Scientific Neptune® MC-
ICP-MS located at the Laboratore Géosciences Environnement Toulouse (GET), France.
Measurements were performed under wet plasma conditions in medium resolution. A
Thermo SIS system was used together with a double-pass cyclonic spray chamber to inject
the samples into the spectrometer. Instrumental mass bias drift was corrected using sample-
standard bracketing combined with Mg addition as an internal standard. Measurements of
»Mg/**Mg ratios were performed in the dynamic mode. Russell’s exponential law (Russell
et al., 1978) was used to further correct for the mass bias drift.

To ensure the accuracy and precision of the isotopic analysis, the BHVO-2 reference
material was repeatedly measured during each run. The results yielded 8°°Si=-0.25+

0.16 %o, and 3*Si=-0.13 + 0.08 %o (2 S.D, n=48), which is in close agreement with the

3. Results
3.1. First-principle calculations of equilibrium fractionation factors

To assess the role of changing Si coordination due to aqueous organic complexation
on its isotope fractionation properties, both VI-fold and V-fold coordination compounds
were considered (see Methods). A goal of this study was to determine the Si isotope
fractionation of these compounds relative to amorphous silica, the predominant naturally
forming Si-oxide solid formed at ambient temperature. The modeling of amorphous silica,

however, is difficult because its structure and composition, in particular its degree of
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hydration is poorly defined. The Si equilibrium fractionation factors were thus calculated
between these species and either quartz or dissolved H4SiO,’, which represent two
compositional end-members of amorphous silica. The quality of isotopic predictions based
on DFT depend on the accuracy of the calculated frequencies. For a large number of 'V'Si
materials, it was shown that PBE functionals underestimate frequencies by 5%, leading to a
5-10% underestimation of Si fractionation properties depending on temperature (Méheut et
al., 2009). The resulting uncertainties for quartz are discussed in Supplemental Information
A for both the PBE and vdW-DF2 functionals. Results show that the fractionation properties
of quartz calculated using either functional yield nearly identical results. The compounds
considered in these calculations other than quartz, are molecular crystals where weak
dispersion forces play an important role differently from previous calculations on silicate
minerals (Méheut et al., 2007, 2009; Méheut and Schauble, 2014; Huang et al., 2014).
Previous calculations were based on the PBE (Perdew et al., 1996) or LDA (Perdew and
Zunger, 1981) functionals, which by their construction essentially miss dispersion effects.
Improved functionals, meant to better account for dispersion, have been designed to account
for these effects. Notably, the vdW-DF2 non-local functional (Lee et al., 2010) was also
considered in this study. The calculated Si isotope fractionation of investigated compounds
relative to quartz is plotted as a function of Si-O bond distance in Fig. 3. This figure shows
that the vdW-DF2 functional, designed to take into account dispersion forces better than
PBE, gives identical Si-O distances, but slightly larger Si isotope fractionations with respect
to quartz. As discussed in Supplemental Information A, it is difficult to verify the relative
accuracy of the vdW-DF2 functional owing to the lack of comparable direct measurements.
Consequently, the difference between the results obtained using the two functionals were

used to estimate the error of these calculations. Resulting calculations give at 25 °C
30 _ 0 30q; _ 0 30q; _
Aeq SlSiCat32'—quartz = -21.9+1.2 %)07 Aeq SlSiDio-quartz = -11.7+0.6 %)09 Aeq SlSiGly-quartz - -

11.70.9 %o, Avy>*SisiLact.quartz: = -12.2+0.7 %o. The equations describing these fractionations
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as a function of temperature are listed in Table 1. Combining these values with values of the
silicic acid-quartz equilibrium Si isotopes fractionation (Dupuis et al., 2015) Aeq3OSiH Si0,0-
quare== -2.10 %o at 25 °C, provides the following Si isotope equilibrium fractionation factors

among these compounds and aqueous silicic acid: Aeq3°SiS,-Ca,32_H Si00 = -19.8+1.2 %o and

Aeg*Sisiio- 1,5i0,0= -9.6+0.6 %o (see Fig. 4).

3.2. Experimentally determined equilibrium Si isotope fraction factors between
aqueous silicic acid and the aqueous Si-catecholate complex

The results of first-principle calculations described above suggest a large Si isotope
fractionation due to aqueous Si-organic ligand complexing. To validate the results of these
first-principle calculations, isotope exchange experiments at bulk chemical equilibrium were
performed to measure the equilibrium Si isotope fraction factor between aqueous silicic acid
(H4Si04") and the aqueous Si-catecholate complex (SiCat;™). The presence of the aqueous
Si-catecholate complex was confirmed by NMR measurements. The spectra of two
representative 1.8 mM silica solutions are shown in Supplemental Fig. B.1a and b. The
NMR spectrum of the solution containing 0.05 mol/l catechol shows a clear shift of the *°Si
peak to 144.2 ppm, compared to 72.3 ppm in the catechol-free solution. This confirms that
silicon is mainly present in the form of the VI-coordinated Si-catecholate anion in the
solution containing 0.05 mol/I catechol.

In the first step of the experiments, the reactive aqueous solutions were chemically
equilibrated with pre-washed amorphous SiO;,am powder.. The chemical evolution of these
fluids during this first equilibration step can be seen in the Supplemental Table B.2. After
attainment of SiO,,am-fluid chemical equilibrium, the solids and fluids were separated and a
*Si spike was added to the fluid. Some of the original pre-washed SiO»,am powder was

added to the spiked fluid, which was then in chemical equilibrium but isotopic
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disequilibrium with the amorphous SiO, powder. For each series, 8 individual closed system
experiments were prepared, and stopped after pre-chosen time intervals (Table 2).

The water content of the silica powder recovered from the longest experiments of
each series decreased slightly from 7.86 % to 6.54 %. The grain size of the solids did not
change but their BET surface area was 10-15 % lower than that of the pre-experiment
powder. These changes could result from some minor Ostwald ripening of the amorphous
silica grains during the experiments; however, the post experiment solids appear unchanged
by the isotope exchange experiments under scanning electron microscope (SEM) and
transmission electron microscope (TEM). Representative images are shown in Fig.2.

The pH and Si concentration of the aqueous 0.05 mol/kg catechol fluid remained
constant during the isotope exchange experiments as shown in Fig. 5. The aqueous 0.08
mol/kg catechol experiments however, show an initial decrease of pH from 8.9 to 8.7, and a
decrease in dissolved Si concentration of 9%, but this stabilised after 6 hours. The longest
duration experiment of the 0.05 and 0.08 mol/kg catechol experiment series showed a
decrease of ~ 10% in dissolved Si concentration likely due to slight catechol oxidation.
These two fluids were not considered in the retrieval of equilibrium isotope fractionation
factors.

The temporal evolution of the Si isotopic compositions of the aqueous fluids and
solids during the two 7-day of isotopic exchange experimental series are shown in Fig. 5. In
both experimental series, the 8>°Si values of the fluids and solids shown in Fig. 5 a and b
mirror one another consistent with Si isotope exchange at bulk chemical equilibrium. The
*Si concentrations of the enriched fluids decrease rapidly during the first 3h and the
corresponding 8>°Si value of the solids increase. A similar trend is exhibited by the §°°Si
values shown for both experiments in Fig. 5. All chemical and isotopic compositions of the

fluids and solids are listed in Table 2.
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3.3. Retrieval of silicon equilibrium isotope fractionation factors

To determine the equilibrium fractionation factors between the experimental fluids
and the SiO,,am powder (Aeq3 OSiﬂu,-d_Sioz,am), the isotopic compositions 8°°Si of the fluids and
the amorphous silica powder were first plotted as a function of the degree of isotopic
exchange, F, (see the materials and methods section for details) as shown in Fig 6. F values
range from 0 to 1, where 1 indicates that 100 % of the isotopes are exchanged between fluid
and Si0,,am powder, and isotopic equilibrium is reached. It can be seen that at the end of
the experimental series, from 60 to 70 % of the equilibrium fractionation value was attained
(Fig. 6 a and b). The three-isotope method allows the determination of the equilibrium

fractionation factor AeqSOSiﬂm’d_SiO}am, by extrapolation of the isotopic compositions of the
fluid and SiO,,am to F=1 (Matthews et al., 1983). The overall AeqSOSiﬂul‘d_SiO}am generated

from the experiments performed in this study from the experimental series run in the 0.05
mol/kg catechol solutions was -16.38 + 1.71 %o, and that obtained from the experiments run
in the presence of 0.08 mol/kg catechol was -18.01 & 3.43 %e..

The equilibrium fractionation factor between the fluid and amorphous silica is the
weighted sum of the equilibrium fractionation factors between the Si aqueous species
present in the solution and amorphous silica (see Eqn. 1). In the experiments performed in
this study, silicic acid and the Si-catecholate complex (SiCat;*) were the only Si aqueous
species present in solution as shown by the results of speciation calculations with the

PHREEQC code (Parkhurst and Appelo, 2013) listed in Table 3. The equilibrium Si isotope
fractionation between SiCat;” and H4SiO40, Aeq3 OSiSicmz-_H ,sio,0, could therefore be derived

by modifying Eqn. 1 to

30G: _ 30G: 30G:
Aeq Slﬂuid—SiOZ,am = XH Si0 40 Aeq SlH4SiO40—Si02,am + Xsicar;2- Aeq™ SI SiCat3?--Si05,am ()
and

30G: _ A 30q: 30q:
Aeq SlSiCat32‘-H4SiO40_ Aeq SlSiCat32'—Si02,am - Aeq SlH4SiO40-Si02,am )
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where x; stands for the mole fraction of the ith aqueous Si species. Using the equilibrium
isotope fractionation factors between the fluid and SiO;,am determined in this study and

between HySi0,’ and SiO,am determined by Stamm et al. (2019), the equilibrium
fractionation factor between SiCat;> and H4Si040, Aeq3 OSisiCat32--H 45i0,0, €an be derived for
both catechol fluids (see Table 3). Taken together they provide an equilibrium isotope
fractionation factor between the SiCat;”> and H,SiO,’ aqueous species, Aeq3°SisiCat32--H 4Si0,0

of -18.69 + 0.49 %o. This value is in close agreement with that determined with the first-

principle calculations as shown in Fig. 4.

4. Discussion

4.1. Effect of aqueous Si coordination on its fractionation properties: First-principle
calculations

Figure 3 shows the relationship between the coordination of the Si species, its mean Si-O
bond distance (d_Si-O) and the computed equilibrium Si isotopic fractionation with respect to
quartz. This relationship was previously discussed for the case of compounds containing IV-
fold Si (Méheut and Schauble, 2014; Dupuis et al., 2015). Here, a regression based on IV, V

and VI coordination (see Fig. 3 caption) leads to:

ASigiicate qiz (at 300°K) = -113*(dsi.o— 1.626) (3)

4.2. Equilibrium Silicon isotope fractionation in the presence of catechol.

The first-principle calculations and the experiments performed in this study verify an
extreme equilibrium Si isotope fractionation in the presence of the organic ligand catechol.
The 25 °C calculated equilibrium isotope fractionation factor between the aqueous Si-

catecholate complex (SiCat;™) and silicic acid (H4Si04°) is -19.8 + 1.2 %o at 25 °C while the
P
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experimental value was determined to be -18.69 + 0.49 %o. This contrasts with the relatively
small 25 °C equilibrium isotopic fractionation factors observed between the two major

naturally forming aqueous inorganic Si species H;SiO4 and H,SiO,”; values of A °Si
H38i0,-H,Si0,0 Tange from -1.60 + 0.30 %o to -2.34 + 0.13 %o (Dupuis et al., 2015; Stamm et

al., 2019). In each case silicic acid is enriched in the heavier *°Si isotope, but this
fractionation is far greater in the presence of the aqueous Si-catecholate complex (SiCat;™).
This large increase in Si equilibrium isotope fractionation is due to the increase in the
aqueous Si coordination number from IV to VI, and the resulting increase of the Si-O bond
length (~1.645 A for Si(IV) versus ~1.815 A for Si(VI)) due to the addition of catechol to
the aqueous solution. Note, that the amount of catechol used in our experiments is far higher
than that typically found in nature. Nevertheless, even a small concentration of catechol or
any organic ligand forming with Si organosilicon complexes containing hexaoxo-silicon
sites can have a significant effect on the equilibrium fractionation factors between aqueous
Si and co-existing solid phases. This is because the overall fractionation of an element
between a fluid and an aqueous phase depends on the mole fraction weighted distributed
speciation in the aqueous phase (see Eqn. 1).

The formation of aqueous V-fold coordinated silicon species with aliphatic sugar
acids or polyhydroxy alcohols has been demonstrated in previous studies (Kinrade et al.,
1999, 2001a, 2001b). The equilibrium isotopic fractionation factors associated with such
pentaoxo-silicon coordination have not yet been investigated experimentally. However, the
first principle calculations performed in this study suggest that the equilibrium fractionation
factor between a V-fold coordinated aqueous Si complex and HySiO4” is -9.9 %o, which is
approximately half of the corresponding fractionation between VI-fold coordinated Si and

H,4Si0,°.
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4.3. Implications for biosilicification

Silicon is an essential element in the biomineralization i.e. biosilicification processes.
When dissolved Si is absorbed into organisms, the proteinaceous matrices within these
organisms can facilitate the precipitation of Si and thus the mineral growth (Perry, 2003).
Enzymes and proteins play an important role in the secretion of silica skeletal structures of
marine organisms such as sponges, choanoflagellates and diatoms, enhancing their growth
rate (Otzen, 2012). The extent to which aqueous Si is transported and complexed by the
enzymes and proteins involved in the building of these skeletal structures is still poorly
known, and thus the impact of these on the isotopic fractionation is not well constrained
(Wang et al., 2019).

Diatoms are siliceous algae, and one of the main silicifying organisms in the modern
ocean (Otzen, 2012). They exhibit an isotope fractionation factor of -1.1 %o; this is

considered to be influenced by either a Rayleigh or a steady-state isotope fractionation

compositions, values as low as -7 %o, were found in cultured choanoflagellates, the sister
taxon of sponges (Marron et al., 2019). The strong fractionations observed in sponges and
choanoflagellates, which are inconsistent with Rayleigh distillation (Wille et al., 2010;
Cassarino et al., 2018), could be attributed to the silica uptake into the cell or to the
silicification process. Although little is known about Si uptake at the atomic level, it is
generally agreed that the silicification of these two taxa involves an enzymatic reaction
obeying Michaelis-Menten kinetics (Wille et al., 2010; Hendry and Robinson, 2012;
Cassarino et al., 2018).

Two major steps could affect Si isotope fractionation during biomineralization: i) Si

transport across the cell membrane by active or passive membrane proteins (Marron et al.,
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2019) or via a sodium transporter leading to high intracellular Si concentrations (i.e.
associated with an organic template (Milligan et al., 2004; Tesson et al., 2017). Based on
such schemes, it has been proposed that Si could undergo kinetic fractionation during its
transport across the cell membrane and internally during spicule formation (Milligan et al.,
2004; Wille et al., 2010; Cassarino et al., 2018). In particular, Wille et al. (2010) advocated
that substantial Si isotopic fractionation could occur during the transport between high Si
influx into the cell and the efflux of excess Si out of the cell.

The results of this study suggest an impact of aqueous organic Si speciation on bio-
silica precipitation mechanisms. After silicon uptake into the cell, Si precipitation, which
occurs in the axial canal of the central filament of the spicule, is controlled by enzymes such
as silicatein or glassin, which promotes both silicase (silica solubilisation) and condensation
been proposed to involve the interaction of the putative active site serine-26 and histidine-
165 site chains leading to the formation of a transitory intermediate where pentavalent Si is
stabilized through a donor bond from the imidazole nitrogen atom (Zhou et al., 1999;
Kinrade et al., 2002). In the absence of further interaction with silicic acid, the light isotope
signature resulting from V-fold aqueous Si complexing with these organics could be
preserved and therefore could contribute to the large isotopic fractionation observed between
seawater and the sponge spicules. Differences in Si isotope fractionation of sponges and
diatoms could be explained by the different biomolecules the organisms use to incorporate
Si into their structures. Diatoms use silaffins and silacdins to form their biosilicate frustules
(Marron et al., 2019).

Plants, like sponges and diatoms, preferentially incorporate light Si isotopes into

well known, Lsi2 genes were identified as having a role in silicon transport (Marron et al.,
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plants, but as hypercoordinated organosilicon complexes formed by silicon with phenols or
carbohydrates molecules containing at least four adjacent hydroxyl groups. Si-enterobacti, a
complex of the siderophore enterobactin, where Si is hexacoordinated, has been isolated
from an endophytic Streptomyces sp. occurring in Piper guinensis (Kenla et al., 2013). The
results presented in this study suggest that the presence of even a small concentration of
hypercoordinated organosilicon complexes would lead to a strong negative fractionation
between the fluid phase and Si incorporated in the plant structure.

As aqueous Si complexation alters the fractionation of this metal into solids, and as
aqueous ligands are abundant in various organisms, it seems reasonable to conclude that
insight into the biosilicification process would be gained from the Si isotopic compositions
of biomaterials. The results in this study show that both rigorous experiments and detailed

first-principle calculations can aid in this effort.

5. Conclusions

The results of this study demonstrate that the formation of organosilicon complexes
containing aqueous pentaoxo- and hexaoxo- silicon species rather than the [V-coordinated Si
centres typical of most aqueous silica species can have a large influence on the equilibrium
Si isotope fractionation between fluids and Si-bearing solids. Indeed, the study has shown
that the isotopic composition of the aqueous hexaoxo-SiCat;* complex is about 19 %o lighter
than that of aqueous silicic acid at ambient temperature. This value, which is far larger than
ever previously measured for Si fractionation between a natural solid and its coexisting
aqueous fluid is in close agreement with the results of the first-principle calculations
performed in this study demonstrating the robustness of both type of Si isotope
quantifications. Note that the Si isotope composition of organosilicon complexes containing

pentaoxo-silicon is calculated for the Si-diolate, Si-glyconate and Si-methyllactate systems
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to be about 10 %o lighter than that of silicic acid. Such results demonstrate that the presence
of aqueous organic ligands in natural systems can play an important role on the Si isotopes
fractionation and thus might explain the strong negative fractionation found in numerous

biological systems.
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FIGURE CAPTIONS

Fig. 1. Schematic illustration of the H;SiO,’ and the SiCat;* aqueous species.

Fig. 2 - Representative images of amorphous SiO, powders. A. SEM image of starting
powder showing agglomerates of SiO; grains. B. TEM image of starting powder showing
rounded ~ 21 nm SiO; grains. C. Representative SEM image of reacted silica powder. D.

TEM image with 40 000x magnification of powder reacted at T ~25°C, pH ~6

Fig. 3. Theoretical equilibrium Si isotopes fractionation factors relative to quartz of Si-
diolate (SiDio, open upward pointing triangle), Si- methyllactate (SiLact, open downward
pointing triangle), Si-glyconate (SiGly, open circle) and Si-catecholate (SiCat;™,open
diamond), plotted as a function of the mean Si-O distance of the aqueous complex, and
comparison with minerals and dissolved species with IV-fold Si coordination (upper left
insert). For a more detailed description of the insert, we refer the reader to Fig. 6 of Dupuis
et al. (2015). Outside of the insert, black and red symbols correspond to the results of PBE
and vdW-DF2 calculations, respectively. The three average points of the Si(IV) minerals
(PBE calculations only), and of the Si(V) and Si(VI) compounds (both PBE and vdw-DF2
calculations are considered) are reported (green squares). The regression line going through

these three points has the equation In o =-113%( d_Si-O -1.626).

Fig. 4. Results of ab initio calculations, showing the evolution of the equilibrium
fractionation factors between Si-catecholate (SiCats*) and silicic acid (H4Si04’; solid line),
Si-diolate (SiDiol) and H4SiO,’ (dashed line), and H3SiO4” and silicic acid (dotted line) as a

function of temperature. Experimental results are shown by square symbols.
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Fig. 5 - Plots of pH, Si concentrations and isotopic compositions of solids and aqueous
solutions over time during the isotopic exchange experiments. The 2 S.D. uncertainties of
data points are denoted by the error bars. Initial values are represented by dashed lines with

their 2 S.D. error envelope. A: 0.05 M catechol experiment, B. 0.08 M catechol experiment

Fig. 6. The isotopic composition of the solids (SiO,,am) and aqueous fluids as a function of

the degree of isotope exchange (F) during the isotope exchange experiments. a) 0.05 M

catechol experiment (Cat-0.05), and b) 0.08 M catechol experiment (Cat-0.08).
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TABLE CAPTIONS

Table 1. Fits of 1000 ln(x3OSisi catecholate-silica and (13OSiSiV-Sjlica based on ax2+bx3, with
x=10’/T(K). The resulting fits are is the average of the PBE and the vdW-DF?2 calculations,

and the uncertainties corresponds to the difference between the two results.

Table 2. Summary of the results of the isotopic exchange experiments performed in this
study. Uncertainties of the isotopic measurements are expressed as 2 SD (Standard

Deviation) and 2 SE (Standard Error). The 2 SE is computed following the relation:

S
SE =2 Xt, where n denotes the number of measurements performed and t denotes the

V(n-1)
Student t-factor. 3., represents the equilibrium isotopic composition of *’Si and F denotes

the degree of isotopic exchange. * denotes the spiked initial solution.

Table 3. Isotopic fractionation factors between catechol bearing fluids and the solid
(Aeq30Sisolution_sjoz’am) together with the average aqueous Si-speciation of the isotope
exchange experiments, and the resulting isotopic fractionation factors between SiCat;> and
SiO,am, and the SiCat;> and H,SiOs’ (H4) aqueous species present in solution. A*eq
denotes the equilibrium fractionation factor for the different experiment, whereas A4 is the

average equilibrium fractionation factor derived from the experiments.
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Fig. 1 - Schematic illustration of the H4Si04° and the SiCats*> aqueous species.
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TEM image with 40 000x magnification of powder reacted at T ~25°C, pH ~6
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Table 1 - Fits of 1000 Ina30S1S1 catecholate-silica and a30S1S1V-silica
based on ax2 -bx3. with x=103/T(K). The resulting fits are 1s the
average of the PBE and the vdW-DF2 calculations., and the

uncertainties corresponds to the difference between the two results.

System T Fit parameters Uncertainties
°C a b a b

SiCat-quartz 01100 -3.16 0354 014 -0011
SiCat-H:Si0s  0-50  -3.11 0392 014  -0011
SiDiol - quartz ~ 0-1100 -1.73 0205 008  -0.008
SiDiol - H:Si0:  0-50  -154 0248 008  -0.008
SiGly-quarttz~ 0-1100 -18 0226 011 -0.010
SiGly - HiSi0; 050 -181 0268 011  -0.010
SiLact-quartz  0-1100 -1.74 0195 008  -0.005
Silact-H:Si0: 050 -160 0237 008  -0.005




Table 2. Summary of the results of the isotopic exchange experiments performed in

this study. Uncertainties of the isotopic measurements are expressed as 2 SD

(Standard Deviation) and 2 SE (Standard Error). The 2 SE is computed following the

relation: SE =

SD
=Xt, where n denotes the number of measurements performed

V(n-1)

and t denotes the Student t-factor. de¢q represents the equilibrium isotopic

composition of 2°Si and F denotes the degree of isotopic exchange. 2 denotes the

spiked initial solution.

Exp. tmme  pH Si-conc. Sgrr solution amorphous Si0; 8.8 Fau (l-H

[d] [ppm] [m¥ gl &"Si 2SD 2SE &”Si 2SD 2SE &Si 2SD 2SE &"Si 2SD 2SE [%e]

[%e] [%0] [%0] [%e] [oo] [%oc] [%e] [%e] [%e] [%e] [%o0] [%]

0.05 M Catechol -1.70
SigC0.05-0 0 89 343 1956 -860 027 022 442 006 005 004 020 009 -001 015 007
SigC0.05-0 5 0 89 345 -840 032 026 2131 014 011 004 020 009 -001 015 007 0.000 0.00
SigC0.05-1 0.125 89 300 -1083 012 010 787 002 002 -0.02 004 005 056 005 006 0463 062
SigC0.05-2 025 89 205 -1137 008 007 781 003 002 006 016 010 060 008 005 0466 063
SigC0.05-3 0.5 89 321 -1193 040 050 997 019 023 006 0058 005 053 003 002 0391 0350
SigC0.054 1 88 331 -13.04 034 042 58 009 o011 017 016 010 072 007 005 0534 076
SigC0.05-5 15 89 314 -1355 020 024 551 006 007 021 013 016 070 003 003 0545 079
SigC0.05-6 3 88 315 -1417 029 036 300 013 017 013 006 007 086 003 004 0631 -1.00
SigC0.05-7 5 89 318 -1420 005 006 2064 003 004 012 002 003 089 010 012 0664 -1.00
SigC0.05-8 7 88 203 1747 -1420 031 039 137 008 0.09 015 016 010 0% 003 002 0688 -1.16
0.08 M Catechol <753
SiC0.080 0 89 612 1956 -573 024 019 -29 006 005 004 020 009 -001 015 007
SiC0.0805S* 0 89 509 =570 015 012 2292 002 002 004 020 009 -001 015 007 0.000 0.00
SiC0.081 0.125 88 565 -7.86 017 013 1128 009 007 006 016 007 097 011 005 0382 048
SiC0.082 025 88 558 -888 027 022 1133 009 007 017 023 011 0%4 010 005 0381 048
SiC0.083 05 87 547 -1021 023 019 1280 015 012 021 022 010 078 011 005 0332 D40
SiCo0.084 1 87 547 -1097 014 011 957 006 005 028 009 004 104 007 003 0438 058
SiC0.085 15 87 535 -1159 016 013 927 00¢ 003 041 005 004 111 009 04 0448 03
SiC0.086 3 87 540 -1228 009 007 716 007 006 036 020 009 121 017 008 0518 073
SiC0.087 5 87 533 -1263 014 011 626 006 004 042 016 007 140 011 005 0547 079
Sicoo088 7 87 406 1656 -1304 003 002 541 008 006 045 009 005 139 006 003 0575 086




Table 3. Isotopic fractionation factors between catechol bearing fluids and the solid (Aeq3 OSisolution-sioz,am) together with the average
aqueous Si-speciation of the isotope exchange experiments, and the resulting isotopic fractionation factors between SiCat;” and
Si0,,am, and the SiCat;* and H4Si0,” (H4) aqueous species present in solution. A*.qdenotes the equilibrium fractionation factor for

the different experiment, whereas Aq is the average equilibrium fractionation factor derived from the experiments.

Speciation Equilibrium fractionation factors
Exp. pH Siconc. A«™ Simutonsiojam err  Si-Cat  HiSiOs® H3SiOs A®Sisicat2 si0pam  err A% Sisica2-me err  Aeg¥Sisica?-mt  er  AeSimsm: e
(mmol) (%) Ce) () (%) (%) (%6o) (Pe0) (o) (%0) (%0) (%0) (%) (%)
Cat-005 887 405 -16.45 1.71 87.26 12.74 -18.71 0.86 -18.26 0.44 18.69 0.49
Cat-008 874 848 -18.60 343 01.83 8.17 -19.57 1.72 -19.12 0.86 ’ .
SibA*  6.37 1.79 -0.45 020 100.00
SibB* 984 405 -1.63 023 49.63 50.37 -234 0.13

* data from Stamm et al. (2019)



Supplemental Information

Supplemental Information A - Validation of ab initio calculations

Supplemental Table A.1 — Lattice parameters determined after relaxation of

the compounds considered in this study, and comparison with experiment

Si(VI) Cat PBE [Acyp (%)] VAW-DF2 [Aeyp (%)] Exp®
a(A) 12.0599 [+2.5] 11.7441 [-0.2] 11.7680(13)
b (A) 12.7784 [+3.1] 12.3805 [-0.1] 12.3986(13)
c(A) 14.2177 [+3.0] 13.7437 [-0.4] 13.7981(15)
a (°) 79.940 80.069 79.833(9)
B () 80.821 81.370 81.158(10)
() 63.759 63.424 63.676(10)
<d(Si-0)> (A) 1.8145 [+1.8] 1.8169 [+1.9] 1.783
Si(V) Dio PBE [Acxp (%)] VAW-DF2 [Auyp (%)] Exp®
a (A) 5.8524 [+5.5] 5.6345 [+1.6] 5.5453(10)
b (A) 19.252 [+3.3] 18.832 [+1.1] 18.635(3)
c(A) 11.0464 [+1.8] 10.9782 [+1.2] 10.8478(19)
B(°) 90.17 90.06 90.07(2)
<d(Si-0)> (A) 1.7348 [+2.5] 1.7325 [+2.4] 1.692(1)
Si(V) Lact PBE [Acyp (%)] VAW-DF2 [Aeyp (%)] Exp°
a (A) 6.902 [+4.4] 6.606 [-0.07] 6.611(2)
b (A) 19.155 [+2.8] 18.640 [+0.04] 18.633(4)
c(A) 14.587 [+1.8] 14.336 [+0.06] 14.328(4)
B(°) 102.56 102.97 103.04(3)
<d(Si-0)> (A) 1.7399 [+2.0] 1.7392 [+2.0] 1.705(1)
Si(V) Gly PBE [Acxp (%)] VAW-DF2 [Acy (%)] Exp*
a (A) 8.081 [+1.2] 7.996 [+0.09] 7.989(2)
b (A) 8.882 [+1.3] 8.837 [+0.8] 8.770(2)
c(A) 13.867 [+3.8] 13.278 [-0.6] 13.362(2)
<d(Si-0)> (A) 1.7394 [+1.5] 1.7388 [+1.4] 1.714(1)
Si(IV) Quartz PBE [Acyp (%)] VAW-DF2 [Aeyp (%)] Exp°
a (A) 5.019543 [+2.2] 4.991477 [+1.6] 4.913437
c(A) 5.509680 [+1.9] 5.492876 [+1.6] 5.405118
<d(Si-0)> (A) 1.62816 [+1.3] 1.62505 [+1.1] 1.60803

“Hahn et al. (1995) , Liy[Si(cat);]*3.5dme structure 3 ° Benner ez al. (1999) ; ¢ Tacke et

al. (1999) , compound 7 ; 4Donhirl er al. (1998) , compound 1 ; © Antao et al., 2008



In this study, we assessed the fractionation of Si isotopes at equilibrium between various
compounds which, except for quartz, are molecular crystals where weak dispersion forces
play an important role, quite differently from previous calculations on silicate minerals
(Méheut et al., 2007; Méheut et al., 2009; Méheut and Schauble, 2014; Huang et al., 2014).
Previous calculations were based on the PBE functional (Perdew et al. 1996), which by
construction miss dispersion effects. Improved functionals, meant to better account for
dispersion (yet at higher numerical costs) have been designed. Here, we used the vdW-DF2
non-local functional (Lee et al. 2010), as an improvement over the PBE functional in this
system.

Table A.1 shows the structural parameters of the relaxed structures of quartz, and of 4
molecular crystals containing Si hypervalent organic complexes. As expected, the two
functionals give similar results for quartz, with cell parameters over-estimated by 1-2%
compared to experiment. Also as expected, they give different results for the molecular
crystals, PBE overestimating quite significantly the cell parameters (by 3-4% typically)
whereas vdW-DF2 gives much closer agreement with experiment. Note, however, that in all
cases, the Si-O distances given by the two functionals are very similar, and overestimate
experiment by ~2%, as typical for calculations of silicate minerals based on PBE (M¢heut
and Schauble, 2014).

Looking at Si equilibrium fractionation properties (Figure 2), the calculated fractionation
between those molecular crystals and quartz are systematically more negative when the
vdW-DF2 functional is employed, by 11 to 15%.

To look at this effect into more detail, we represented in Figure A.1 the B-factors of some of
the studied compounds. Somewhat consistently with the effect described on cell parameters
(see Table 1), it shows that the choice of functional has a negligible effect on the calculated
fractionation properties for quartz, whereas for the Si(V) species, vdW-DF2 gives -factors
smaller by ~2% (-1.10%0 at 300K) compared to PBE. For the Si(VI) species, this difference
reaches 5% (-2.12%o at 300K).
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Supplemental Figure A.1 — Calculated logarithmic pB-factors for compounds representative

of IV-fold, V-fold and VI-fold Si.

Because fractionation properties directly depend on vibrational properties, we compare in
Figure A.2 the calculated vibrational frequencies of quartz with their experimental
equivalent. For both functionals, the calculated frequencies underestimate experimental
values by ~ 5% (see insert of Figure A.2), as typical for the PBE functional (Méheut and
Schauble, 2014) . Looking into more details, vdW-DF2 gives higher frequencies than PBE
for modes below ~600 cm™, but for the modes that are important for Si isotopes
fractionation, at high frequencies, both functionals give indistinguishable results. To
illustrate this last statement, we estimated the contribution of each vibrational frequency at
gamma to the overall B-factor. The result for quartz is shown on Figure A.3. We can see
once again that vdW-DF2 frequencies (dashed sticks) tend to be larger than those generated
from PBE for low frequency modes, whereas they are slightly below for high frequency
modes. Around 750 cm™, both functionals give the same result. In terms of fractionation, the
important modes (between 750 and 1250 cm™) have very similar frequencies and

contribution.
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Supplemental Figure A.2 — Comparison of experimental and calculated vibrational
frequencies, for the two density functionals tested in this study. Insert: ratio between

experimental and theoretical frequencies.
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Supplemental Figure A.3 — Vibrational analysis of the Si B-factor of quartz. Sticks
represent the positions of the TO modes of quartz at the I'-point, and the contribution of
each of these frequencies is integrated to give the monotonous curve. Solid line: PBE

calculations; dashed line: vdW-DF?2 calculation.

For the V-fold and VI-fold coordinated compounds considered in this study, we performed
the same vibrational analysis as for quartz. Figure A.4 shows a typical example for the V-
fold coordinated Si-diolate. Since these compounds contain more atoms per unit cell than
quartz, their vibrational frequencies are more numerous, and their vibrational analysis is
more difficult to interpret. For this reason, on Figure A.4 we focused on the most important
contributions. We can see however that frequencies representing major contributions can be
identified, for example around 685 and 775 cm™, and that these contributions systematically
occur at lower frequencies for the vdW-DF2 calculation, leading to a smaller contribution,
and ultimately to a smaller B-factor. It is however difficult to determine if this leads to a
better accuracy of vdW-DF2 without experimental data for the vibrational frequencies of

these molecular compounds
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Supplemental Figure A.4 — Vibrational analysis of the Si B-factor of SiDio. The horizontal
scale has been limited to focus on the main contributions. See legend of Figure A.3 for

details.

Independently of Si-O distances, vdW-DF2 therefore leads to significantly lower vibrational
frequencies and lower B-factors for the molecular crystals considered here, whereas it gives
results very similar to PBE for quartz. Without experimental data for the vibrational
frequencies of those molecular compounds, it is not possible to definitely determine which
functional is the more accurate. Instead, we chose to consider the difference between the two

calculations as an estimate of the uncertainty of those calculations.



Supplemental Information B
The supplemental information B provides additional data, describing the experimental

results of this study.
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Supplemental Figure B.1 — *Si NMR spectra of a) a 1.8 mM catechol-free
silica solution of pH = 10.1, and b) a 1.8 mM silica solution of pH = 8.9
containing 0.05 M catechol.



Supplemental Table B.1 - Summary of dissociation constants added to the PHREEQC lInl

database and their source.

Reaction log K Source
SiO, + 2 H,0 «> H4Si0,° -2.80 Stamm et al.*’
H,Cat® <> HCat + H" -9.45 Sillen & Martell”®
H,Cat® <> HCat* + 2 H' -22.45 Sillen & Martell”™®
SiO, + 3 H,Cat < SiCat;” + 2 H + 2 H,0O -12.00 Pokrovski & Schott™

Supplemental Table B.2 - Overview of the
chemical equilibration of amorphous silica
with the 0.05 (SigC0.05) and 0.08 (SigC0.08)
mol/kg aqueous catechol solution at 25 °C

during the first step of the two experimental

series.
Exp. T Time pH Si-conc. Si-conc.
[°C]  [d] [ppm]  [mmol/kg]

SigC0.05:
25 0 9.0 0 0.00
25 1 9.2 158 5.63
25 4 8.9 300 10.67
25 9 9.0 354 12.61
25 10 9.0 343 12.22

SigC0.08:
25 0 9.1 0 0.00
25 1 9.0 219 7.81
25 4 9.0 332 11.80
25 7 9.0 537 19.13
25 10 8.9 611 21.75




Supplemental Table B.3 — Calculation of the possible bias introduced to the measurements by a 3 % contamination with a natural abundance

Sample 5 si sol. 25D Contamination 5% si sol. 25D Contamination 5" si0, 2sD Contamination

D [%60] [%60] -1%0 Ameas-cont. 0% Ameas-cont. 1% Ameas-cont. [%60] [%60] -1%0  Ameas-cont. 0 %o Ameas-cont. 1 %o Ameas-cont. [%60] [%60] -1%0  Ameas-cont. 0 %o Ameas
SigC-0.05-0 -8.60 0.27 -8.84 0.24 -8.87 0.27 -8.90 0.30 -4.42 0.06 -4.53 0.11 -4.56 0.14 -4.59 0.17 -0.04 0.20 -0.01 0.03 -0.05 [1X4
5igC-0.05-0 5 -8.40 0.32 -8.63 0.23 -8.66 0.26 -8.69 0.29 21.31 0.14 22.00 0.69 21.97 0.66 21.94 0.63 -0.04 0.20 -0.01 0.03 7 .005 0.
SigC-0.05-1 -10.83 0.12 -11.13 0.30 -11.16 0.33 -11.19 0.37 7.87 0.02 8.14 0.27 8.11 0.24 8.08 0.21 -0.02 0.04 0.01 0.03 7 002 0.0
SigC-0.05-2 -11.37 0.08 -11.69 0.32 -11.72 0.35 -11.75 0.38 7.81 0.03 8.08 0.27 8.05 0.24 8.02 0.21 0.06 0.16 0.09 0.03 ¥ 006 0.0
SigC-0.05-3 -11.93 0.40 -12.27 0.34 -12.30 0.37 -12.33 0.40 9.97 0.19 10.31 0.34 10.28 0.31 10.25 0.28 0.06 0.08 0.10 0.03 7 007 0.0
SigC-0.05-4 -13.04 0.34 -13.42 0.37 -13.45 0.40 -13.48 043 5.82 0.09 6.03 0.21 6.00 0.18 5.97 0.15 0.17 0.16 0.20 0.04 7 017 (X4
5igC-0.05-5 -13.55 0.20 -13.94 0.39 -13.97 0.42 -14.00 0.45 5.51 0.06 5.71 0.20 5.68 0.17 5.65 0.14 0.21 0.13 0.25 0.04 7 o022 0.
SigC-0.05-6 -14.17 0.29 -14.57 0.41 -14.61 0.44 -14.64 0.47 3.00 0.13 312 0.12 3.09 0.09 3.06 0.06 0.13 0.06 0.16 0.03 7 013 0.0
SigC-0.05-7 -14.20 0.05 -14.61 0.41 -14.64 0.44 -14.67 0.47 2.04 0.03 2.14 0.09 2.11 0.06 2.08 0.03 0.12 0.02 0.16 0.03 7 013 0.0
SigC-0.05-8 -14.20 0.31 -14.61 0.41 -14.64 0.44 -14.67 0.47 137 0.08 144 0.07 141 0.04 1.38 0.01 0.15 0.16 0.19 0.04 7 016 0.
SigC-0.08-0 -5.73 0.24 -5.87 0.15 -5.90 0.18 -5.93 0.21 -2.90 0.06 -2.96 0.06 -2.99 0.09 -3.02 0.12 -0.04 0.20 -0.01 0.03 -0.05 0.0
5igC-0.08-0 5 -5.70 0.15 -5.85 0.15 -5.88 0.18 -5.91 0.21 22.92 0.02 23.66 0.74 23.63 0.71 23.60 0.68 -0.04 0.20 -0.01 0.03 7 005 0.0
SigC-0.08-1 -7.86 0.17 -8.08 0.21 -8.11 0.24 -8.14 0.27 11.28 0.09 11.66 0.38 11.63 0.35 11.60 0.32 0.06 0.16 0.09 0.03 7 006 0.
SigC-0.08-2 -8.88 0.27 -9.12 0.24 -9.15 0.27 -9.18 0.31 11.33 0.09 11.71 0.38 11.68 035 11.65 0.32 0.17 0.23 0.20 0.04 7 017 0.
SigC-0.08-3 -10.21 0.23 -10.50 0.28 -10.53 0.32 -10.56 0.35 12.80 0.15 13.23 043 13.20 0.40 13.17 0.36 0.21 0.22 0.24 0.04 7 021 0.0
SigC-0.08-4 -10.97 0.14 -11.28 0.31 -11.31 0.34 -11.34 0.37 9.57 0.06 9.90 0.33 9.87 0.30 9.84 0.27 0.28 0.09 0.32 0.04 7 028 0.0
SigC-0.08-5 -11.59 0.16 -11.92 0.33 -11.95 0.36 -11.98 0.39 9.27 0.04 9.59 0.32 9.56 0.29 9.53 0.26 0.41 0.08 0.46 0.04 7 043 0.0
SigC-0.08-6 -12.28 0.09 -12.63 0.35 -12.66 0.38 -12.69 0.41 7.16 0.07 7.41 0.25 7.38 0.22 7.35 0.19 0.36 0.20 0.40 0.04 7 037 (X4
SigC-0.08-7 -12.63 0.14 -12.99 0.36 -13.02 0.39 -13.06 0.42 6.26 0.06 6.48 0.22 6.45 0.19 6.42 0.16 0.42 0.16 0.46 0.04 7 043 0.
SigC-0.08-8 -13.04 0.03 -13.41 0.37 -13.45 0.40 -13.48 0.43 5.41 0.08 5.61 0.20 5.57 0.17 5.54 0.14 0.45 0.09 0.49 0.04 Y 046 0.0
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