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Abstract

Synthesis of multicomponent crystals offers a possibility for relatively straightforward tailoring
of physicochemical properties of materials via modification of their composition. Still, despite
their vast potential, they remain understudied at non-ambient conditions, missing out on
possible structural and chemical effects induced by external stimuli such as temperature or
pressure. In this work, high pressure was applied to trigger proton-transfer reaction in a cocrystal
of glutaric acid and 4,4’-vinylenodipyridine, with the aim of investigating the relationship
between the proton-transfer pressure and difference in the acidity of the coformers (ApKg). Our
combined IR spectroscopic and X-ray diffraction investigation, supported by DFT calculations, has
confirmed that the reaction was successfully induced, with the double proton transfer completed
at =4 GPa. The reaction is discussed in terms of the changes in the bands observed in IR spectra,
as well as changes in the geometry of the carboxylic groups and hydrogen bond between the
coformers. Presented results agree with the previous study on cocrystal of malonic acid and 4,4’-
bipyridine, providing new data points for establishing a more precise relationship between

proton-transfer pressure and ApKa.
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1. Introduction

Design and synthesis of novel multicomponent crystals, especially salts and cocrystals, has
emerged as an important research area, as modification of the crystals’ composition
allows for tailoring of the properties of solid forms [1-8]. They play a particularly
important role in the pharmaceutical industry [9], where synthesis of salts and cocrystals
of Active Pharmaceutical Ingredients (APIs) is a well-established approach to obtain
crystal forms of APIs of desired physicochemical properties such as improved
bioavailability [10—-12], stability [11,13] or processability [14,15].

The design of cocrystals and salts typically involves the analysis of the compatibility of
the chemical components, where the tendency of molecules to form complementary

intermolecular interactions and heterosynthons, as well as the ability to undergo proton



transfer reaction (for salt formation) increases likelihood of synthesis of the desired
crystal form [16]. For these reasons, compounds which molecules will form a Brgnsted-
Lowry acid-base pair with the API are frequently selected for cocrystal and salt screening
[17]. Moreover, the difference in the acidity and basicity of the two compounds is the
determining factor behind that type of the multicomponent crystal that is formed (salt vs.
cocrystal). According to the empirical ApK, rule, when ApKs (ApKo=pKafprotonated base]-
PKalacid)) is higher than 2 or 3, formation of a salt is expected [18]. Interestingly, similar
limit (ApKs>4) was observed based on the statistical analysis of approx. 6500 structures of
ionised and non-ionised acid-base pairs [19] deposited in the Cambridge Structural
Database (CSD) [20]. It was also established that structures of cocrystals dominate for
ApKg values lower than -1. Meanwhile, for ApKg in -1 to 4 range, the prediction of the solid
form is not possible, with salt and cocrystal structures in approx. 40:60 ratio. It was shown
that for compounds belonging to this group structure can exist on salt-cocrystal
continuum, where some proton transfer takes place but is not completed, and hydrogen
cation is shared by two atoms [21]. It also needs to be noted, that those ApK, limits can
change depending on crystalline environment [22]. Indeed, significantly higher ApK, value
for salt preference was observed in case of the structures containing zwitterions.
Understanding the cocrystal-salt relationship and intermolecular proton transfer is
important from the point of view of the stimuli-responsive materials, that utilize such
process, that may have potential to find application in photoelectric devices, sensors or
molecular computers [23]. Among the stimuli found to induce proton transfer in solid
state are pressure and temperature [24-30]. However, in case of organic cocrystals,
heating has limited use since it may lead to thermal decomposition of coformers and
melting prior to achieving conditions required for the reaction to take place. Meanwhile,
high-pressure conditions facilitate proton transfer by tuning the energy barrier for the
reaction, achieved by reduction of the distance between proton donor and acceptor
[31,32].
Unfortunately, the crystal structures of multicomponent crystals remain understudied

under pressure, making only 36.26% of the high-pressure CSD subset, while their



population in the entire CSD is significantly higher (44.60%) — both values found for the
CSD v.6.01 November 2025 [20]. Among those, the proton transfer reaction can be
realized only in handful cases, due to their composition and relative positioning of the
hydrogen donors and acceptors [33]. Although scarce, some examples of pressure-
induced proton transfer in multicomponent crystals can be found in the literature,
including: quinhydrone [25], 4,4’-bipyridinium squarate [24,34,35], oxalic acid dihydrate
form a [36—38], cocrystals of phenazine and 2,3-di(2-pyridinyl)pyrazine with fluoranilic
acid [39,40], cocrystal of 4-methylpyridine and pentachlorophenol [41], and cocrystal of
4,4’-bipyridine (BIPY) and malonic acid (MA) [33]. Based on those examples an inverse
relationship between ApK;and pressure required to induce proton transfer was revealed
extending the ApKg rule by adding additional parameter — pressure — to it [33]. These
observations were also compared with the CSD deposits of multicomponent crystals
previously investigated under pressure, where proton transfer should be expected based
on the ApK, value but was not reported. It turned out that in most cases such crystals
contained molecules of amino acids, which would be in agreeament with statistical
analysis of ambient-condition structures, where higher limits for salt formation were
observed when zwitterions were present [22]. Still, the limited data did not allow to
establish more precise relationship between the two parameters, and further studies of
similar multicomponent systems are needed to increase the precision of these findings.
In this work a cocrystal (VIN-GLU) based on 4,4’-vinylenodipyridine (VIN) and glutaric
acid (GLU) was investigated under high pressure using single crystal X-ray diffraction and
IR spectroscopy. Due to the diprotic nature of the acid and bidentate nature of base
molecules, and their alternating aggregation in the structure (Figure S1), two proton-
transfer reactions are possible. Each of the reactions is associated with different ApKg,
with values calculated based on the literature pK, data (Table S1) [42,43], for the transfer
of the first and second proton equal 1.26 and -1.76, respectively (Scheme 1). According to
the previously established relationship between ApK,; and pressure required to induce

proton transfer [33], the cocrystal-to-monoprotonated salt and monoprotonated salt —to



— diprotonated salt transformation was estimated to occur between approx. 0.5-1.5 and
2.0-3.0 GPa, respectively.

The aim of this investigation was to validate our previous findings regarding proton-
transfer pressure (ppt) and ApKs, as well as provide new data that would bring us closer to
establishing more precise relationship between the two parameters, allowing for more

accurate prediction of pressure required for salt formation for any Brgnsted-Lowry acid-

base.
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Scheme 1. Graphical representation of GLU and VIN acid-base pair after first and second proton

transfer.

2. Experimental

2.1. Cocrystal synthesis

To receive single crystals, 36 mg of 4,4'-vinylenedipyridine and 28 mg of glutaric acid (ensuring
1:1 mol ratio) were dissolved in 1 ml of methanol, and left for slow evaporation. After several
days a light-yellow crystal emerged. For bulk synthesis of VIN-GLU powder, 124 mg of VIN was
mixed with 90 mg of GLU at the presence of 100 pL of methanol, using Retsch MM 400 ball mill,
10 ml steel jars, and two 5mm steel balls. Cocrystal synthesis was confirmed with powder X-ray

diffraction (PXRD) analysis (Figure S2).

2.2. High pressure X-ray diffraction experiments



Single crystal of VIN-GLU was mounted in a diamond anvil cell (DAC) with effective opening angle
of 112° (a one20 DAC design from Almax EasyLab), in 0.37 mm wide opening in a steel 0.25 mm
thick gasket preindented to 0.15 mm. For experimental series A, crystal’s position was fixed using
epoxy glue (Figure S3) and Daphne 7575 oil was used as pressure transmitting medium (PTM).
For experimental series B, cigarette filter fibres were used to prevent crystals from moving
(Figure S4) and the MeOH:EtOH:H,0 mixture in 16:3:1 vol. ratio was used as PTM. In both cases
pressure was measured based on the shift of ruby fluorescence line [44], using BETSA PRL
spectrometer equipped in PhotonControl detector. The pressure was determined using IPPS-
Ruby2020 gauge [45]. The combined uncertainty of the pressure measurement was established
considering the accuracy of the used ruby scale (2.5%) and the accuracy of the measurement of
the ruby fluorescence line (0.05 GPa). For series A crystal was measured on compression at
0.0001, 0.29(5), 0.71(5), 1.16(6), 1.62(6), 2.02(7), 2.67(8) GPa. The sample was then
decompressed to 2.55(8) GPa and then subjected to further compression and measured at
2.82(9), 2.99(9), and 3.59(10) GPa. In case of sample crystal B, measurements were performed
on compression at 0.20(5), 1.80(7), 3.06(9), 4.28(12), 4.51(12), 5.05(14) GPa, and on
decompression at 4.04(11), 2.45(8), 0.82(5) GPa. For all measurements, a four-circle Bruker D8
Quest diffractometer equipped with Mo microfocus sealed tube, multilayer mirror

monochromator and CPAD detector was used.

For data collection, UB-matrix determination, absorption correction, and data integration
program APEX 6 was used [46]. Crystal structure was solved using intrinsic phasing with ShelXT
[47], and non-spherically refined with NoSpherA2 [48] and Orca 6.0 [49,50], using Olex2 as an
interface [51]. For the refinement a PBE method/def2-SVP basis set was applied, for normal
integration accuracy. In case of sample crystals A and B all non-hydrogen atoms were refined
anisotropically. For crystal A, position of all hydrogen atoms except acidic H-atom (H1) was fixed
based on idealized geometry, while position of atom H1 was free to refine. In case of sample
crystal B, position of all atoms (including hydrogen atoms) was refined. For crystallographic
details for all structures see Tables S2 and S3. All crystal structures were deposited with the

Cambridge Crystallographic Data Centre (No 2506656-2506675) and can be accessed free of



charge by filling out an online form at https://www.ccdc.cam.ac.uk/structures/. Additionally, CIF

files were deposited in Zenodo repository.
2.3. IR measurements

For atmospheric pressure, the IR spectrum was recorded for a tablet made of powder VIN-GLU
(received from ball-mill synthesis) and KBr. The experiment was performed at room temperature,
in transmission mode (for 4000-400 cm™ range) with Bruker FT-IR IFS 66/s spectrometer. The

transmission spectrum was then converted to absorption spectrum (Figure S5).

For high-pressure experiments, powder sample of VIN-GLU mixed with dehydrated
powder KBr was ground in approx. 1:4 vol ratio in agate mortar, and then loaded into 0.25mm
wide opening in stainless steel gasket (preindented to 0.06 mm) placed in a membrane DAC. Ruby
sphere was used for pressure measurement with ruby fluorescence method [44] and in-house
made PRL spectrometer. The ruby scale established by Mao et al. [52], that allows to determine
pressure with 6% uncertainty, was applied. Sample was measured in 500-5000 cm™ range at
0.0001, 0.11(1), 0.21(1), 0.41(2), 0.68(4), 0.92(6), 1.08(6), 1.30(8), 1.52(9), 1.76(11), 2.09(13),
2.30(14), 2.62(16), 3.08(18), 3.6(2), 4.3(3), 4.6(3), 4.8(3), 5.4(3) and 6.1(4) GPa on compression
and at 5.0(3), 4.0(2), 2.77(17), 1.30(8) and 0.0001 GPa on decompression (Figure S6), using Bruker
Vertex 80v IR spectrometer. For data collection and initial analysis program OPUS [53] was used.
Prior to the experiments, cell was loaded with powder anhydrous KBr and measured to record

background used for further experiments.
2.4. DFT calculations

DFT calculations under static conditions have been performed using the Vienna Ab initio
Simulation Package (VASP) [54] and the Projector Augmented Wave (PAW method) [55]. We use
the Perdew-Burke exchange correlation functional [56] and the Grimme-D3 dispersion correction
with Becke-Johnson damping function [57]. A planewave cut-off of 600 eV was chosen with a
Gamma centered k-point mesh with a resolution of 0.25 AL. The valence active space for C, N, O,
H atoms was selected as 4, 5, 6, and 1 electron respectively. Vibrational properties at the gamma

point were computed using the finite difference method implemented in the PHONOPY package



[58,59]. Intensities were computed using the SpectroscoPY code [60]. Energy and forces

convergence thresholds were set at 10 eV and 0.005 eV-AL.

To analyse the stability and the proton transfer of VIN-GLU three independent optimizations
at each volume were performed maintaining the C2/c, C2 and Cc space groups to check symmetry
rupture in the case of single proton transfer. For all space groups the following calculations were
performed: starting with (i) the protons at the GLU, (ii) one proton transferred to the VIN and,
(iii) two protons transferred. Vinet equations [61] of state were fitted to obtain the

thermodynamic properties of each possible structure.
3. Results and discussion

VIN-GLU crystallizes in monoclinic crystal system, space group C2/c with half of VIN and GLU
molecules in the asymmetric part of the unit cell [62]. On compression up to 5.05(14) GPa,
VIN-GLU undergoes monotonic changes, showing 21.5% drop in unit-cell volume with no phase
transition (Figure 1). Crystals of VIN-GLU show positive linear compressibility (PLC) along all three
principal axes (Tables S4 and S5), however the compressibility calculated for sample crystal A and
B differ slightly, which can be attributed to crystal A being emerged in an epoxy glue, which could
affect its response to compression. Nevertheless, the highest and lowest PLC were observed for
both sample crystals (A/B) in similar directions: 0.54a+0.84c/0.49a+0.87¢, -0.49a+0.87c/-
0.55a+0.83c respectively (Tables S4, S5).
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Figure 1. Pressure dependence of unit-cell volume (a), parameters (b) and 8 angle (c). Data
collected for sample crystals A and B are shown separately, and are indicated by appropriate
subscripts. Open symbols mark data collected on decompression of the sample crystals. For
sample crystal A, half-full symbols mark data for sample compressed after initial decompression
from 2.67 to 2.55 GPa. Curves in pane (a) represent 3™ order Birch—-Murnaghan equation of state
calculated with EosFit-7 [63,64] for each crystal separately (A: dashed black line; B: solid orange
line); for details see Table S6. Curves fitted to data points for unit-cell parameters and angle 8
(see Tables S7, S8), dashed and solid for sample crystals A and B, respectively, are for guiding the

eye only.

In case of sample crystal A, the pressure-dependence of carbon-oxygen bond length
shows no clear trend, which might be attributed to the strain arising from the inability of the
crystal to adapt when it is partially covered in glue. Still, however, a slight elongation of the

carbonyl bond and shortening of a single C-O bond over the span of 3.61 GPa can be noticed



(Figure S7, Table S9). On the other hand, the changes in the carbon-oxygen bond lengths in
structures determined for data collected for sample crystal B, are more consistent, showing
shortening of the single carbon-oxygen bond and elongation of the double C=0 bond up to
approx. 4 GPa (Figure 2). In 4-5 GPa range the length of C-O and C=0 bonds remains almost
unaffected by compression. At the same time the distance between H-donor oxygen atom of GLU
and H-acceptor nitrogen atom of VIN decreases continuously on crystals compression, until it
drops below 2.50 A at approx. 4 GPa, and becomes almost constant on further pressure increase
up to 5 GPa (Figure 2, Table S10). For comparison, the O--:N distance in BIPY-MA cocrystal after
double proton transfer, at 3.33 GPa, was equal to 2.542(12)/2.593(13) A [33], which is
considerably higher. The observed values agree with the DFT calculations, where preference for
the carbon-oxygen bonds consistent with double proton transfer were observed for pressure
higher than 3.2 GPa (Figure S8). At the same time it has been shown that critical O--:N distance
of 2.51 A is achieved at a pressure of 3.2 GPa regardless of the protonation state assumed in the

calculations (Figure S9).
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Figure 2. Pressure dependence of (a) the carbon-oxygen bond lengths in carboxylic groups of GLU
(grey and red), and (b) O--:N distance and oxygen-hydrogen bond length for the H-bond formed
by GLU and VIN molecules (shown in green and blue, respectively). Data for sample crystal B are
shown exclusively, and solid lines are for guiding the eye only. Open symbols mark data collected

on decompression of the sample crystal.

As the position of acidic hydrogen atom was also refined, it was revealed that the length
of the oxygen-hydrogen bond and the hydrogen—nitrogen distance also change with pressure,
with the first elongating and the other decreasing. Yet again, the change can be observed up to

approx. 4 GPa, and further compression to 5 GPa affects the interatomic distances only in slight
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manner (Figure 2). Similar trend is observed for the theoretical bond lengths (Figure S10), with

the pressure limit for double proton transfer of 3.2 GPa established.

These results of X-ray diffraction experiments and DFT calculations are consistent with
the IR spectroscopic measurements. The effect of pressure on the O-H-:-N hydrogen bond can be
noticed in the red shift of the band at approx. 1700 cm™ in the IR spectra (Figures S6 and S12), a
band associated with the stretching mode of the double carbon-oxygen bond. Usually,
compression of the sample results in a blue shift, caused by shortening of the covalent bonds at
high pressure, therefore the red shift signalizes the bond elongation with pressure, which is
counterintuitive. However, red shift can be observed as a result of strengthening of the hydrogen
bond or if deprotonation of the carboxylic group takes place. The steady change in the position
of the band can signalize gradual strengthening of the hydrogen bond. This ultimately leads to
deprotonation of GLU at approx. 4 GPa, associated with change in the nature of the carbon-
oxygen bond from double to delocalized. Interestingly, above 4 GPa, the position of the band
remains almost unchanged on further compression up to 6 GPa, except for a minimal blue shift,

expected for pressure increase (Figure S12).

At the same time, major changes are observed in the 1100-1350 cm™ region of the IR
spectra (Figure 3a and S6). For most of the bands an expected blue shift is recorded, however,
the band at approx. 1200 cm, that can be assigned to stretching of the C-O bond, loses its
intensity on pressure increase, and above 2 GPa the tracking of its shift is hindered (Figure 3a).
Meanwhile, starting from 0.21(1) GPa, a band at approx. 3100 cm™ begins to emerge, and it
increases its intensity with compression (Figure 3b). This band can be assigned to stretching of
N-H bond, where nitrogen has formal positive charge and the hydrogen atom is involved in the
interaction with the deprotonated carboxylic group of the acid [65]. Although, only one band is
initially visible in this region, and a pair of bands should be present (for symmetric and
antisymmetric N-H stretching), its broad shape can indicate an unresolved band doublet. As
pressure is increased further, the band appears to separate into two, which is visible the most in
3.6(2)-6.1(4) GPa range (Figure 3b). The emergence of the bands associated with proton transfer
reaction between GLU and VIN was also observed in theoretically calculated IR spectra (Figures

$13-517).

12



h_ A U RN Lo es _

’;,F\',‘__,’,,\\' Nl *»’: ~ -/~~~ 0.0001GPa decomp.
A \_"’5}“‘"'““/:,\:“‘ T:\::,’,J“c-—ﬂ30(8)GPadeoomp
RN |-\ _ ', 4T = 2.77(17) GPa decomp.
C ,I\""\\’__J\\\ ",f\ N . ~ = 4.0(2) GPa decomp.
W ﬂ 5.0(3) GPa decomp.
MJ\/\ .J\f/\sm)epa
MJ\/\ \/\J/k54(3)GPa
MJ\/\ 4.8(3) GPa

M—J\/\ 4.6(3) GPa
, . N/Ldf 3(3) GPa
_/\_A/Ks 6(2) GPa
A AT \/\"/K3 08(18) GPa
2.62(16) GPa
ﬁ \/\’/\2 30(14) GPa
A~ 2.09(13) GPa
__/\_/I\ A—N//\A

Absorbance (a.u.)

i

Absorbance (a.u.)

(
(
(
: 1.76(11) GPa
: 1.52(9) GPa
J\/\ F—~———"\————1.30(8) GPa
M L " 1.08(6) GPa
M L~ ~——"N———0.92(6) GPa
: [ ~————0.68(4) GPa
(
(1

0.41(2) GPa

j
Il

M 0.21(1) GPa

Aj\_/:\_ wo.nmm%

/fmr - . ,00001 GPa
1000 1100 1200 1300 1600 1700 1800 3000 3100 3200

Wavenumber (cm™) Wavenumber (cm™)

Figure 3. Magnification of crucial regions in IR spectra measured for VIN-GLU at varied pressure:
(a) 1000-1400 cm™and 1560-1800 cm%; (b) 3000-3200 cm™. The pressure at which each spectrum
was collected is listed to the right of the graph in pane (b), shown in corresponding colour. To
facilitate observation of the shift of the band near 1700 cm™, a dotted vertical line was added. IR
spectra collected for compressed and decompressed sample are shown with solid and dashed

lines, respectively.
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Interestingly, predicted IR spectra show a band at approximately 2000 cm™* which was
revealed to be associated with continuous “jumping” of the acidic hydrogen between oxygen
atom of GLU and nitrogen atom of VIN, already at atmospheric pressure. This band cannot be
observed in the experimentally measured IR spectra for the cocrystal at high pressure. Its position
is near the region where-the second order band of the DAC diamonds is observed, making its
analysis impossible (Figure S6). Nevertheless, this DFT predicted IR band at 2000 cm™ agrees with
a previous study by Mukherjee et al. [66]. These authors proposed that for the carboxylic group
H-bonded to pyridine moiety, a set of bands at approx. (1900, 2400)/500/1600 cm™, assigned
respectively to vO—H/8as(CCC)PY + v(HN)*/v(C=C)aromatic modes, should be observed. The pair of
bands at approx. 1900 and 2400 cm?, and the band at 500 cm™ has been previously linked to the
continuous proton migration between H-donor and acceptor of the hydrogen bond [66,67]. This
is in agreement with the DFT calculations, which predicted “jumping” of the proton between GLU

and VIN molecules already at atmospheric pressure, placing it on a salt-cocrystal continuum [21].

It is worth noting that the ApKg value for the first proton transfer in VIN-GLU, equal 1.26
is lower compared to BIPY-MA cocrystal (1.99), which would suggest higher pressure should be
required to induce the reaction. In case of BIPY-MA, DFT calculations revealed that the
coexistence of the cocrystal and monoprotonated salt, that easily transform from one to the
other, can be observed at pressure as low as 0.2 GPa and room temperature, as the activation
energy for proton transfer was predicted to be below 1.6 kJ-mol™ for molecular volume of
287.5 A3. Meanwhile, DFT calculations and IR spectroscopic experiments at atmospheric pressure
suggest that continuous proton migration in VIN-GLU is initiated at pressure lower than in case
of BIPY-MA, already at 0.1 MPa. Interestingly, the monoprotonated salt never becomes the
preferred form in terms of energy (Figure S18), yet at approx. 1.4 GPa (i.e. molecular volume 345
A3) its energy is higher than that of cocrystal by only 0.02 eV (1.93 kl-mol%). The energy gap then
decreases even more on further compression, up to pressure of approx. 2.2 GPa (corresponding
to molecular volume of 333 A3), when the diprotonated salt becomes the energetically favoured
form. When the results of DFT calculations are contrasted with experimental observations on the

emergence of the band in IR spectrum at approx. 3100 cm™ at 0.21(1) GPa, a 0.2-2.2 GPa range

14



can be considered a region where VINH*GLU™ and VIN-GLU coexist, and transition between them

can be activated already at room temperature — a similar case to BIPY-MA.

Based on IR experiments the proton transfer in VIN-GLU is a continuous process, as
observed in gradual emergence of the band at 3100 cm™ and red shift of band at 1700 cm™. These
changes continue up to pressure of 4 GPa, which corresponds to molecular volume of 314 A3.
This coincides with the increase in the energy gap between cocrystal and VINH3*GLU?~, which
for molecular volume of 320 A3 (corresponding to pressure of 3.2 GPa) is 0.04 eV (3.86 ki-mol™?).
Therefore, it can be inferred, that at 4 GPa, both proton reactions are completed and crystal is a
diprotonated salt. If that pressure limit is considered alone, it is significantly higher than the
proton-transfer pressure expected based on the inverse relationship of pp: and ApK,. However,
according to DFT calculations, the VINH3*GLU?~ form becomes the preferred one already at
pressure of 2.2 GPa, which agree with the expected pressure limit for double proton transfer

between 2 and 3 GPa (Figure 4).
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pressure range was determined instead (BIPYMA-1), or when the proton-transfer pressure was
not reported (4MPYPCP). Symbols and lines at 50% transparency mark previously analysed data
[33], while red lines are for data for VIN-GLU crystal. The numbers 1 and 2 following acronyms
reference the first and second proton transfer. The acronyms: OXAAH20 — oxalic acid dihydrate
form a [36]; BIPYSQA — 4,4'-bipyridinium squarate [24,34]; PHENFA — cocrystal of phenazine with
fluoranilic acid [39]; 4MPYPCP — cocrystal of 4-methylpyridine with pentachlorophenol [41];
DPPZFA — cocrystal of 2,3-di(2-pyridinyl)pyrazine with fluoranilic acid [40].

4. Conclusions

The pressure-induced proton transfer in VIN-GLU cocrystal was confirmed with X-ray diffraction
and spectroscopic techniques, supported by DFT calculations. It was revealed that continuous
“jumping” of the proton takes place already at atmospheric pressure, and a mixture of VINH*GLU"
and VIN-GLU forms exist in 0.2-2.2 GPa range. The diprotonated salt is stable at pressure above
2.2 GPa, however, the energy difference between all three forms is negligible at that pressure.
Only when pressure of 3.2 GPa is reached the preference for VINH3*GLU2~becomes significant.
Still, a further compression to 4 GPa is required to complete the reaction. The process is
reversible, with proton transfer being reverted on decompression. However, this case differs
compared to BIPY-MA in several aspects. Firstly, in VIN-GLU the reaction takes place
monotonically when crystal is compressed , and no phase transition is observed. Although in both
cocrystals we observe a pressure range where neutral and monoprotonated forms coexist, in
BIPY-MA the second proton transfer was observed at single pressure of 3.1 GPa, while in VIN-GLU
the proton transfer appears to be a continuous process. Lastly, a significant difference in the
critical distance between the donor and acceptor of the hydrogen bond for BIPY-MA and VIN-GLU
can be noticed. In the first case, the double proton transfer took place when the oxygen—
nitrogen distance decreased to approx. 2.55 A. Meanwhile, completion of double proton transfer

in VIN-GLU was associated with the distance of 2.485(3) A.

Our results agree reasonably with previously observed relationship between proton-
transfer pressure and ApKg, according to which, the pressure required for the first and second

proton transfer for VIN-GLU should be approx. 0.5-1 and 1.5-2.5 GPa, respectively. Although, the

16



limits found by us differ from this estimation, the expected range falls entirely in the
experimentally established range of 0.2-2.2 GPa for the first proton transfer, while partial overlap
of expected and experimental pressure ranges is observed for the second proton transfer (with
deprotonated salt becoming energetically favourable at 2.2 GPa). Still, the inversed relationship
between proton-transfer pressure and ApKj, is preserved, in agreement with the extended ApK,

rule.
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