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ABSTRACT. Oxalic acid dihydrate, an important molecular solid in crystal chemistry, ecology 

and physiology, is being studied for nearly 100 years now. The most debated issues regarding its 

proton dynamics have arisen due to an unusually short hydrogen bond between the acid and 

water molecules. Using combined in-situ spectroscopic studies and first-principles simulations at 

high pressures, we show that the structural modification associated with this hydrogen bond is 

much more significant than ever assumed. Initially, under pressure, proton migration takes place 

along this strong hydrogen bond at very low pressures of 2 GPa. This results in the protonation 

of water with systematic formation of dianionic oxalate and hydronium ion motifs, thus reversing 

the hydrogen bond hierarchy in the high pressure phase II. The resulting hydrogen bond between 

hydronium ion and carboxylic group shows remarkable strengthening under pressure, even in the 

pure ionic phase III. The loss in the cooperativity of hydrogen bonds leads to another phase 

transition at ~ 9 GPa through reorientation of other hydrogen bonds. The high pressure phase IV 

is stabilized by a strong hydrogen bond between the dominant CO2 and H2O groups of oxalate 

and hydronium ions respectively. The findings suggest that oxalate systems may provide useful 

insights on proton transfer reactions and assembly of simple molecules under extreme 

conditions. 
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Introduction 

Hydrogen bonds play a vital role in the structural stabilization of the fundamental 

constituents of life such as water and organic acids under varying thermodynamic conditions, 

such as in planetary interiors and interstellar bodies.1-7 Strong hydrogen bonds, close to the 

symmetrization limit, are particularly intriguing due to diverse proton dynamics across the 

potential barrier under compression.8 Because of the high barrier in the potential energy, in 

general, localized proton at the hydrogen bond centre and proton transfer are rare events, as 

Chandler says ‘dynamical bottlenecks’.9 So far, only in water ice at megabar pressures, the 

predicted unimodal potential which depicts a symmetric hydrogen bond could be experimentally 

established using spectroscopy.10, 11 Crossing the potential barrier, i.e. proton transfer along the 

hydrogen bond is fundamental to a myriad of physico-chemical and bio-geological processes in 

nature, for example enzymatic catalysis, signal transduction, acid-base reactions in water 

gossamers etc.12-19 Thus, simple carboxylic acid complexes with multiple hydrogen bonds serve 

as prototypes to study complex processes, which are governed by diverse hydrogen bonding 

interactions. For example, the cooperativity of hydrogen bonds plays an important role in 

polypeptide β-sheets and protein folding.20-22 

Recently, it has been shown that the hidden force responsible for anomalous proton 

dynamics in O-H---O hydrogen bonds in ice close to symmetrization is the coulombic interaction 

between covalently shared electron pair and virtually bonded lone pair.23 Such interactions are 

enhanced in the cooperative network of several hydrogen bonds in series which eventually 

increases their strength. For example in Oxalic acid dihydrate (COOH)2.2H2O, the simplest 

dicarboxylic acid complex, it results in a very short hydrogen bond O1-Ht---Ow (dO1---Ow ~ 2.49 

Å, ∠O1HOw ~ 177o) between oxalic acid and water, which makes it an ideal system to study 
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proton dynamics.24.  A detailed survey of prior studies on OAD (oxalic acid dihydrate) and some 

of its applications have recently been reported by Stare and Hadži.25 In O1-Ht---Ow, the acceptor 

Ow (oxygen atom of water) also acts as a donor for the carbonyl group of  subsequent OA 

molecule, forming a chain, –C-O1-Ht---Ow-Hw---O2=C-, as shown in Figure 1. The alternate 

hydrogen bonded chain causes small polarization in the associated bonds, including the covalent 

ones, thus leading to a net decrease in O---O through the well known cooperativity effect of 

hydrogen bonds.25-29 When the hydrogen atom (Ht) moves further towards the bond centre, 

interesting proton dynamics resulting in increase in anharmonicity and proton migration in the 

hydrogen bonded network leading to doubly ionized oxalates are expected.  

However, the initial beliefs, which date back to 1930s, of observing a proton transfer 

state of oxalic acid dihydrate at ambient conditions30-34 was ruled out by a number of x-ray and 

neutron diffraction and electron density studies which established the presence of neutral oxalic 

acid with single as well as double C-O bonds.35-42 Also, at low temperatures only a sustained 

strengthening of the hydrogen bond was noted.43-46 The first high pressure powder neutron 

diffraction experiments up to 0.5 GPa did not show any significant movement in proton.47 

Subsequent studies were primarily focussed on the shortness of this hydrogen bond, where the 

O---O distance was found to be less than the average carboxylic acid monohydrates as well as 

the hetero-trimer (with two water molecules) acids.25, 48-50 The recent DFT calculations by Casati 

et al. predicted that a proton migrated state may become possible only at pressures as high as 5.3 

GPa with the geometry posing a symmetric disposition of hydrogen bond up to this pressure.51 

Their x-ray diffraction studies showed significant changes in molecular geometries, specially the 

C-O bond lengths, but unambiguous determination of hydrogen atom positions was not possible. 

The neutron diffraction experiments, carried out on deuterated samples, did not show the proton 
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migrated state up to 6 GPa, though the accompanied theoretical treatment on neutral and charge 

transfer configurations provided useful information on this phenomenon.52 It is the idea, as 

indicated by theory,51 of the double minimum on the potential energy surface, with more stable 

neutral state above 4 GPa, constantly evolving towards the symmetric character up to ~ 5 GPa, 

that prompted us to look for the possible experimental signatures of hydrogen bond close to the 

symmetrization limit. Such an event at further higher pressures may bring about equivalence 

between the constantly competing lone pair and shared bond pair, thereby distorting the 

cooperativity in hydrogen bonded three dimensional network. Thus, a concerted treatment of the 

hydrogen bond dynamics and the surrounding cooperative local structure is essential to 

understand its high pressure behaviour. In this context, spectroscopic studies are the ideal tools 

as they provide the necessary insights with regard to proton dynamics under pressure.51 

In the present paper, using infrared (IR) and Raman spectroscopic measurements 

combined with first-principles simulations on OAD, we provide the first unambiguous 

experimental evidences of proton migration resulting in a complete transfer of proton from 

oxalic acid to water at very low pressures (~ 2 GPa). Subsequent to proton transfer, due to the 

loss of cooperativity of hydrogen bonds, novel high pressure phases, with significant local 

structure rearrangements, are formed at pressures above 5 GPa. 
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6

 

Figure 1. Top: In the three dimensional network in OAD, cooperativity effect among the hydrogen bonds 

in series runs through spiral motifs along the screw axis to enhance structural stabilization and 

strengthening of O1-Ht---Ow hydrogen bond (O1 and O2 are single and double bonded oxygen atoms 

respectively, Ow - water oxygen, Ht - acid hydrogen and Hw - water hydrogen). Here, blue balls and lines 

(dashed) are hydrogen atoms and bonds respectively and dark blue shows the proton transfer pathway 

(where water is acceptor). Bottom: Two dimensional view of the spiral motif. Pressure induced proton 

transfer restricts the water oxygen to be an acceptor of hydrogen bond and ionizes the local structural 

moieties. The higher pressure structure is only tentative. 

 

2. Experimental Details 

2.1 Spectroscopic investigations 

For infrared studies, an indigenously developed ETH type Diamond Anvil Cell (DAC) 

was mounted on the sample stage of Hyperion-2000 IR microscope coupled to the Bruker Vertex 

O1 Ht 
Hw 

O2 

O2 Ow 

Hw 
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80V FTIR spectrometer with a KBr beam splitter and LN2 cooled HgCdTe detector at IRBL, 

Inuds-1 facility in India. Powdered sample of α-oxalic acid dihydrate (OAD) (Thomas Baker, 

99.99%) dispersed in CsI matrix along with tiny ruby balls of size ~ 5 µm, placed at the center 

and periphery, was loaded into a 120 µm hole of a tungsten gasket pre-indented to a thickness of 

∼60 µm. The spectra were recorded at 2 cm-1 resolution for clear identification of all the spectral 

features in the 600 – 4000 cm-1 spectral range and repeat measurements were carried out at 4 cm-

1 resolution. A total of 100 scans were co-added in each case. The observed modes in the 

background corrected infrared spectra were fitted using a Gaussian profile. The high pressure 

measurements have been carried out up to 21 GPa with R-lines of ruby fluorescence monitored 

at each pressure for pressure calibration.53, 54 

High pressure Raman studies were carried out up to 20 GPa using an indigenously 

developed confocal micro Raman set up assembled around a HR 460 Jobin Yvon spectrograph 

equipped with LN2 cooled Spectrum-One CCD detector. The spectra at each pressure were 

calibrated using standard neon lines.53, 54 Polycrystalline sample along with a couple of ~ 5 µm 

ruby balls were loaded in the pre-indented tungsten gasket of thickness ~70 µm with a hole 

diameter ~100 µm of a modified Mao-Bell type of DAC. The ambient pressure spectrum of 

OAD was also recorded using a Bruker MultiRAM  FT-Raman spectrometer and all the peak 

positions were in excellent agreement in the ambient pressure spectra recorded from the two 

spectrometers. 

2.2 Vibrational assignments 

α-oxalic acid dihydrate (OAD) is an extensively studied system and its vibrational 

spectra are well characterized at ambient conditions. The mode assignments in the ambient 

infrared and Raman spectra have been carried out on the basis of theoretical and experimentally 
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observed modes of OAD,24, 55 oxalic acid56, 57 and various oxalate complexes8, 57-65 which have 

also been theoretically verified. To differentiate between various ionic forms of oxalic acid, 

vibrational studies on neutral-, semi- and dianionic- oxalic acid complexes; and ambient and high 

pressure infrared and Raman studies on Bis(glycinium)oxalate, and glycinium oxalate were 

utilized.8, 58, 62-65 This is supported by simultaneously probing the trend of the high pressure 

behaviour of IR and Raman active modes of OAD in the present study. Additional information 

could be retrieved based on the well known vibrational frequencies of hydronium ion.66-71 For 

OH stretching modes, the correlation curves for stretching frequencies as a function of hydrogen 

bond strength, i.e. bond parameters have also been used.72, 73 

2.3 First Principles DFT calculations 

The first-principles structural relaxations, as a function of volume, were carried out using 

Vienna ab-initio Simulation Package (VASP computer code) in order to corroborate our 

experimental results on proton transfer.74-77 The initial structure model was constructed on the 

basis of reported experimental data.51, 78 The exchange-correlation functional was treated with 

the generalized gradient corrected scheme of Perdew-Burke-Ernzerhof (PBE).79 The interactions 

between valence electrons and core were treated within the frozen-core all electron projector-

augmented-wave (PAW) approach. Plane wave basis set was constructed using 600 eV energy 

cut off and the full Brillouin zone was sampled using a uniform 6×12×4 Monkhorst-Pack k point 

mesh.80 Cell shape and ions positions were optimized as a function of cell volume. Pressure 

corresponding to a given cell volume was read from the output file of code. Figure 2 displays the 

calculated crystal structures of OAD at ambient pressure and 1.5 GPa. As the crystal structures 

of the high pressure phases subsequent to proton transfer (above 2 GPa) were not known, the 

computational treatment has not been extended to higher pressures. 
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Figure 2. Simulated crystal structure of α-oxalic acid dihydrate (monoclinic, P21/n) at (a) 0.1 MPa, (b) 

1.5 GPa. Thermal ellipsoids are shown at the 50% probability level; yellow, red and cyan balls denote C, 

O and H atoms respectively. 

 

3. Results and Discussion  

The hydrogen bonds connecting the acid groups of oxalic acid to the two water molecules 

on both sides are close to the symmetrization limit in OAD.  In such strong O-H---O hydrogen 

bonds, the proton is relatively delocalized and the virtual bond has small covalent character.23 

The delocalization of proton results in interactions of the νOH (stretching) mode with other 

bridge vibrations and crystal modes.81, 82 This leads to a broad absorption band, resembling a 

continuum, in the infrared spectrum.83-87 The centre of this band has been reported at nearly 2100 

cm-1 for oxalic acid dihydrate.24, 25 If the hydrogen bond further strengthens under pressure and 

progresses towards a symmetric state, as predicted by theory,51 the νOH mode is expected to 

show softening accompanied with dampening. This would lead to an increase in system 

anharmonicity resulting in cascading interactions between vibrational energy levels.11 However, 

depending upon the barrier height of the double well potential, any external stimuli may also 

result in the reorientation of hydrogen bond or immediate crossing over of the potential barrier. 

In the latter case of proton migration along O1-Ht---Ow, one would expect protonation of water 

thus forming hydronium ion. The present work provides key spectroscopic evidences of this 

phenomenon as described below. 
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Figure 3. High pressure infrared spectra of OAD in the region 2300 – 3800 cm-1 which shows evolution 

of the water stretching region with pressure; here asterisks (*) show the emergence of H3O
+ stretching 

band (blue) with pressure and the spectra are normalized with respect to instrumental and environmental 

effects. Light green shaded bar is the diamond absorption region and numbers denote pressure values in 

GPa (‘rel’ - release). 

 

In Figure 3, the vibrational stretching region (3250 – 3600 cm-1) corresponding to the 

water Ow-Hw bonds has been shown which depicts two clear bands in the ambient phase. At high 

pressures, above 2 GPa, we note the emergence of the characteristic ν1 (Ow-Ht) IR mode at ~ 

3100 cm-1 which confirms the formation of hydronium ion (H3O
+),70, 71 thus implying 
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protonation of water molecules across 2 GPa in oxalic acid dihydrate. In the corresponding 

pressure range, proton migration from oxalic acid molecules is also revealed by an abrupt non-

discernibility of the spectral signatures of oxalate O1-Ht bond (Figure 4), i.e. the broad stretching 

band, deformation modes as well as the features due to νOH mode couplings like the Evans 

transmission window (a relatively sharper negative dip near 1800 cm-1, denoted by ♦).24 These 

observations are well supported by the theoretical calculations that the proton transfer along O1-

Ht---Ow takes place at quite low pressures (Figure 2), which is indicated by a reversal in the bond 

parameters of O1-Ht (dOH: ambient - 1.161 Å, 1.5 GPa - 1.30 Å) and Ht---Ow (dHO: ambient -

1.267 Å, 1.5 GPa - 1.14 Å) bonds above 1.5 GPa. Different results in an earlier computational 

study may be due to a different computational methodology.51 

 

 

Figure 4. Mid infrared spectra of OAD in range 1000 – 2800 cm-1 up to 2.5 GPa, before (black) and after 

(blue) the proton transfer. Here an arbitrarily drawn band (shaded pink) is shown to mark the presence of 
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a broad absorption related to νOH mode at ambient conditions, small fluctuations near 2000 cm-1 are due 

to second order diamond absorption and  ‘♦’ (in red) denotes the reported Evans transmission dip for 

OAD.24 

 

While the emergence of hydronium ν1 mode indicates protonation of water, its width 

indicates formation of another hydrogen bond suggesting reversal of hydrogen bond hierarchy.  

The position of this mode, i.e. a relatively higher frequency, indicates asymmetrization of the 

resulting hydrogen bond, as also predicted by the calculated bond parameters dO-H and dH---O. The 

stiffening of the νO1---Ow Raman mode (~ 280 cm-1)24, 88 up to 2 GPa (Figure 5c) and softening 

thereafter up to 5 GPa provides experimental evidence of the elongation of O1---Ow upon proton 

transfer (see also Table 1). In the subsequent sections, we discuss the molecular structure, 

mechanism of this proton transfer and the resulting hydrogen bonded network through the study 

of vibrational modes corresponding to COOH and OH groups of oxalate and water motifs 

respectively. 
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Figure 5. High Pressure Raman spectra at some representative pressures in the spectral region (a) 90 – 

1050 cm-1 and (b) 1450 – 1800 cm-1; the spectra, plotted in the same intensity scale, have been offset for 
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clarity in both the regions; numbers are pressure values in GPa (c) Variation of some important Raman 

modes with pressure. 

3.1. Changes observed in the oxalate motifs 

In oxalic acid, while the migration of proton (Ht) is revealed by the systematic vanishing 

of the intense O1Ht deformation IR modes, i.e. out of plane (γO1Ht  ~1145 cm-1) and in-plane 

(δO1Ht coupled to νC-O ~1255 cm-1) bending modes, with pressure (Figures 4 and 6), the 

transition to ionic state above 2 GPa due to loss of proton is indicated by the emergence of a 

new, relatively sharper, νC-O IR mode near 1318 cm-1 (Figure 6) which is a characteristic mode 

of dianionic form of oxalate (devoid of any hydrogen) and its relative intensity increases with 

pressure.58, 62 It is noteworthy that the neutral state of oxalic acid in OAD is characterized by 

strong coupling between various modes.24 For example, the C-O (νasy: 1621 cm–1) and C=O 

(~1680 cm-1) bond stretching vibrational energy levels are strongly coupled, which has been 

attributed to Fermi resonance.55, 56 This coupling results in a complex spectral profile near 1700 

cm-1 and is expected to push the energy levels apart at ambient conditions. Under compression, 

systematic vanishing of this coupling is revealed by the large stiffening and softening in the 

νasyC-O and νC=O IR modes respectively which brings the two modes closer, as shown in Figure 

7a. Eventually, the disappearance of the C=O signature is complete and only a single broad band, 

resembling the CO2 asymmetric stretching mode of dianionic oxalate is observed (Figure 6) in 

the ionic phase III above ~ 5 GPa.58 The vanishing of νC=O features in the 1700 cm-1 region, as 

also clearly evident in the Raman spectra beyond 2 GPa (Figure 5b) is a definite signature of loss 

in the double bond character and emergence of anionic form of oxalate on both the carboxyl 

sides. This implies an equivalence of the two CO bonds in the acid group. The bond parameters 

obtained from first principles calculations have also shown that C-O (1.284 Å (at 0.1 MPa), 
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1.269 Å (at 1.5 GPa)) and C=O (1.251 Å (at 0.1 MPa), 1.261 Å (at 1.5 GPa)) bond lengths in OA 

approach each other upon proton migration. Thus, as the proton is transferred from oxalate 

carboxyl group to water at ~ 2 GPa, all the C-O bonds in the COOH groups, in high pressure 

phase II, systematically become equivalent up to nearly 5 GPa, above which they are essentially 

indistinguishable in phase III (Table 1). The above spectroscopic observations also qualitatively 

explain the geometrical modifications in the C-O bonds measured earlier using x-ray 

diffraction.51 

The changes observed in the CO2 deformation region (600 – 800 cm-1) in high pressure 

IR spectra (Figure 6) upon proton (Ht) transfer are also consistent with the above observations. 

While the δCCOOHt mode (~ 620 cm-1),24 which weakens under pressure, merges with a new 

mode appeared near 715 cm-1 at 2.1 GPa and systematically transform in to the δCO2 band of 

dianionic oxalate,58 the (δCO2 + δOHw) coupled mode24 near 725 cm-1 shows a discontinuous 

jump across 2 GPa (Figure 7b) suggesting an abrupt change in the electronic environment of acid 

COOHt and water OHw groups across 2 GPa.  
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Figure 6. High pressure infrared spectra of OAD in the range 600 – 1850 cm-1. Here asterisks (*) show 

H3O
+ features and blue down arrows show dianionic oxalate features emerging with pressure and ‘r’ 

denotes data on release. Numbers denote pressure values in GPa. 

 

3.3. Changes observed in the water motifs 

The structural arrangement in hydronium ion, and other similar structures like ammonia, 

is distinguished by their characteristic deformation modes. The weak shoulder in δH2O IR mode 

coupled with νC=O (~ 1726 cm-1) also shows a discontinuous increase in position and width 

above 2 GPa due to simultaneous change in the C=O and H2O electronic environment upon 

proton transfer and the mode observed beyond 2 GPa is therefore attributed to the ν4 mode of  

H3O
+ (Figures 6 and 7a). Note that the ν4 mode of H3O

+ (found in the range 1670 – 1750 cm-1) is 
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observed at a higher frequency than the ν2 mode of H2O (1596 – 1700 cm-1).70 For the 

hydronium ion, ν2 deformation mode, based on the umbrella inversion motion, is expected in the 

range 1000 – 1200 cm-1.66-70 We distinctly see the evolution of this mode in the IR spectra 

(Figure 6) around ~ 1020 cm-1 across 2 GPa, beyond which it systematically gains intensity and 

stiffens with pressure (Figure 7b and Table 1). The first-principles calculations also indicate that 

∠HOH, around 105.8o at ambient conditions, shows an increase at 1.5 GPa and the three angles 

in the protonated phase become ~ 107o, 112o and 115o, in reasonable accord with the hydronium 

structure.89 The above spectroscopic and theoretical observations are also accompanied with 

vanishing of the δH2O coupled Raman mode (~ 1630 cm-1) at 2 GPa (Figure 5b). 

Noticeably, the O-Hw bonds of water get elongated under compression as indicated by the 

softening behaviour of νO-Hw IR modes with pressure (Figure 7a). This behavior is well 

supported by the calculated bond parameters, i.e. the two dO-H distances of water (0.996 Å and 

0.997 Å) which show an increase (1.009 Å and 1.014 Å) and become comparable with the Ow-Ht 

distance (1.14 Å, bond formed after the proton transfer) under pressure. Indeed, the cooperative 

mechanism favors such an elongation and strengthening of the corresponding hydrogen bonds. 

However, we observe continued softening of all the three νOH modes in the hydronium structure 

even after the proton transfer indicating strengthening of all the O-H---O interactions. The most 

interesting feature of the incipient (phase II, above 2 GPa) and pure ionic phase (III, above 5 

GPa) is the remarkable pressure induced broadening (Figure 3) accompanied by a large rate of 

softening (> 50 cm-1/GPa) (Figure 7a and Table 1) of the newly emerged νOw-Ht hydronium 

mode (ν1) indicating increase in anharmonicity. We also notice that the νO1--Ow Raman mode 

shows stiffening above 5 GPa (Figure 5c and Table 1). Therefore it is anticipated that this 

hydrogen bond, between -CO2
- and H3O

+ groups may be strengthened to the symmetrization 
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limit at very high pressures. The pressure induced behavior of the νOw-Ht hydronium mode 

shown in Figure 7a, in the range 2 to 9 GPa, could be well approximated by the formula ν = 

[A(Pc-P)]1/2,  which predicts Pc ~ 36 GPa as the pressure corresponding to νOH mode 

instability.90 However, the rate of νOHt softening, depicting the power law behaviour analogous 

to the soft mode, reduces above 9 GPa, indicating another structural modification across this 

pressure. 

 

 
 
 

Figure 7. Pressure induced variation of infrared active modes ((a) 1600 – 3600 cm-1, (b) 600 – 1350 cm-1) 

of OAD in the ambient phase I, proton transfer phase II, ionic phase III and the high pressure phase IV 

above 9 GPa (shown by a cartoon in b). 

 

4. Proton transfer aided phase transition 

In OAD (monoclinic structure, space group P21/n), a layered spiral structure of oxalic 

acid and water molecules is formed along the screw axis due to excess stabilization of hydrogen 

bonds resulting from their cooperative behaviour (Figure 1, top). Subsequent to proton transfer, 
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the hydronium oxygen is no more a hydrogen bond acceptor (Figure 1, bottom). But, the 

sustained strengthening of all the O-H---O interactions, as discussed above, may imply continued 

elongation of hydronium O-H bond lengths. It is only across 9 GPa that the νOHw frequency 

variations show discontinuous behaviour and they start stiffening thereafter (Figure 7a), 

suggesting loss of cooperativity. Across 9 GPa, we also observe the emergence of new Raman 

modes in the lattice region (Figure 5a) and slope change in the frequency versus pressure plots of 

many IR and Raman modes (Table 1).  

These results point towards a phase transition in OAD at 9 GPa. Across the transition, the 

water libration Raman mode (~ 480 cm-1),24 which showed monotonous stiffening and 

broadening upon proton transfer (Figure 5c), also displays a discontinuous jump and slope 

change. Therefore, the abrupt shift of the νOw-Hw mode across 9 GPa (Figure 7a) can also be 

linked to breaking and reformation of the relatively weaker Ow-Hw---O2 hydrogen bonds. On the 

other hand, the νOw-Ht mode continues to soften in the high pressure phase IV above 9 GPa, 

though at a lesser rate, with increase in width up to the highest pressure measured, i.e. 21 GPa. 

This is also accompanied with monotonous stiffening of the νO1---Ow Raman mode (O1---Ht-Ow) 

as observed from Figure 5c, which indicates sustained strengthening of this hydrogen bond in 

phase IV above 9 GPa. 

Such a hydrogen bond strengthening may however pull the oxalate motif from both sides 

thus squeezing the spiral motif (Figure 1 top), which gets support from the repulsion between the 

resonating electronic densities in the two COO- ends of oxalate ion due to loss of proton (see also 

the cartoon in Figure 7b). But this squeezing is limited by the stiff C-C backbone of oxalate 

molecule. We observe that in the new phase above 9 GPa, the νCC Raman mode is found to 

soften with pressure up to the highest pressure recorded in this study, i.e. 20 GPa, and the rate of 
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this softening (~ 0.8 cm-1/GPa) is significant in view of the strength of this bond (Figure 5c), thus 

weakening the backbone. The νCO2 Raman mode near 1500 cm-1 also shows pronounced 

stiffening accompanied with steep rise in the relative intensity (Figure 5b).  

Therefore, one may expect that the O1---Ht-Ow hydrogen bond, between the dominant 

CO2 and H3O
+ groups gains significant strength at high pressures, and, if it continues to 

strengthen at further higher pressures, would lead to a structure with the two fundamental 

entities, CO2 and H2O hinging through a proton. It would be interesting to look for the resulting 

structural arrangement and hydrogen position at very high pressures above 20 GPa. These results 

would be helpful in understanding the structural assembly of simple molecules under extreme 

thermodynamic conditions prevailing in primitive earth, planetary interiors or extra-terrestrial 

systems. 

Conclusions 

To summarize, we have reported the first experimental evidences of a complete proton 

transfer in oxalic acid dihydrate, the simplest dicarboxylic acid complex, at moderate pressures 

of 2 GPa. The influence of this phenomenon on the three dimensional hydrogen bonded network 

and local molecular structures has been studied. Distinctive signatures of a systematic transition 

from neutral to doubly ionized species of oxalic acid and the formation of hydronium ion, which 

acts as a donor to three hydrogen bonds in the subsequent high pressure phases above 2 GPa, has 

been confirmed. As a result, there is a loss in the cooperativity of hydrogen bonds leading to 

another phase transition across 9 GPa through reorientation of hydrogen bonds. The high 

pressure spectroscopic results further suggest that, subsequent to transfer, the proton again moves 
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in the reverse direction, thus significantly strengthening the new hydrogen bond between the 

dominant CO2 and H3O groups, up to the highest pressure measured, i.e. 21 GPa. 

These observations on proton dynamics are interesting from the point of view of two 

important fundamental problems. First the ‘transport mechanism of hydrated proton’, crucial for 

molecular theories of ionic systems and interstellar research, and second, understanding ‘proton 

transfer pathways in protein environments’, important to study protein-protein interactions and 

enzymatic catalysis. Indeed, the high pressure behaviour of hydronium ion, the simplest oxonium 

ion is of immense relevance in acid-base reactions and mineralogy. Thus simple oxalate 

complexes, in various ionic forms, with remarkable sensitivity to pressure tuning at moderate 

pressures can be exploited as archetype systems to study proton dynamics in various bio-

geological processes. 
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Table 1. A summary of changes observed in the vibrational modes in various high pressure phases. A 

negative slope indicates pressure induced softening. 

Vibrational 

mode 

Value at  

0.1 MPa  

(cm
-1

) 

Slope (dν/dP) cm
-1

/GPa 

Remarks Atm–2 GPa 

Phase I 

 2–5 GPa 

Phase II 

     5 – 9 GPa 

Phase III 

> 9 GPa 

Phase IV 

Raman 

νO1---Ow 282 22.2 - 3.05 4.71 4.49  

lib. H2O 480 14.22 12.16 16.1 0.43 
Discontinuous 

shift across 9 GPa 

νCC 846 1.14 0.5 0.06 -0.76  

νCO2 1493 15.03 1.5 4.9 3.6 

Intensity 

increases above 5 

and 9 GPa 

δH2O 

coupled mode
1630 1.4    

Vanishes above 2 

GPa 

νC=O 1740 -5.05 weak   
Vanishes above 2 

GPa 

νCO+νC=O+

δOH 
1694 3.4 weak weak weak  

IR 

νC=O 

 

νCO+νC=O+

δOH 

1680 

 

1621 

-5.3 

 

5.6 

-2.3 

 

4.9 

 

0.05 

 

 

2.8 

 

Merge into a band 

above 5 GPa 

       

νC-O   1.04 2.4 1.25  

δOH+ νC-O 1255 15.4 5.9   
Vanishes above 5 

GPa 

γOH 1145 27.5 10.5   
Vanishes above 5 

GPa 

       

νOH water 
3540 

3448 

-52.1 

-36.2 

- 4.5 

- 8.3 

- 14.5 

- 34.5 

22.4 

16.15 

Discontinuous 

shift across 9 GPa 

       

ν1 H3O
+
   - 45.9 - 60.4 - 7.5  

ν2 H3O
+
   10 2.3 1.3  

ν4 H3O
+
   1.43 3.0 1.32  

δ (CO2+H2O) 725 6.05 11.5 10.9 3.2 
Discontinuous 

shift across 2 GPa 
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