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Abstract

Aqueous geochemistry could be extended considerably if nuclear-magnetic resonance (NMR) methods could be adapted to
study solutions at elevated temperatures and pressures. We therefore designed an NMR probe that can be used to study aque-
ous solutions at gigapascal pressures. Fluoride solutions were chosen for study because 19F couples to other nuclei in the solu-
tions (31P and 11B) in ways that make peak assignments unequivocal. Correspondingly, NMR spectra of 19F- and 11B were
collected on aqueous HBF4-NH4PF6 solutions to pressures up to 2.0 GPa. At pressure, peaks in the 19F spectra were clear and
assignable to the BF4

�(aq), F�(aq) and BF3OH� (aq) ions, and these aqueous complexes varied in signal intensity with pres-
sure and time, for each solution. Peaks in the 11B spectra at pressure could be assigned to the BF4

�(aq) and BF3OH�(aq) spe-
cies. Additionally, there is a single peak that is assignable to H3BO3

o(aq) and B(OH)4
�(aq) in rapid-exchange equilibria. These

peaks broaden and move with pressure in ways that suggest reversible interconversion of borate and fluoroborate species. The
PF6

� ion was found to provide a suitable 19F shift and intensity standard for high-pressure spectra because it was chemically
inert. The positions and intensities of the doublet peak also remains constant as a function of pressure and pH. Addition of
electrolytes considerably distorts the phase diagram of water such that the stability region of the aqueous solution expands to
well beyond the 0.8 GPa freezing pressure of pure water; some fluoroborate solutions remain liquid until almost 2.0 GPa.
� 2018 Elsevier Ltd. All rights reserved.

Keywords: Spectroscopy; NMR; Aqueous solutions; High-pressure; Kinetics
1. INTRODUCTION

Geochemists developed models to predict solute specia-
tion and mineral equilibria in aqueous solutions to 1200 �C
and 6.0 GPa. These models are a primary geochemical tool
for uncovering reaction pathways in the Earth (see
Sverjensky et al., 2014; Sverjensky and Huang, 2015). The
need for these models is compelling but the conditions are
well beyond the limits of conventional NMR spectroscopy.
https://doi.org/10.1016/j.gca.2018.09.033

0016-7037/� 2018 Elsevier Ltd. All rights reserved.
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This gap in technology inspired us to design a high-pressure
NMR probe that can resolve signals from solute species in
aqueous solutions at gigapascal pressures (Pautler et al.,
2014; Ochoa et al., 2015, 2016).

The challenges to geochemists of high-pressure NMR on
aqueous solutions are considerable. For example, the sam-
ple volume must be larger than a few microliters if induc-
tion methods of detecting NMR signals are employed;
one needs �1020 spins in the RF coil. The need for such vol-
umes precludes the facile use of diamond-anvil cells for
detecting aqueous solutes as the volumes of the diamond
anvils are nanoliters or less (see Meier et al., 2017; Meier,
2018). Another challenge for aqueous solution geochemists
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is the need to identify a new chemical-shift standard for the
chemical system that is studied. As pressures increase to a
few gigapascals at near-ambient temperatures, the relative
permittivity of water, and thus the Brønsted acid-base
properties of solutes, changes dramatically. The signals
from shift standards commonly change accordingly and
thus become useless, or the compound simply decomposes.

In this paper we collect information on aqueous solutes
via 19F- and 11B NMR spectra at gigapascal pressures. Flu-
oroborate solutions were chosen not because the ions are
common in geochemical fluids, but because the BF4

�(aq)
ion has coupled 19F- and 11B NMR spectra (JFB = �15 Hz)
and because we could identify a chemical-shift standard, the
PF6

�(aq) ion, which has useful coupling between 19F and
31P and is unreactive. The constant couplings allow the spe-
ciation to be interpreted unequivocally because the peak
positions do not move with pressure or pH. The probe
design differs significantly from that described by Pautler
et al (2014) and Ochoa et al. (2016) in that the aqueous
solution is also used as the pressure-transmission fluid
(see Augustine et al., 2017); thus the sample volume is
increased from �15 lL to �0.4 mL. The pressures reached
(�2.0 GPa) corresponds to pressures of the upper mantle,
albeit at near-ambient temperatures.

2. EXPERIMENTAL METHODS

2.1. Solution chemistry

All solutions were prepared from 18 MX water. For
determining properties of the shift standard, two 1.0 M
NH4PF6 solutions were created by weighing the appropriate
amount of reagent-grade NH4PF6 into a volume of H2O
and then titrating to pH = 3.5 and pH = 10.0 with NaOH.
Fluoroboric acid/ammonium hexafluorophosphate solutions
were created by weighing the appropriate amount of reagent-
grade NH4PF6 into a prepared solution of HBF4 in H2O.

The pH of the fluoroborate solutions varies both with
time and pressure, due to the slow hydrolysis of BF4

�(aq)
to fluoride and boric acid and because of the changing
Brønsted acid-base chemistry with pressure. Therefore we
denote as pH� the pH values initially measured at ambient
pressure. The pH was adjusted with the addition of solid
NaOH or aqueous NH4OH. Four separate solutions were
used in this study: (1) 2.28 M HBF4, 0.83 M NH4PF6,
2.68 M NaOH, pH� = 13.0; (2) 0.57 M HBF4, 0.22 M
NH4PF6, 0.83 M NH4OH, pH� = 8.1; (3) 0.59 M HBF4,
0.22 M NH4PF6, 0.69 M NH4OH, pH� = 5.1; (4) 0.60 M
HBF4, 0.22 M NH4PF6, 0.60 M NH4OH, pH� = 3.3. Solu-
tion 1 was intentionally saturated with the mineral Villiau-
mite [NaF(s)] before running the pressure experiments and
the composition is therefore as analyzed, not as prepared.
The identity of the precipitate was confirmed as Villiaumite,
and not Ferrucite [NaBF4(s)], via powder X-ray diffraction.
The pH measurements were made with a combination glass
electrode that was calibrated using standard 0.05 M buffers.

The viscosities were measured at ambient conditions
using a kinematic viscometer. The relative viscosities were
then estimated by dividing by the viscosity of distilled water
at the same temperature. These relative viscosities are as
follows: water = 1.000 ± 0.004; (1) 1.090 ± 0.005, (2)

1.030 ± 0.005, (3) 0.999 ± 0.004, and (4) 1.006 ± 0.005,
with the uncertainties corresponding to one estimated stan-
dard error of the mean.

2.2. 19F and 11B NMR Spectroscopy

The design of the high-pressure NMR probe is described
in earlier papers (Pautler et al., 2014; Augustine et al., 2017)
and will not be discussed at length here. Internal pressure
was estimated from gauge pressure on a laboratory hydrau-
lic press using an external calibration curve based upon flu-
orescence of a ruby coupled to a fiberoptic cable (Fig. S-1).
Uncertainties in pressure are estimated to be ±0.1 GPa (one
estimated standard deviation). Metal parts of the microcoil
geometry were protected from corrosion by the sample
solution by coating them with a thin layer of epoxy and latex.

The 19F spectra at pressure were collected at 42.23 MHz
on an Aspect Imaging M2TM compact MRI instrument built
around a permanent 1.05 T magnet that was interfaced to a
TecmagTM Redstone spectrometer. Shimming was per-
formed on the single 1H peak in the solvent water by
increasing the radio frequency (RF) to 44.89 MHz. Here
an automated MatlabTM code controlled the Redstone pulse
programmer (1H pulse parameters: p/2 pulse = 18 ls, relax-
ation delay = 3 s). An RF-pulse tip angle of 31.2� (4.1 ls)
with a relaxation delay of 500 ms was used for all 19F spec-
tra (see Ernst and Anderson, 1966). Data analysis of 19F
spectra collected at pressure was accomplished by signal-
averaging 200 two-dimensional (2D) scans over a 15-h per-
iod; each 2D scan contained 500 individual scans. This 2-D
method was necessary to compensate for drift of the mag-
netic field. Compensation was accomplished using a Mat-
labTM code that adjusted the spectra using the PF6

�(aq)
signal as a standard. Additional high-resolution, ambient
19F spectra for all solutions were collected at 470.54 MHz
using an 11.7 T superconducting magnet interfaced to a
Bruker DRX spectrometer.

The 11B NMR spectra of solutions 1–3 were acquired at
74.41 MHz using at 6.95 T Oxford Instruments 78-mm-bore
superconducting magnet that was interfaced to a Tecmag
OrionTM spectrometer. A single-pulse acquisition was used,
with p/2 pulse of 29 ls and a relaxation delay of 200 ms.
Additional 11B NMR spectra on solution 2 were collected
from ambient pressure to 1.3 GPa at 42.99 MHz using a
Bruker spectrometer that was built around a 9.398 T super-
conducting magnet. Shimming for these experiments were
accomplished by changing the RF to 61.42 MHz in order
to detect the 2H signal of D2O in the solvent of solution 2

at each pressure and shimming until the peak width was
approximately 70 Hz at full-width-at-half-maximum (Sup-
plemental Information). NMR parameters for the 2H shim-
ming experiments were a p/2 pulse length of 10 ls, and a
relaxation delay of 250 ls. The high-pressure 11B NMR
spectra were collected with a p/2 pulse length of 10 ls, relax-
ation delay of 500 ls, and 1600 scans.

All raw data at ambient pressures from the Bruker probe
were processed via simple direct Fourier transformation in
the Mestrenova� software (the ’FT’ utility) and corrected
using the conventional power-series phase correction within
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that software. Data for the high-pressure probe from the
TechMag� spectrometer were Fourier-transformed and
stacked using in-house data-processing algorithms written
for MatLab; these are included in the Supplemental
Information. The TNTFileread.m program takes the raw
spectral FID, corrects for magnetic-field drift, Fourier-
transforms it and corrects the data for phase. No line
broadening or zero-filling corrections were executed; no
data were rejected.

3. RESULTS

3.1. 19F NMR shift standard

The first step is to reference peak positions. This means
that an internal standard for high-pressure experiments
must be identified that is both chemically inert and that pre-
sents a clear NMR signal that is impervious to changes in
pressure. Ideally, such a shift standard not only allows us
to reference peak positions as a function of pressure but
can also be used as a constant-intensity standard for gaug-
ing changes in other signals. The PF6

�(aq) ion was investi-
gated as a standard because it is chemically inert, does
not coordinate to metals and the NMR behavior is well
characterized (Baghurst et al., 1989; Kubas et al., 2007;
Amaya et al., 2010; Arunachalam et al., 2010). The
NH4PF6 salt is highly soluble in water and the 19F NMR
signal of the PF6

� ion yields two signals (Fig. 1). This dou-
blet is due to the 19F-31P coupling. The 19F-31P J-coupling
was measured to be 742.7 Hz at ambient pressure and
742.2 Hz at a pressure of 1.3 GPa, which is constant to
within our experimental ability to resolve chemical shifts
at pressure, which is 1.5–2 ppm (Augustine et al., 2017).
Upon lowering the pH of the solution to 3.5, the measured
J-coupling remained constant at 742.2 Hz over the entire
pressure range from ambient to 1.3 GPa, but the experi-
mental solution froze at P > 1.3 GPa. In all cases, returning
to ambient pressure after freezing yields the original signal
(Fig. 1), indicating that there were no irreversible changes
upon freezing, and neither the peak midpoint, nor the sep-
arations (J-coupling), were found to change with pressure
or pH (Fig. 1).

3.2. 19F NMR of fluoroborate species

The hydrolysis of fluoroboric acid, HBF4:

H2O(l) + BF4
�(aq) = F�(aq)+BF3(OH)�(aq) + Hþ(aq)

ð1Þ
has been studied before (Wamser, 1948; Freire et al., 2010)
at ambient conditions and the reactants and products can
be seen in 19F and 11B NMR spectra. At ambient conditions
the BF4

�(aq) ion persists for days to weeks, which is long
enough for these experiments since a typical pressure series
is complete six days after initial solution preparation.
Equilibrium speciation is reported in the Supplemental
Information (see also Mesmer et al., 1973) and all of the
expected hydrolysis products can be identified at ambient
pressures.
A key point about Eq. (1) is that bulk waters are on the
left-hand-side of the equilibrium. Thus, the reaction prod-
ucts will be favored as pressure is elevated because bulk
waters are eliminated and packed into the coordination
shell of B(III). Stated differently, the volume change for
reaction (1) will be negative even though the coordination
numbers of both boron and fluoride are conserved by the
reaction.

The 19F spectra for solutions 1–4 at ambient conditions
(Fig. 2) are fully consistent with literature results
(Kuhlmann and Grant, 1964). The 1:1:1:1 splitting near
�141 ppm in the 19F spectra (JFB � 14.5 Hz) is consistent
with coupling to 11B, but such 19F-11B coupling is not
observed in the mineral-saturated solution, possibly
because the moderately increased solution viscosity leads
to degradation of the signal resolution by slowing the
molecular tumbling rates, or because of extensive ion pair-
ing, or both.

The high-pressure probe has insufficient resolution to
detect 19F-11B splittings that are apparent in Fig. 2, but
two peaks near �150 ppm in the 19F spectra are clear and
assignable to the BF4

�(aq) and the BF3OH�(aq) ions
(Fig. 3), with the largest intensity corresponding to the
BF4

�(aq) ion and the BF3OH�(aq) species appearing as a
sharp peak on the downfield shoulder (to the left). The higher
hydrolysis complexes, [BF2(OH)2]

�(aq) and [BF(OH)3]
�(aq)

are present at very low intensities, but are labeled in the
figure. Those signals are below the detection limit in the
high-pressure NMR probe. The intensities of these two
peaks in the 19F NMR spectra in most cases change slightly
in relative intensity with pressure and with time, with two
profound exceptions.

First, experiments with solution 2 (at pH� = 8.1) showed
that the relative intensities of the peaks assigned to the
BF4

�(aq) and BF3OH�(aq) ions could apparently be
reversed over the pressure range 1.3–1.6 GPa. The relative
intensities return as pressure is relieved. Pressurization of
solution 2 produces the anticipated relative concentrations
of BF4

�(aq) and the hydrolysis species BF3OH�(aq) at
1.3 GPa (Fig. 3A), but at 1.6 GPa the formation of BF3-
OH�(aq) is more prominent than the BF4

�(aq) (Fig. 3B).
This result indicates that hydrolysis of the fluoroborate
ion can be enhanced by pressure, as expected from reaction
(1), above, and the clear shift in peak positions indicates the
reversible interconversion of BF3OH�(aq) and BF4

�(aq).
The equilibrium speciation at ambient conditions (Supple-
mental Information) indicates the coexistence of these two
species, BF3OH�(aq) and BF4

�(aq) in acidic solutions, but
not at the pHo of solution 2.

The resonance from the free F�(aq) ion that is released
by hydrolysis is detectable both in the 19F spectra at ambi-
ent pressures using a high-resolution commercial probe,
and in the high-pressure spectra (Fig. 4). Sets of spectra
over a range of pH� conditions are compiled in the Supple-
mental Information. As expected, the signal assignable to
the hydrolysis species BF3OH�(aq) also becomes more
prominent in solutions where the pH has been lowered to
5.1 and 3.3.

Secondly, in some solutions, the signal intensity for the
BF4

�(aq) species declines or disappears as the pressure is



Fig. 1. 19F spectra for 1.0 M NH4PF6 solution in H2O. Spectra were collected as a function of pressure until the experimental solution froze at
P > 1.3 GPa. After freezing, the pressure was returned to ambient and the spectra again indicated the PF6

�(aq) ion in solution. The pressure
uncertainty above ambient are ±0.1 GPa (one estimated standard deviation). Peak positions are assigned to be consistent with Fernandez-
Galan et al. (1994).
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raised beyond 1.3 GPa, which very likely indicates precipi-
tation of a solid. An example is shown in Fig. 4. Increases in
pressure cause the precipitation of the mineral Villiaumite
and the reaction volumes could, in principle, be estimated
using the NMR probe. The intensity of the peak assignable
to the BF4

�(aq) ion decreases at the highest pressure relative
to the internal PF6

�(aq) standard at most pH conditions
(Supplemental Information, Figs. S-4 through S-6).

To test the precipitation hypothesis, we saturated a solu-
tion with NaF(s) at ambient conditions, where there is an
excess of hydroxide ion (solution 1), so that precipitation
corresponds to a well-defined reaction:

4NaOH(aq) + BF4
�(aq) = 4NaF(s) + B(OH)4

�(aq) ð2Þ
The measured 19F intensities of the peak assignable to

the BF4
�(aq) were normalized to the PF6

�(aq) intensity stan-
dard and the ratios are shown in Fig. 5. The intensities sug-
gest a pressure variation of this equilibrium constant:

K ¼ ½BðOHÞ�4 �
½NaOH�4½BF�

4 �
ð3Þ
The loss of 19F intensity at around �150 ppm indicates
progress of the reaction to the right as written in Eq. (2)
because the experiment was run at conditions where there
is an excess of hydroxide.

3.3. 11B NMR of fluoroborate species

The 11B spectra for solutions 2 and 3 at ambient pres-
sures (Fig. 6) show a distinct 1:3:3:1 quartet for the
BF3OH�(aq) species and a singlet for the BF4

�(aq) anion,
consistent with the literature (Kuhlmann and Grant,
1964). The quartet arises from coupling between the 11B
(S = 3/2) nucleus and the 19F (S = 1/2) nucleus (JBF �
15 Hz). Resolution is lost for solution 1 relative to the
others because of the high ionic strength, and thus
increased viscosity, of this solution relative to the others.

The high-pressure 11B spectra for solution 2 (Fig. 7)
exhibit three peaks that move and change in relative inten-
sity with pressure. At ambient conditions in the high-
pressure probe, a single broad peak is evident near
18 ppm that corresponds to aqueous borate species, specif-
ically B(OH)3

o(aq) and B(OH)4
�(aq). Because the pH of the



Fig. 2. 19F spectra for solutions 1–4 at ambient pressure on a standard commercial NMR probe and spectrometer built around a
superconducting magnet (11.7 T). Notice the 19F-31P JFP-coupling of 742.7 Hz for the doublet assigned to the PF6

�(aq) internal standard. The
inset shows the 1:1:1:1 splitting (JFB = 14.5 Hz) observed at �141 ppm in the 19F spectra, which is consistent with coupling to 11B (S = 3/2).
The resolution diminishes with increased ionic strengths. The upfield chemical shift of the BF4

� and BFOH3
� signals relative to PF6

� for the
solutions with excess NaOH are real.
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sample (pH� = 8.1) is close to the pKa of boric acid (�9;
Mesmer et al., 1973), the peak near 18 ppm includes contri-
butions from both borate species. A single peak is observed
because these species interconvert rapidly relative to the
NMR timescale, with both the acid and conjugate base in
near-equal concentrations, at least at ambient pressure.

Two other overlapping 11B signals are evident in Fig. 7
near 0 ppm; these peaks are separated by only a few ppm.
By comparison to Fig. 6, it is clear that these signals corre-
spond to the BF4

�(aq) and the BF3OH�(aq) ions. With
increased pressure, these two peaks become unresolved,
but the center of the composite peak moves downfield (to
the left) so that the peak intensity is centered at 10 ppm
at 1.3 GPa. The sample at this pressure failed catastrophi-
cally, so that the reversibility could not be demonstrated.
However, almost all of the experimental solutions froze at



Fig. 3. (A) 19F spectra for solution 2 from ambient conditions to 1.6 GPa. The solution was compressed to freezing, then returned to ambient
conditions in order to reproduce the original ambient spectra. The rest of the pressure series for solution 2 can be viewed in Fig. S-4. (B) The
region of the spectra assigned to the BF4

�(aq) and BF3OH�(aq) ions were fitted to Lorentzian shapes (dashed lines) and show two peaks that
change in relative intensity with pressure.

178 G. Ochoa et al. /Geochimica et Cosmochimica Acta 244 (2019) 173–181
pressures higher than 1.4 GPa and the ambient-condition
signals return as pressure is relieved (Supplemental Infor-
mation, Figs. S-4 through S-6).
4. DISCUSSION

There is comforting consistency between the 19F and 11B
NMR spectra at pressure and the results are not surprising,
save for two observations. First, 19F NMR signals for solu-
tion 2 seem to indicate reversible conversion of BF4

�(aq) and
BF3OH�(aq) at elevated pressure (Fig. 3). Second, there is
some evidence for increased rates of 11B interconversion at
elevated pressure. This evidence is the broadening and
movement downfield for resonances assigned to the
BF4

�(aq) and BF3OH�(aq) signals (Fig. 7) into the signals
assignable to the borate species, which are moving upfield
(to the right). There are other potential causes of the obser-
vations, but these data suggest an area of fruitful future work,
particularly given the sensitivity of boron reactions to pres-
sure, as in the boron-diol reactions of Pautler et al. (2014).

One expects the peak positions of the boric acid/borate
system to shift because the acid-base chemistry of both the
solvent and solutes changes dramatically with pressure. The
dissociation constant of water has a standard-state volume
of reaction of �22.3 cm3 mol�1 such that it decreases by
almost two log units at 298 K as pressure approaches
1.0 GPa (Marshall and Franck, 1981). Similar weak acids
also dissociate more completely with pressure because of
the increased dielectric constant of water (Fig. S-3,
Supplemental Information). The 11B chemical shifts are
particularly sensitive to the relative concentrations of
boric acid and borate because the coordination number of
boron increases from three to four upon dissociation. The
DV�reaction for trigonal boric acid to form tetrahedral borate
is on the order of �24 cm3/mol because a bulk water is
eliminated from solution as boric acid converts to borate
(see Nalkina, 1983). Correspondingly, the pKa value drops
by several units as pressure approaches 0.9 GPa. For sam-
ples with pHo near 8.1, the fraction of 11B in the conjugate
base increases with pressure, causing the 11B resonance to
shift upfield (to the right) and to become more narrow. This
narrowing and movement upfield is evident in the signal
that, at ambient pressures, lies near 18 ppm (Fig. 7).

Viscosity also increases with pressure and can increase
linewidths, but not shift peak positions. Ochoa et al. (2016)
showed for LaCl3 and CsCl solutions, that viscosity might
increase by a factor of 2–3 over this pressure range.However,
the 2H signal from the D2O peak used for shimming did not
broaden dramatically with pressure, as one would expect if
viscosity alone were controlling the linewidths, which was
surprising (see Supplemental Information, Fig. S-7).

This study was not intended to derive quantitative data
about Villiaumite [NaF(s)] precipitation or fluoroborate
equilibrium, but instead was intended to demonstrate new
high-pressure NMR capabilities. Nevertheless, the varia-
tion in 19F intensities (Fig. 5) is consistent with a nonlinear
change in the equilibrium constant with pressure. The
solubility apparently rises initially at lower pressures and
diminishes thereafter. The overall variation is on the order
of a factor of five. A more detailed study could yield
quantitative data about reaction volume as the 19F signals
are complemented with 11B NMR spectra at pressure (see
Reynolds and Belsher, 2017).



Fig. 4. Stacked spectra from a solution saturated with the mineral
Villiaumite [NaF(s); solution 1] from ambient pressure to 1.9 GPa.
The small signal located between the BF4

�(aq) and PF6
�(aq)

standard is free fluoride ion and there is excess NaOH in the
solution. The estimated error in pressure is ±0.1 GPa.

Fig. 5. Normalized intensity data for the saturated solution 1 from
ambient pressure to 1.9 GPa. Signal intensity of the peak near
�150 ppm (see Fig. 5) was normalized to the intensity standard by
numerical integration at each pressure. The estimated error in
pressure is ±0.03 GPa.

Fig. 6. 11B spectra for solutions 1–3 collected at ambient pressure
in the 300 MHz spectrometer. Coupling between 19F and 11B leads
to a quintet of peaks in the 11B spectrum for the BF4

�(aq) ion,
which cannot be resolved with the instrument, and a quartet for the
BF3OH�(aq) ion. The �15 Hz splitting due to J-coupling can be
easily seen for the BF3OH�(aq) ion.
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5. CONCLUSIONS

Solution NMR spectroscopy is possible on geochemi-
cally important aqueous solutions to gigapascal pressures
and over a range of pH conditions. The experimental
approach was adequate to demonstrate speciation changes
in the fluoroborate system as gigapascal pressures where
reached. Thus high-pressure NMR can complement other
spectroscopies (e.g., Liu et al., 2012; Tooth et al., 2013;



Fig. 7. 11B spectra collected using the high-pressure probe for a
solution similar in composition and age to 2. At ambient pressures,
the two peaks near 0 ppm correspond to the BF4

�(aq) ion and the
BF3OH�(aq) ion; here the 19F-11B splitting cannot be resolved. The
broad peak near 18 ppm corresponds to B(OH)3

o(aq) and B(OH)4
�(aq)

in rapid-exchange equilibrium. At this pH, the acid and conjugate
base are nearly equal in concentration. However, the peaks
broaden slightly and move upfield with increased pressure, until
the signals partly coalesce with those assigned to the fluoroborate
complexes. The sample failed at the highest pressure so that the
ambient conditions could not be reproduced, as is typically done
for other experiments.
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Facq et al., 2016) and enrich the interpretation of solubility
studies (e.g., Manning, 1994; Newton and Manning, 2000).

Some relatively straightforward technical issues must be
overcome if collection of NMR spectra by aqueous geo-
chemists at gigapascal pressures and high temperatures is
to become routine. First, internal chemical-shift and inten-
sity standards must also be identified that don’t change
position or decompose with pressure and temperature.
The PF6

� ion that we use here could be employed for either
31P or 19F NMR, but other shift standards need to be found
before chemical shifts can be interpreted to indicate
pressure-induced changes in chemistry.

Secondly, a means of estimating pH at elevated pres-
sures and temperatures in situ must be established. For
ambient solutions there are several methods, such as the
31P NMR peak positions of phosphate complexes (e.g.,
Yoza et al., 1994) or the 19F peak position of fluoro-
molecules (Gerken, 2011), that could be adapted to
hydrothermal conditions by careful experiments with phos-
phoric acid and PF6

�.
Thirdly, hydrothermal experimentation requires that the

common nonmagnetic alloys be replaced with new ones
that retain strength at temperatures of a few hundred
degrees Celsius and gigapascal pressures. Such alloys have
recently been made available (PascalloyTM, Tevonic Corpo-
ration). Finally, adding temperature also requires alterna-
tive methods of measuring pressure in situ since the
fluorescence of a ruby depends on temperature and pres-
sure, but again these methods exist. The challenges are
not insurmountable and it is possible that a well-accepted
NMR shift thermometer, such 1H NMR of aqueous ethy-
lene glycol, can be adapted to provide a manometer as well.

If these difficulties can be overcome, then kinetic and
thermodynamic data can be acquired at the molecular scale
and at the conditions where the HKF model is employed
for predictions of equilibrium constants. Species concentra-
tions can be determined directly from spectra, as well as the
rates of interconversion of molecules if the reactions pro-
ceed at the NMR timescale. Particularly sensitive to pres-
sure, and ideal for study, are classes of reactions that
have changes in solvation. These classes include aqueous
metal systems where there is a change in coordination, such
as the Si(IV), B(III), and Al(III) systems, and reactions that
are enhanced by changes in the polarity or Brønsted acidity
of the solvent. Silicon can easily change coordination from
four to six by ligation to hydroxyl groups in certain sugars
(Kinrade et al, 1999, 2001) and these are accompanied by
large changes in 29Si peak positions. Similarly, boric acid
dissociates by adding a hydroxyl ion from water and thus
changes coordination from three to four (Ishihara et al.,
1994). Aluminum change coordination upon hydrolysis
(e.g., Swaddle et al., 2005). Finally, changes in the solvent
properties with pressure (the dielectric constant of water
increases beyond 110 at low GPa pressures) suggests that
some reactions could be catalyzed at pressure that are slow
at ambient conditions.
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