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Introduction. There is considerable interest in iron hydroxyl phosphates, which occur in various mineral forms and are readily synthesised by hydrothermal methods. They are used as catalysts in methyl methacrylate synthesis, of importance in polymer manufacturing [START_REF] Millet | FePO Catalysts for the Selective Oxidative Dehydrogenation of Isobutyric Acid into Methacrylic Acid[END_REF]. They are also candidates for positive-electrode materials in Li-ion rechargeable batteries, in analogy to the well-known phospho-olivine LiFePO4 [2]. These important applications potentially arise from the coexistence of two intrinsic physical properties in these compounds: iron mixed-valence state and the occurrence of hydrogen bonds in lattice segments, e.g., in barbosalite (Fe 2+ Fe 3+

2)(PO4)2(OH)2.

Mixed-valence barbosalite Fe 2+ Fe 3+ 2(PO4)2(OH)2 has a six-fold coordination of Fe involving FeO4(OH)2 octahedra, each of which have (OH) -hydroxyl groups in a trans configuration [3]. Such (OH) -intermediaries form part of Fe-O-H•••O-P structural sequences involving hydrogen bonds and a double-well proton potential energy profile along the line of oxygens [START_REF] Hydrogen | bonds have been classified as weak , intermediate and strong according to the bond length constituted by the distance R between the oxygens; R > 2.6 Å ('weak'), 2. 4 Å < R < 2.6 Å ('intermediate'), R < 2.4 Å ('strong')[END_REF]. Pressurizing such mixed-valence iron hydroxy phosphates affords a unique opportunity for investigating how changes in O-H•••O hydrogen bonding may influence Fe 2+ → (OH) -→Fe 3+ inter-valence electron transfer, and vice-versa. Such an interplay between proton and d-electron dynamics is also expected to impact on magnetic properties, as demonstrated in the topical quantum spin liquid candidate H3LiIr2O6 [START_REF] Li | Role of Hydrogen in the Spin-Orbital-Entangled Quantum Liquid Candidate H3LiIr2O6[END_REF]. involving proton localization in one of the minima, to have a low enough barrier across which proton delocalization occurs via quantum tunnelling [START_REF] Hydrogen | bonds have been classified as weak , intermediate and strong according to the bond length constituted by the distance R between the oxygens; R > 2.6 Å ('weak'), 2. 4 Å < R < 2.6 Å ('intermediate'), R < 2.4 Å ('strong')[END_REF][START_REF] Li | Role of Hydrogen in the Spin-Orbital-Entangled Quantum Liquid Candidate H3LiIr2O6[END_REF][6]. Further reductions in O•••O distances may lead to symmetrisation of the hydrogen bond where the proton locates at the centre between the oxygens, in a pronounced anharmonic single-minimum potential [7].

The relevance of this, for example, is that nominally anhydrous minerals are a major source of H2O in planetary interiors, in the form of hydroxyl groups (OH) -incorporated in the polyhedral coordination of cations in these structures. The thermoelastic moduli of these We have pressurised monoclinic barbosalite Fe 2+ Fe 3+ 2(PO4)2(OH)2 in diamond-anvil cells (DACs) up to ~30 GPa at room temperature (RT). We deploy single-crystal X-ray diffraction (SC-XRD) and infrared (IR) spectroscopy to monitor unit-cell evolution and proton state in situ, respectively, as O-H•••O bonds evolve under pressure [6c]. 57 Fe Mössbauer spectroscopy (MS) is used to discern the Fe local atomic environment, as a complementary and direct probe of cations proximate to pressure-tuned hydrogen bonds [START_REF] Hearne | Pressureinduced suppression of charge order and nanosecond valence dynamics in Fe2OBO3[END_REF]. Methodological details are in the Supplemental Material (SM) [START_REF]structural data and analysis from SC-XRD and DFT calculations, further IR data and DFT calculations[END_REF].

Our pressure study of mixed-valence barbosalite follows on from previous interesting findings of the interplay between single Fe-valence perturbations and proton dynamics of hydrogen bonds in some inorganic assemblages. For example, in layered brucite-type Fe(OH2) [11], pressurisation leads to increased interaction amongst protons in the hydrogen bonds. The resultant breakdown of O-H axial symmetry creates an effective dipole potential at the iron site. This, in addition to the relatively weak binding energy of the minority-spin valence electron, triggers "self-oxidation" Fe 2+ → Fe 3+ + e -, onset at some cation sites at ~8 GPa and progresses with ever increasing abundance up to ~40 GPa.

Structural considerations. Our SC-XRD studies indicate barbosalite crystallizes in the monoclinic space group P21/n at ambient conditions. Alternating Fe 2+ and Fe 3+ octahedra sharing opposite faces, form infinite chains in <110> directions, depicted in Fig. 1(a). A typical charge-ordered sequence in a chain is …-V-Fe 3+ -Fe 2+ -Fe 3+ -V-Fe 3+ -V-Fe 2+ -Fe 3+ -Fe 3+ … where V represents disordered vacant octahedral sites, due to some low occupancy of Fe in the vacant octahedral locations separating trimer sequences in Fig. 1(a). Further renditions and details of the structure are in Sub-sect. S1.1.2 of the SM [START_REF]structural data and analysis from SC-XRD and DFT calculations, further IR data and DFT calculations[END_REF], see Fig. [6c, 12], in Fig. 1(c). Note, even at ambient pressure these hydrogen bonds are near to moderate strength [START_REF] Hydrogen | bonds have been classified as weak , intermediate and strong according to the bond length constituted by the distance R between the oxygens; R > 2.6 Å ('weak'), 2. 4 Å < R < 2.6 Å ('intermediate'), R < 2.4 Å ('strong')[END_REF], deduced from IR stretch frequencies lower than the ~3500 cm -1 typical of weak hydrogen bonds. Fig. 1(d) depicts the pressure evolution of O-H symmetric and asymmetric stretch mode frequencies and their average frequency, up to where the two stretch modes are visibly resolved at [START_REF] Li | Role of Hydrogen in the Spin-Orbital-Entangled Quantum Liquid Candidate H3LiIr2O6[END_REF][6].

Thereafter, excessive mode broadening occurs and the frequency is taken as the extremum value of the broad maximum. There is a weak negative pressure dependence of the average O-H stretch-mode frequency up to ~4 GPa. Then a change to a much steeper negative pressure dependence occurs up to ~7 GPa, after which there is a change to a different negative pressure dependence and appreciable line broadening is evident. By 8-10 GPa O-H stretch modes manifest as a broadened humped profile. structural segments, at longer ranges beyond the oxygen endpoints, i.e., at the cations. To this end, we deployed 57 Fe MS to directly probe the proximate cations under pressure, viz., Fe charge state and local atomic environment, from behaviour of the hyperfine interaction (HI) parameters [START_REF] Hearne | Pressureinduced suppression of charge order and nanosecond valence dynamics in Fe2OBO3[END_REF][START_REF]The hyperfine interaction (HI) parameters as well as Fe site abundances are derived from fitting the spectral envelope with an appropriate static (Lorentzian sub-components) or dynamical theory. The isomer (chemical) shift IS is proportional to the s-electron density at the Fe nucleus and is influenced by 3d-electron shielding. The quadrupole doubletsplitting, QS, is proportional to the aspherical distribution of surrounding electronic and nearest neighbor atomic charge. The IS, QS, and Hhf (from magnetically split hyperfine structure) parameters have distinct "fingerprint[END_REF], see also Sec. S4 of the SM [START_REF]structural data and analysis from SC-XRD and DFT calculations, further IR data and DFT calculations[END_REF].

Evolution of 57 Fe MS spectral profiles of Fe 2+ Fe 3+ 2(PO4)2(OH)2 under pressure up to ~30 GPa are shown in Fig. 2(a). At the lowest pressure notice the conspicuous signature Fe 2+ wide quadrupole splitting (QS, doublet) and large isomer shift (IS, centroid) values, compared with Fe 3+ signatures in the near-central zero-velocity region. Fe 2+ signatures show noticeable changes at P ≥ 10 GPa, manifested as progressively increasing line broadening and asymmetry, and reductions in resonance intensity. Less conspicuous changes occur in the Fe 3+ component, because some of the more abundant Fe 3+ sites are likely not influenced by whatever is causing electronic changes at Fe 2+ sites.

Spectral evolution in Fig. 2(a) is typical of a low pressure charge-ordered state progressing to a Fe 2+ ⇔Fe 3+ valence fluctuation regime at higher pressures; also suggested by the dynamical theory fitting in Fig. 2 (b) and simulations in Fig. S11 [START_REF]structural data and analysis from SC-XRD and DFT calculations, further IR data and DFT calculations[END_REF]. HI parameters initially fall in wellknown characteristic ranges for static charge-ordered situations of Fe 2+ and Fe 3+ [START_REF] Gütlich | Mössbauer Spectroscopy and Transition Metal Chemistry: Fundamentals and Applications[END_REF]. Whereas Fig. S11 simulations indicate HI parameters IS and QS of the spectral profile appear to be weighted average values of the static situation when fast valence fluctuations occur at an Fe site [START_REF] Hearne | Pressureinduced suppression of charge order and nanosecond valence dynamics in Fe2OBO3[END_REF][START_REF] Herber | Electron hopping in FeOCl intercalation compounds: A Mössbauer relaxation study[END_REF], Fe 2+ ⇔Fe 3+ , for example from inter-valence electron transfer Fe 2+ → Fe 3+ across face-sharing octahedra. This is where the fast relaxation time τR between two valence states is much shorter than the 57 Fe nuclear quadrupole precession time, τQ ~40 ns [17], in the electric field gradient (EFG) from surrounding aspherical distributions of electronic and lattice charges. Motional narrowing of spectral profiles ensue in this case of τR « τQ. When τR ~τQ , spectral profiles develop smeared out (broadened) features where distinct valence signatures are not readily discerned [START_REF] Herber | Electron hopping in FeOCl intercalation compounds: A Mössbauer relaxation study[END_REF][START_REF] Ellis | Small polaron hopping in Li xFePO4 solid solutions: coupled lithium-ion and electron mobility[END_REF]. The dynamical theory fitting exemplifies this in Fig. 2(b) [START_REF] Herber | Electron hopping in FeOCl intercalation compounds: A Mössbauer relaxation study[END_REF][START_REF]For example MossWinn 4.0, Mössbauer spectral analysis software[END_REF], where slow relaxation τR » τQ and evolution at the highest pressures toward the intermediate relaxation time regime τR ~ τQ are depicted. In all cases the 2:1 Fe 3+ :Fe 2+ original stoichiometry for barborsalite is taken into consideration. Spectral line shapes when τR is within a 1-1000 ns time window yield quantitative information on the valence state (electron) dynamics, as exemplified in Fig. S11 simulations [START_REF]structural data and analysis from SC-XRD and DFT calculations, further IR data and DFT calculations[END_REF]. Therefore, pressure evolution of spectra in Fig. 2 57 Fe MS registers a fluctuating valence at each Fe site through which the polaron quasiparticle migrates along <110> octahedral chains of the high pressure Cc structure in Fig. S8, similar to Fig. 1(a). Fitting MS spectra in Fig. 2(a) with an appropriate electronhopping (dynamical) theory yields valence fluctuation rates ω = 1/τR [16, 19a], e.g., Figs. 2(b) and S11 [START_REF]structural data and analysis from SC-XRD and DFT calculations, further IR data and DFT calculations[END_REF]. Deduced electron hopping rates as a function of pressure are in Fig. 3(a). The thermally activated jump frequency for the polaron arising from the electron transfer process as a function of pressure and temperature is [20a, 21]:

0 1 ( , ) exp . A A R B E PV T P k T τ   + Γ = = Γ -     (1) 
In Eq. 1, EA is activation energy and VA is activation volume, i.e., changes in energy and volume, respectively, produced by thermal fluctuations for a jump to occur. Γ = 1/τR is obtained from fitting spectra at RT, e.g., in Fig. 2(b). The Γ0 pre-factor involves electrontransfer distance between neighbouring cations and a characteristic phonon frequency.

Although these factors are pressure dependent, they normally only make small (~10 %) corrections to VA extracted from the slope of a ln(Γ) versus P plot, at a fixed temperature [START_REF] Tracy | Polaron-ion correlations in LixFePO4 studied by x-ray nuclear resonant forward scattering at elevated pressure and temperature[END_REF].

The linearity of the ln(Γ) versus P plot in Fig. 3(a) for P ≥ 10 GPa attests to polaron hopping governed by Eq. ( 1). Best and worst slopes in Fig. 3(a) in the high pressure regime yield VA in the range -0.25 to -0.21 cm 3 .mol -1 . This small negative VA value is typical of small polaron hopping in iron oxides [20a, 22].

Polaron hopping is associated with electron transfer across face-sharing octahedra of <110> chains, Fig. S8, similar to those in Fig. 1(a). Such an electron transfer process from cation to cation occurs through an anion intermediary in a two-step process involving highest occupied 3d and 2p orbitals, Protons are then less exclusively associated with ligand nearest-neighbours of Fe, in shared faces of neighbouring octahedra. Such delocalised protons are on average more in centralised regions between oxygens in Fe-O-H-O-P configurations [START_REF] Li | Role of Hydrogen in the Spin-Orbital-Entangled Quantum Liquid Candidate H3LiIr2O6[END_REF]. Thus, dipolar contributions to the Coulombic potential at the Fe sites from (OH) --group ligands is disrupted, upon the likely advent of proton delocalization onset at 4-7 GPa from signatures in Figs. 1(c) and (d). This furnishes the driving force for 3d-electron (t2g minority-spin) delocalization from Fe 2+ sites.

The result then is electron charge transfer and polaron migration to an Fe 3+ site in a neighbouring face-sharing octahedron along octahedral chains in the structure (see Figs. 1(a) and S8).

Is there any evidence in the Fe MS data that reinforcement of H-bonds and the onset of proton dynamics under pressure affects the electric potential V at proximate cation sites? For this, we turn to the pressure evolution of one of the HI parameters, viz, quadrupole interaction parameter. This manifests in the quadrupole splitting QS of doublet profile signatures for Fe 2+ and Fe 3+ valences, seen in spectra at low pressure of Fig. 2. The QS is related to the electricfield-gradient (EFG) at the Fe nuclear site, emanated from asphericity of electronic and lattice charges of its local environment [START_REF] Gütlich | Mössbauer Spectroscopy and Transition Metal Chemistry: Fundamentals and Applications[END_REF]:

( ) 1/2 2 1 QS 1 2 3 zz eQ V η   = +     . (2) 
The quadrupole moment is designated by Q, Vzz = ∂E/∂z = ∂ 2 V/∂ 2 z is the maximum value of the EFG in the principal axes system of the Fe nucleus at the origin and η is the asymmetry parameter 0 ≤ η ≤ 1, which is zero for an EFG with axial symmetry. The total EFG , Vzz, has two contributions: from any anisotropic valence electron distribution around the Fe nucleus designated Vzz valence and from more distant ionic charges at neighbouring atoms surrounding the Fe atom in noncubic symmetry, designated Vzz lattice . The Vzz valence contribution is by far dominant, from proximity of the valence shell to the Fe nucleus. This is typical for Fe 2+ :t2g 4 eg 2 (↑↓↑↑)(↑↑) compared with Fe 3+ :t2g 3 eg 2 (↑↑↑)(↑↑), where in Fe 3+ with a spherically symmetric arrangement of valence electronic charge only the smaller Vzz lattice contributes to the EFG. More detailed expressions for Vzz and η, involving multiplicative prefactors for Vzz lattice and Vzz valence include effects of these respective aspherical charge distributions on polarising inner electron shells [START_REF] Gütlich | Mössbauer Spectroscopy and Transition Metal Chemistry: Fundamentals and Applications[END_REF][START_REF] Grodzicki | Electronic structure of Fe-bearing lazulites[END_REF].

QS as a function of pressure is shown in Fig. 3( b) for the two valences. QS for the Fe 2+ valence, dominated by Vzz valence , shows small discontinuous changes at ~10 GPa and ~26 GPa.

Whereas QS for Fe 3+ , dominated by Vzz lattice , is nearly constant up to ~10 GPa and then increases monotonically to appreciably higher values. This is a consequence of changing configurations of lattice charge surrounding the cation in FeO4(OH)2 octahedra, including progressive pressure-induced distortions from cubic symmetry of iron octahedra and delocalization of the proton at hydroxyl group (OH) -nearest neighbours to Fe. Changes in QS for Fe 3+ above ~10 GPa cannot be accounted for by changes in axial symmetry, η parameter in Eq. ( 2), as this would increase QS by only ~15% for η spanning its full range.

Thus, the behaviour in Fig. 3 The pressure response of these mixed-valence hydroxy phosphates exemplify the interplay between proton (THz) and electron (MHz) dynamics on two disparate time scales in the same condensed phase. This is of widespread relevance to charge dynamics in hydrogen bonded systems (e.g., biomolecular complexes and planetary interiors). 2)(PO4)2(OH)2, at RT as a function of pressure. At 1.4 GPa, static Fe 2+ and Fe 3+ valence signatures are in blue (wide doublet) and red (narrow doublet), respectively, with intensities scaled by 0.5 for clarity. Grey shading highlights Fe 2+ features becoming progressively asymmetrically broadened beyond ~8 GPa and quite diffuse at ~18 GPa and beyond. (b) Exemplary dynamical theory fitting to some of the Mössbauer spectra in (a). Solid yellow line through data symbols is the overall fit based on a theory of electron transfer (hopping) between neighbouring ferrous and ferric sites leading to Fe 2+ Fe 3+ valence fluctuations. Valence fluctuation rates ω in the range 0.7-7 MHz are derived as a fitting parameter and provide the time interval between electron transfers (relaxation time) τR = 1/ω indicated in the panels. See Sect. S4 of the SM for further details [START_REF]structural data and analysis from SC-XRD and DFT calculations, further IR data and DFT calculations[END_REF]. Typical spectral doublet parameters of the charge-ordered phase at ambient and low pressures [3a], are depicted by the stick spectra at long electron relaxation times at 8 GPa. 
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. Activation volume VA is obtained from the slope at P > 10 GPa, assuming activated-state rate theory is applicable [20a, 21]. Cartoon below the plot depicts polaron hopping and associated bond length changes from delocalization of t2g minority-spin electron (↑↓↑↑) between neighbouring sites of 

  Controlled reductions of barbosalite's unit-cell volume by applied pressure will reduce O•••O distances in O-H•••O hydrogen bonds. This tunes the original double-well potential

  mantle minerals and the impact on seismic behaviour are influenced by these O-H•••O configurations, notably degree of O-H•••O asymmetry or whether symmetrisation has occurred under extreme pressure-temperature conditions [8].

  S5. A hydrogen bond O-H•••O forms between the (OH) -common vertex of mainly three (and sometimes four) octahedra and one of the oxygens involving a PO4 group, i.e., as part of Fe-O-H•••O-P segments of the lattice structure. At ambient conditions hydrogen bonds are asymmetric involving double-well proton potential energy profiles along the line of oxygens [5, 6d]. Proton configurations in O-H•••O bonds throughout the structure are likely to be ordered in one of the potential energy minima of a slightly asymmetric double-well potential, due to repulsive effects of proton next-nearest neighbour Fe 2+ and Fe 3+ cations. Results and discussion. At P ≥ 5 GPa, SC-XRD results in Fig. 1(b) indicate a conspicuous pseudo-symmetrization of original disparate lattice parameters of the monoclinic unit-cell. Although, the volume does not show a discernible discontinuity in this regime. Additionally, the hydrogen bond in Fe-O-H•••O-P structural sequences up to ~16 GPa is monitored via the IR-active O-H bond stretching vibration

  Fig.1(d) [START_REF] Li | Role of Hydrogen in the Spin-Orbital-Entangled Quantum Liquid Candidate H3LiIr2O6[END_REF], and as proton tunnelling frequencies on an experimentally determinable timescale.Entry into the regime of incipient proton delocalization at 4-7 GPa also manifests in the pseudo-symmetrization of lattice parameters in Fig.1(b). This involves a P21/n  Cc displacive phase transition, wherein <110> octahedral chains similar to Fig 1(a) are maintained but with a and b axes doubling in the unit-cell, delineated in Sub-sect. S1.2 of the SM [10]. The onset of such proton dynamics at 4-7 GPa, as part of the surrounding charge environment of the cations, alters the crystal field potential at the Fe sites. This crystal field potential initially had partly a dipole field contribution from the polar O-H intramolecular bond and contributions from other oxygens in the FeO4(OH)2 octahedral local environment. We then examine what are the physical effects of hydrogen bond reinforcement in Fe-O-H•••O-P

  signify a change from a slow relaxation (static) case tending to a regime of intermediate relaxation times of Fe valence fluctuations. Fe 2+ ⇔Fe 3+ valence fluctuations at high pressure and associated 3d electron configuration changes t2g 4 eg 2 (↑↓↑↑)(↑↑) ⇔ t2g 3 eg 2 (↑↑↑)(↑↑) , suggested by Fig. 2, are plausibly a result of t2g minority-spin electron transfer between face-sharing Fe 2+ and Fe 3+ octahedra. Such an inter-valence charge transfer will have an associated propagation of local lattice distortions, i.e., polaron motion [20], see Fig 3(a) cartoon of this process. Polaron hopping can be verified from the spectral analysis of Fig. 2(a) as follows.

  a) cartoon. Thus, Fig.3(a) is compelling evidence of minority-spin electron transfer from the ferrous ion involving the following Fe 2+ →(OH) -→Fe 3+ and Fe 2+ →(O)→Fe 3+ superexchange pathways.We suggest a sequence of charge dynamics involving proton delocalization in hydrogen bonds (Fig.1(d)) influencing electron transfer at cation sites (Fig.3(a)) in Fe-O-H•••O-P configurations, rationalized as follows. The proton in the (OH) -group ligand contributes a dipolar field to the Coulombic potential at the Fe site [5, 11]. Proton localisation in one of the potential energy minima along the O-H•••O configuration at P < 10 GPa, contributes to the Coulombic potential at the Fe site to the extent that the minority-spin electron of Fe 2+ remains trapped. Here, hydroxyl (OH) -ligands are on average in a trans configuration of FeO4(OH)2 octahedra. Compression reinforces the hydrogen bond in Fe-O-H•••O-P configurations.

  (b) is suggestive of appreciable changes to the EFG at Fe sites occurring at ~10 GPa onwards from changes in surrounding ligand charge configurations. This includes disruption of covalent O-H bonds from the evolving proton delocalization, onset below 10 GPa, which eventually triggers detrapping of a relatively weakly bound minorityspin electron at Fe 2+ sites. This picture is in corroboration of polaron hopping and the associated electron-transfer process commencing at ~10 GPa, suggested by activated behaviour in Fig.3(a).Concluding summary. Pressurization of (Fe 2+ Fe 3+2)(PO4)2(OH)2 mixed-valence barbosalite results in proton delocalization onset in the range 4-7 GPa, involving hydrogen bonds of Fe-O-H⋅⋅⋅O-P structural segments. This is discerned by IR spectroscopy and pseudosymmetrization of the lattice parameters. The evolving hydrogen bond reinforcement and proton dynamics impact on the crystal field at proximate Fe cations. This eventually triggers dynamical minority-spin electron exchange along Fe 2+ →L→Fe 3+ pathways (ligand L = O or (OH) -of shared octahedral faces), evidenced by57 Fe Mössbauer spectroscopy at 10-30 GPa.
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Fe 2+ -

 2+ Fe 3+ face-sharing octahedra. This leads to a Fe 2+ ⇔Fe 3+ valence fluctuation rate ω = Γ = 1/τR at an Fe site. Valence fluctuation rates are from fitting Mössbauer spectral line shapes with the appropriate dynamical theory mentioned in the text (Fig.2(b)).(b) Pressure evolution of the quadrupole splitting QS. Note different scales on the vertical axes. QS parametrizes the electric field gradient at the Fe nucleus from surrounding aspheric electronic and lattice charge distributions. Error bars are discussed in Sect. S4 of the SM[START_REF]structural data and analysis from SC-XRD and DFT calculations, further IR data and DFT calculations[END_REF].
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