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ABSTRACT 

This study demonstrates the reversible structural transformation, single crystal-to-single crystal, 

of the ammonium vanadyl (L-tartrate) complex salt from the hydrate phase to the anhydrous phase. 

The transformation can be initiated by stimuli such as temperature, humidity, or vacuum 

conditions. The hydrate and anhydrous phases exhibit a tetragonal structure (P41212), with marked 

differences in hydrogen bonding due to the presence or absence of one water molecule per 

asymmetric unit. The intricate relationship between crystal packing and intermolecular interactions 

in the hydrate phase was investigated by crystallographic charge density analysis revealing, at the 

molecular level, the reasons for the observed five orders of magnitude higher proton conductivity 

of the hydrate phase compared to the anhydrous phase. To gain further insight into the processes 

occurring at the surfaces of grain boundaries and the proton transfer mechanisms in this system, 

rehydration of the complex salt was carried out using D2O instead of H2O and monitored by in situ 

ATR-FTIR spectroscopy. The results highlight the critical role of interfacial water molecules in 

driving structural transformations and influencing proton conductivity. 

 

 

 

 

 

 



 3 

INTRODUCTION 

The incorporation of multidentate ligands into the coordination sphere of metals is a well-known 

strategy for producing highly stable and structurally tunable supramolecular assemblies achieved 

through various noncovalent interactions between the desired molecular building blocks, inorganic 

anions, and other constituent units.1,2 The use of naturally occurring substances in crystal 

engineering is a very convenient way to introduce flexibility into these crystalline solid-state 

products.3 However, the aforementioned flexibility in structure is in some cases the limiting factor 

when it comes to the stability of such compounds, i.e., they undergo various chemical or structural 

transformations depending on the environmental conditions and external stimuli, even if these 

stimuli mean only a slight change in temperature or humidity.4-8 On the other hand, from an 

application point of view, stimuli-responsiveness can be a very valuable property for the 

development of new devices and technologies.9,10 In this sense, it is very important to optimize 

and test the conditions under which a particular structural transformation occurs and to establish 

the correct structure-property correlation. Since metal-organic compounds are usually produced 

under milder conditions compared to metal oxides, i.e., less energy is consumed, and the mass 

fraction of metals, which are often expensive and scarce, is much lower, and they can be more 

easily recovered or recycled, they could be considered in the coming years as an environmentally 

friendly and sustainable alternative to the materials currently used in devices. 

Recently, solid-state proton conductors in purely organic and inorganic as well as hybrid metal-

organic systems have attracted considerable attention because of their potential use in fuel cells 

for alternative energy production.11-15 One of the best proton-conducting materials contains 

Keggin-type acidic polyoxometalate units that can efficiently transport protons since the effective 

surface charge density is low due to the spreading of the negative charge over the exterior surface 
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oxygens.16,17 The disadvantage of these systems, however, is the clear reliance of proton 

conductivity on the level of hydration, and also the low thermal stability of such systems.18 

Additionally, the amount of hydration in these solids influences the mechanism of proton transport, 

ranging from Grotthuss for the pseudoanhydrous or completely anhydrous state to vehicular for a 

high number of water molecules.19 The activation energy of charge transport, Ea, which is on the 

order of a few 0.1 eV in the case of Grotthuss-like proton transfer through extended hydrogen 

bonds, can be used to determine whether the first or second mechanism predominates. The change 

in the proton conductivity of a system under certain stimuli can be the result of either intrinsic 

factors, such as structural or compositional changes, or interfacial effects, i.e. by interplay of 

protonic species at the interfaces (grain boundaries and surfaces). Hydrated surfaces, or layers of 

water adhered to the solid surfaces that are in equilibrium with the vapor phase, are unavoidable 

when preparing or testing the material under atmospheric conditions.20,21 It has been shown that 

water coats almost all surfaces, even insulators, under ambient conditions.22,23 Apart from effecting 

the properties of a system, adsorbed water layers can built up certain chemical potential and induce 

a structural changes in a material.  

We have recently reported that a complex salt composed of tetraethylammonium cations and 

oxovanadium(V) complex anions undergoes multiple structural transformations, triggered by 

changes in environmental conditions (relative humidity, temperature).6 Under humid conditions 

the complex salt accommodates a large number of water molecules in the structure, leading to 

remarkable increase in volume of unit cell (103 Å3), accompanied with enhancement of 

conductivity.6 To further on test the potential of simpler metal-oxo anions in the design of efficient 

proton conductors, we have chosen to study a complex salt composed of ammonium cations and 

bis[(L-tartrato)oxovanadium(IV)] anions. The preparation of the hydrate phase, (NH4)4[V2O2(L-
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tart)2]·2H2O [L-tart = fully deprotonated L-tartaric acid, (C4O6H2)
4–], was first described by Conn24 

in 1963, starting from the reduction of metavanadate with hydrazine and subsequent complexation 

with L-tartaric acid. According to the studies conducted, the hydrate phase transforms into an 

anhydrous phase under different stimuli and rehydrates reversibly at high humidity. 

Crystallographic charge density analysis of the hydrate phase was conducted to study possible 

charge transfer effects between donor and acceptor molecules connected by hydrogen bonds. 

Structural properties and crystal transformations were correlated with electrical properties studied 

by impedance spectroscopy. Our studies show that interfacial water molecules, which assemble in 

layers on surface of grain boundaries, are acting as agents for phase change control and moreover 

enhance the proton conductivity in the ammonium vanadyl (L-tartrate) complex salt. 

EXPERIMENTAL SECTION 

Starting Materials. L-(+)-tartaric acid was purchased from Alfa Aesar. Glacial acetic acid, 

hydrazine hydrate, ammonium hydroxide solution and ammonium metavanadate were purchased 

from Sigma Aldrich.  

(NH4)4[V2O2(L-tart)2]·2H2O. The hydrate phase was synthesized according to literature 

procedure,24 which was slightly modified. A reaction mixture containing glacial acetic acid (0.36 

mL), water (0.64 mL) and hydrazine hydrate (0.03 mL, 55 wt. %) was stirred and heated at 65 °C. 

Ammonium metavanadate (0.117 g, 1 mmol) was added gradually over a period of 5 minutes. 

After 10 minutes, evolution of nitrogen ceased and ammonium metavanadate dissolved giving a 

blue solution. L-(+)-tartaric acid (0.150 g, 1 mmol) was then added to the reaction mixture under 

constant stirring and heating. After 5 minutes concentrated ammonia solution (1.2 mL) was added 

to the reaction mixture, and the color of the solution changed from blue to violet. The pH of the 

final solution was 8. The resulting solution was transferred to a beaker and violet prism crystals of 
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(NH4)4[V2O2(tart)2]·2H2O crystallized overnight. The crystals were filtered off. The yield was 0.22 

g (82%). The addition of ethanol (1 mL) to the solution can promote crystallization giving smaller 

crystals, but the yield is almost stoichiometric. 

Physical Measurements. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectra were recorded in the 4000–400 cm–1 range using a Perkin-Elmer FT-IR Frontier 

spectrometer. Humidity-dependent ATR-FTIR measurements were recorded in situ in the chamber 

with a manual device (HH414, Omega Engineering, Inc.) for monitoring the relative humidity 

(RH) that was attached to the ATR module of the spectrometer. The RH value was adjusted in two 

ways: i) in dynamic experiments by mixing dry N2 and wet air (see Scheme 1 in Supporting 

Information); ii) in static experiments by exposure to D2O, or saturated aqueous solutions of NaBr 

(RH 60%) and NaCl (RH 75%) salts. Thermal analysis (TG/DTA) was performed using a 

Shimadzu DTG-60H analyzer, in the range from room temperature to 1073 K, in a stream of 

synthetic air at a heating rate of 10 K min−1. Differential scanning calorimetry (DSC) thermograms 

were recorded using Netzsch DSC 214 Polyma calorimeter, calibrated with adamantane, In, Sn, 

Bi, Zn and CsCl standards and operating in a dynamic mode. Two heating and cooling cycles at 

temperatures ranging from 293 to 433 K in an extra pure nitrogen environment were performed at 

a rate of 5 K min–1. The electrical properties were studied by impedance spectroscopy using an 

impedance analyzer (PalmSens4) in the frequency range from 10 Hz to 1 MHz in a custom-made 

insulating chamber. A thermoelectric Peltier module was placed on one side of the chamber to 

provide the required heating and cooling, and the sample was placed on it. The temperature was 

controlled with the TEC-1091-NTC-PIN controller. Additional thermocouple probe was placed 

above the sample for extra temperature monitoring. Specific RH value in the custom-made 

chamber was achieved by exposure to saturated aqueous solutions of different salts (LiCl, NaBr 
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and NaCl) and in vacuum (100 mbar). For measurements the polycrystalline sample was pressed 

(estimated by ca. 8 GPa) into a cylindrical pellet with a diameter of 5 mm and a thickness of 0.5 

mm having a 3.5 mm diameter sputter coated Au electrodes on the opposite surfaces of the pellet. 

The impedance spectra were analyzed by equivalent circuit modeling using the non-linear least-

squares fitting procedure. 

Crystallography. The single-crystal X-ray diffraction data were collected by ω-scans using Cu-

Kα radiation (λ = 1.54179 Å, microfocus tube, mirror monochromator) on a Rigaku XtaLAB 

Synergy diffractometer at 100 and 298 K. The crystal data, experimental conditions and final 

refinement parameters are summarized in Table S1 in Supporting Information. Data reduction, 

including multiscan absorption correction, was performed with the CrysAlisPRO software 

package. Molecular and crystal structures were solved by direct methods using the program 

SIR201925 and spherical refinement was performed using the full-matrix least-squares method 

based on F2 with anisotropic displacement parameters for all non-hydrogen atoms (SHELXL-

2014/7).26 Both programs were operating under the WinGX program package.27 The hydrogen 

atoms attached to the C atoms of the tartrate anions were treated as riding in idealized positions, 

with the C–H distances of 0.93 Å and displacement parameters assigned as Uiso(H) = 1.2Ueq(C). 

The hydrogen atoms of water molecules were identified based on difference Fourier maps where 

[O–H distances were restrained to a target value of 0.85(2) Å, and the H–O–H angle to 104°]. 

Diffraction data for the charge density study were collected using Mo-Kα radiation up to the 

maximum resolution of 0.5 Å and the multiple integrated reflections were averaged for the 

corresponding space groups using the program SORTAV28 adapted to area detector data. 

Multipolar refinement was carried out vs. all reflections F2 with program package MoPro29 using 

reflections up to s = 1.0 Å–1. In later phases of refinement the resolution was reduced to s = 0.9 Å–
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1. The O, N and C atoms were modelled as octupoles and hydrogens as dipoles; loose restraints 

were used for multipoles and kappas of chemically equivalent atoms. Due to an approximate 

twofold symmetry of [V2O2(L-tart)2]
4– anion, multipoles of the V1 atom were restrained to a C2 

symmetry, while O atoms and C1 and C4 from tartrate anions were restrained to planarity. N atoms 

of the ammonium cations were restrained to tetrahedral symmetry and water atom O8 to C2v 

symmetry. C–H bond lengths were restrained to 1.099(5) Å, C–N to 1.036(5) and O–H to 0.983(5) 

Å. Topological bond orders were calculated using the formula30: ntopo =  a + b λ3 + c (λ1 + λ2) + d 

ρcp. Coefficients a, b, c and d were taken from the literature: for C–C bonds a = -0.522, b = -1.695, 

c = 0.00, d = 8.473;31 for C–H and C–N bonds a = -0.153, b = 0.481, c = 0.983, d = 8.087;32 for 

C–O bonds a = 0.776, b = 0.267, c = 0, d = 0.31 Geometrical calculations were carried out with 

PLATON33 and the figures were generated using ORTEP,27 CCDC-Mercury34 and MoPRO 

Viewer35. Charge density calculations were carried out using the program package MoPRO29. 

The powder X-ray diffraction data (PXRD) were collected in reflection mode with Cu-Kα 

radiation (λ = 1.54060 Å) on a Malvern Panalytical Empyrean diffractometer using a step size of 

0.001° in the 2θ range between 5° and 60°. Temperature modulated measurements were performed 

in situ in a high temperature oven chamber, and RH modulated measurements were performed ex 

situ. The crystal structures of hydrate and anhydrous phases were used as a structural model for 

Rietveld refinement of powder data from polycrystalline samples and gave a satisfactory fit 

(Figures S8 and S9 in Supporting Information). 

RESULTS AND DISCUSSION 

The structure of (NH4)4[V2O2(tart)2]·2H2O has been reported over 50 years ago by Forrest and 

Prout,36 who were the first to structurally characterize and confirm the existence of dimeric vanadyl 

tartrate ions, which attracted considerable attention at the time because of the difficulties in 
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preparation and the complex (pH-dependent) solution behavior of various vanadium tartrate 

species. The compound crystallizes in the space groups P41212 with the asymmetric unit consisting 

of two crystalographically independent NH4
+ cations, one half of the vanadyl tartrate dimer anion 

lying on a double two-fold axis, and one water molecule of crystallization (Figure 1a). The hydrate 

phase exhibits an extended 3D hydrogen bonding geometry involving all constituent units. Each 

oxygen atom of the fully deprotonated L-tartrate ligands serves as a proton acceptor. In addition, 

there are several 1D hydrogen bonding chains between ammonium cations and water molecules 

that are parallel to the a and b axes (Figure 2a). 

The high-resolution diffraction study of (NH4)4[V2O2(tart)2]·2H2O was undertaken to reveal fine 

details in hydrogen bonding which may provide an explanation of conductivity. In addition, it is 

interesting for study, since only a couple of vanadium compounds have been studied by quantum 

crystallography.37,38 The molecular charges calculated from refined valence populations (Pval) are 

−3.95 for the [V2O2(tart)2]
4−, +0.93 and +0.91 for two respective ammonium cations (N1 and N2) 

and +0.13 for the water molecule O8. These values are in a good agreement with the formal 

charges. The coordination sphere of the vanadium cation involves a short vanadyl bond V1=O1, 

1.6274(18) Å and four longer bonds with hydroxyl O atoms, ranging from 1.9064(14) to 

2.0216(13) Å. These two types of bonds are qualitatively different, as can be seen in the maps of 

deformation density (Figures 1b and S1) and Laplacian (Figures 1c and S2). The V1=O1 bond, 

with a maximum electron density at the critical point of 1.732 e Å-3 (Table S2) is clearly covalent, 

while the other four bonds are of a dominantly ionic character (maximum electron densities in the 

critical points are 0.553 - 0.655 e Å-3 (Table S2) and are more similar to coordination bonds in 

previously studied Cu(II) and Mn(II) complexes.39–42 
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Figure 1. Crystal structure and charge density of (NH4)4[V2O2(tart)2]·2H2O: a) ORTEP-3 drawing 

with atom numbering scheme, displacement ellipsoids drawn for the probability of 50 % and 

hydrogen atoms shown as spheres of arbitrary radii; b) isosurface of 3D deformation density for 

±0.1 e Å-3 (blue is positive and red is negative); and c) isosurface of 3D Laplacian for ±5 e Å-3 

(blue is positive and red is negative). 
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The geometry and topology of the electron density of the tartrate ligands are as expected. There 

are a total of 14 symmetry-independent hydrogen bonds in the crystal packing, ten N−H∙∙∙O, two 

O−H∙∙∙O and two weaker C−H∙∙∙O (Table S3). According to geometries and electron densities 

(Table S4) they can be classified as medium strong or weak therefore, no proton transfer is 

expected.44 Two hydrogen bonds which form the chains (see description above), N1–H2N···O8 

and N1–H3N···O8 are also typical medium strong hydrogen bonds45 with respective maximum 

electron densities at the critical points of 0.231 and 0.158 e Å-3. Deformation density (Figure S1) 

and Laplacian of electron density (Figure S2) are in agreement with this; there are no features in 

residual density (Figures S3 and S4) which would suggest a possible proton disorder as a result of 

proton transfer. 

 

 

Figure 2. Comparison between crystal packings of: a) hydrate phase; b) anhydrous phase viewed 

along the b axis. Packing viewed along the c axis of: c) ammonium cations and water molecules 
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in the hydrate phase; d) ammonium cations in the anhydrous phase. Cyan sticks represent the 

hydrogen bonding between ammonium cations and water molecules. 

The hydrate phase (NH4)4[V2O2(tart)2]·2H2O undergoes dehydration process to a anhydrous 

phase (NH4)4[V2O2(tart)2] that can be triggered by different stimuli: temperature or relative 

humidity (RH). The transformation occurs if hydrate phase is: i) evacuated in low vacuum (~0.1 

mbar); ii) heated to 373 K; or iii) exposed to dry nitrogen gas (RH < 5%). Figure 3 shows PXRD 

patterns after sample manipulation under different stimuli, inducing corresponding structural 

changes. The transformation from the hydrate to the anhydrous phase belongs to a single-crystal-

to-single-crystal type transition, which was confirmed by single-crystal XRD measurements. The 

structure of the anhydrous phase is tetragonal P41212. The loss of the water molecule during 

dehydration causes a shortening of the c-axis by 3.3 Å (see Figure 2; Table 1). The crystal 

symmetry remains intact during this transformation, so that the a- and b-axes remain unchanged. 

Figure 3 shows that 004 reflections are shifted to higher 2θ values during the structural 

transformations, indicating a shortening of the c-axis. In the anhydrous form, the ammonium 

cations interact with their surrounding vanadyl tartrate anions, more specifically with the oxygen 

proton acceptors, via even shorter hydrogen bonds. However, the 1D hydrogen bonding chain 

consisting only of ammonium cations and water molecules is lost (Figure 2c and d). 
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Figure 3. PXRD patterns following the structural transformation from hydrate to anhydrous phase 

under different stimuli. Simulated diffractograms from single-crystal XRD data are given for 

comparison. 

Table 1. Unit cell parameters and space group of the hydrate and anhydrous phases of ammonium 

vanadyl(L-tartrate). 

PHASE HYDRATE ANHYDROUS 

T / K 298 298 

Mr/ g mol–1 267.10 249.08 

Space group P41212 P41212 

a / Å 7.9910(1) 7.9688(3) 

b / Å 7.9910(1) 7.9688(3) 

c / Å 31.5460(7) 28.2233(14) 

α = β = γ / ° 90 90 

Z 8 8 

calcd/g cm–3 1.761 1.846 

V / Å3 2014.40(7) 1792.23(16) 

 

Additional insight into the changes caused by dehydration and the dynamics of the process can 

be studied in situ by ATR-FTIR spectroscopy (Figures 4, S10–S15). The observation of changes 

in the stretching vibration frequencies of the N–H, C–O, V–O and V=O bonds is clearly visible. 
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There are two crystalographically independent ammonium cations in the asymmetric unit, and 

consequently the N–H stretching vibrations differ. The N–H stretching vibrations of the 

ammonium cation that forms a hydrogen bonding chain with the water molecule in the hydrate 

phase appear at 3185 and 2980 cm–1 and shift to 3169 and 3050 cm–1, respectively, during 

dehydration, while the vibrations of the second ammonium cation are not affected by 

hydration/dehydration and appear as bands at 2899 and 2834 cm–1 (Figure S10 in Supporting 

Information).46 The most significant change concerns the most intense band in the spectra 

associated with the stretching vibration of the terminal V=O bond.47,48 During dehydration, this 

band is blue-shifted from 940 to 959 cm–1, and according to structural analysis the bond itself is 

elongated from 1.622 to 1.636 Å. 
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Figure 4. In situ humidity-dependent ATR-FTIR spectra following transformation: a) from 

hydrate phase to anhydrous phase; b) from anhydrous phase to hydrate phase, c) during exposure 

to D2O of hydrate phase.  

IR spectroscopy is very valuable to examine the dynamics of the phase transition associated with 

dehydration/rehydration. According to in situ ATR-FTIR spectroscopy (Figure 4a), the anhydrous 

phase begins to appear at RH ~6% at 298 K. When the anhydrous phase is fully converted, it 

remains stable up to RH ~70% and begins to convert to the hydrate phase as RH increases further 
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(Figure S11 in Supporting Information). Along with the recovery of the hydrate phase at RH 75%, 

a new broad band appears in the spectra at 3400 cm–1 corresponding to the O–H stretching 

vibration of the water molecules adsorbed on the surface of the grain boundaries. A small peak at 

3740 cm–1 is also detectable for the high RH values, corresponding to the O–H stretching of water 

molecules that do not have enough nearest neighbors to saturate the hydrogen bonding. According 

to previous studies by Kim49and Norby50, there are three types of adsorbed water molecules: 

molecular adsorbed water and a hydrogen-bonded layer as part of the so-called ice-like layer and 

a more loosely bound liquid-like layer that appears at RH >60%. The ice-like layer is observed as 

a broad peak centered at 3200 cm–1, and studies of silicon oxide surfaces have shown that it is 

present even at RH below 30%.51 In the spectra of both the hydrate and anhydrous phases, the 

region around 3200 cm–1 is overlapped with more intense N–H and O–H stretching vibrations 

coming from ammonium cations and crystal water molecules. Since ATR-FTIR spectra in low 

vacuum still show broad O–H vibrations centered at 3200 cm–1, this is an indication that first layer 

of water molecules part of the ice-like layer is forming a strong interaction via hydrogen bonds to 

the surface. More loosely bound water layers, part of the so-called liquid-like adsorbed water, are 

characterized by a peak at 3400 cm–1.49 According to studies from IR on ammonium vanadyl (L-

tartrate) compound, the appearance of a peak at 3365 cm–1 associated with a liquid-like adsorbed 

water layer precedes the formation of the hydrate phase from the anhydrous one. During the 240-

minute exposure at RH 60%, the structural transformation is not detected, and after 10 minutes at 

RH 75%, there is an indication of the formation of the hydrate phase (Figure 4b). Scheme 1 

presents the humidity-dependent structural transformation in simplified form. For example, both 

the anhydrous and hydrate phases can be stable at 50% RH, but they do not appear as mixed phases 

(Scheme 1). In a sense, the compound has a memory effect depending on whether it was previously 
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dried or exposed to high RH. Only at the transition values of RH (5% and 75%) there are mixed 

phases. Once formed, a liquid-like adsorbed water layer is difficult to remove, which also indicates 

that strong hydrogen bonds exist between these molecules (see Figures S12, S13 and S15 in the 

Supporting Information). 

 

Scheme 1. Humidity-dependent transformation in the ammonium vanadyl tartrate system. 

ATR-FTIR spectroscopy was also used to follow the reversible exchange reaction of H2O for 

D2O both in-situ and ex-situ to further confirm the existence of water layers on the surface of the 

studied complex salt. After exposing the sample to the D2O-air atmosphere the intensity of the 

bands associated with the O–H stretching vibration [ν(O–H)] of the ice-like layer water molecules 

(a broad peak centered at 3200 cm–1) immediately starts to decrease, while two broad bands 

associated with the O–D stretching vibrations appear at 2385 and 2207 cm–1 (Figure 4c). Similar 

observation was also found during exposure of nano-structured yttria-doped zirconia to D2O-air 

atmosphere.52 The O–H stretching vibrations coming from water molecules of crystallization 

remain in the spectra, because these molecules are less likely to be exchanged with D2O due to 

stronger interactions. Other changes in the spectra are associated with small shifts of the vibrations 

coming from bis[(L-tartrato)oxovanadium(IV)] anions, namely νas(CO), νs(CO), νas(V=O) and 

νs(V=O), that are located at the surface and that form O–D∙∙∙O bonds with newly formed D2O 

layers. Surface analysis performed in Mercury’s CSD-Particle module34 gives an insight on 

electrostatic potential of particular crystal surfaces in studied complex salt. This analysis shows, 
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for example, that planes (004), (204), and (101) are rich in hydrogen accepting or donating groups 

(red and blue areas in Scheme 2, also in Figure S7). Such surfaces have a high tendency to form 

hydrogen bonds with water molecules from the vapor phase, and the formation of water layers is 

expected, as schematically shown in Scheme 2. When D2O is introduced into the system, the 

adsorbed (both ice-like and liquid-like) H2O layers rapidly exchange with it, consistent with 

theoretical and experimental evidence showing that D2O shifts the equilibrium between inter-

residue hydrogen bonds and competing D2O/H2O solvents in its favor.53 Accordingly, removal of 

D2O and exposure to air at RH 38% results in full recovery of the initial spectrum (light blue line 

in Figure 4c). 

 

Scheme 2. Surface analysis of the (101) plane in the hydrate phase having hydrogen bonding 

acceptor (red area) and donor (blue area) groups. 

TG/DTA analysis (Figure S16) shows that the process of elimination of water of crystallization 

for the hydrate phase is finished at 400 K. The anhydrous phase is further on stable up to 500 K. 

Differential scanning calorimetry (Figure 5) revealed significant differences in the enthalpies 

associated with water release from the anhydrous phase, the hydrate phase and the hydrate phase 

in wet conditions. This observation is fully consistent with ATR-FTIR measurements that show 

presence of water layers even for anhydrous phase, whose number is further on increasing in wet 
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conditions in the hydrate phase. Under atmospheric conditions all samples have hydrated surfaces, 

and therefore the measured heat effect related to water release is the sum of the heat coming from 

the intrinsic water of crystallization and the heat content due to interfacial effects.54 For the 

anhydrous phase, the measured heat effect is the sum of the heat content related to water release 

from the surface and grain boundaries. Noticeable difference between the enthalpies measured for 

the hydrated phase under dry and wet conditions is a clear sign of multiple water layers that are 

bound to the surface and grain boundaries when RH is above 75%. These structured water layers 

are shown schematically in Scheme 2. From the values of enthalpies, the number of ice-like water 

layers present in the anhydrous phase and the hydrate phase under dry conditions is approximately 

equal to the number of liquid-like water layers in the hydrate phase under wet conditions. 

 

 

Figure 5. DSC curves of the anhydrous and hydrate phases in dry conditions, and the hydrate 

phase in wet conditions measured at a heating rate of 5 K min–1. 

The proton conductivities of the hydrate and anhydrous phases were investigated by AC 

impedance spectroscopy, using pressed pellets of the powder sample with two gold electrodes 

sputtered onto the surface. The measurement was performed in the following sequence: first, the 

anhydrous phase was measured in vacuum and at RH 20%; then, the anhydrous phase was 
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converted to the hydrate phase by exposing it to a saturated aqueous NaCl solution (RH 75%) for 

12 hours and measuring it; then, the hydrate phase was exposed to RH 20–30% for 12 hours and 

then to a saturated aqueous NaBr solution (RH 60%) for 12 hours, after which the measurement 

was performed at RH 60%. This sequence of sample manipulations achieved complete conversion 

between the anhydrous and hydrate phases and equilibrium between the solid/gas interfaces at 

different RH. The dependence of conductivity (σ) on RH is non-linear (Figure 6a), reflecting the 

sequence of structural transformations under different conditions. Figures 6b and 6c show Nyquist 

plots for the anhydrous phase measured in an evacuated chamber (pressure around 100 mbar) and 

at RH 20%, respectively. The corresponding Nyquist plots can be described by an equivalent 

circuit consisting of a resistor (R) and a constant phase element (CPE) connected in parallel (Figure 

S17, Supporting Information). The conductivity of the anhydrous phase at room temperature (298 

K) and low vacuum pressure was calculated to be of 3.66 × 10–9 S cm–1. When the anhydrous 

phase is measured at 20% RH, the conductivity increases to 1.14 × 10–8 S cm–1, not due to intrinsic 

factors, but because of the formation of additional ice-like water layers on the surface and at the 

grain boundaries, which contribute to the overall conductivity. This is also confirmed by ATR-

FTIR spectra of the anhydrous phase in vacuum and RH 20%, where differences are observed in 

the spectral region indicative of the adsorbed ice-like water layers (see Figure S14 in the 

Supporting Information). Previous spectroscopic studies have also shown that up to three 

monolayers of ice-like adsorbed water can form at less than 30% RH.49 
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Figure 6. a) Plot of conductivity vs relative humidity at 298 K, following structural transformation 

from hydrate phase at high RH and anhydrous phase at low RH; b)–e) Complex impedance plane 

(Nyquist plot) recorded at different RH at 298 K with fitted arcs (solid lines). Inset at d) the ln(σT) 

vs T−1 plot with Arrhenius fit as solid line. 

According to the in situ ATR-FTIR studies, the anhydrous phase begins to convert to a hydrate 

phase when RH reaches 75%. After conversion of the sample pellet to the hydrate phase by 

exposure to air at RH 75% for a sufficient time (typically 12 hours), the conductivity increases by 

a factor of 105 to 1.01 × 10–4 S cm–1, as shown by the data from the impedance plot (Figure 6e, 

Figure S17). The conversion of the anhydrous to the hydrate phase is accompanied by the 

formation of a liquid-like layer of adsorbed water at the interfaces (grain boundaries and surfaces). 

This suggests that two different factors are responsible for the observed increase in hydrate phase 

conductivity at RH 75%: i) crystal water molecules in the structure via 1D hydrogen bonding 

chains that serve as proton conduction pathways (see Figure 2c); ii) adsorbed liquid-like water 

layers. To determine the actual contribution of the crystal water molecules to the overall increase 

in conductivity, the sample pellet was exposed to dry conditions for 12 hours (RH 20–30%), and 

after the liquid-like layers were removed, the AC impedance measurements were performed at RH 

60%. Reducing RH to 60% and removing the so-called liquid-like layer causes the hydrate phase 

conductivity to decrease to a value of 1.88 × 10–5 S cm–1 at 298 K. This is a clear indication that 
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the conductivity of the hydrate phase is strongly influenced by the formation of the liquid-like 

layer of adsorbed water at the surface and grain boundaries, which happens when RH is 75% or 

higher. According to the in situ ATR-FTIR measurements, liquid-like layer of adsorbed water 

appears when RH reaches ~75% (Figure S12 in Supporting Information), and there is a large 

hysteresis in the wetting and drying process mostly due to the stability of these liquid-like layers. 

Since the phase transition from anhydrous to hydrate phase occurs only at RH above 75%, it is 

very likely that the formation of the so-called liquid-like layer is a prerequisite for the phase 

transition. In other words, its absence at RH 60% during the wetting process, as demonstrated by 

ATR-FTIR, is the reason for the stability of the anhydrous phase at such high RH (see Figure S11 

in the Supporting Information). 

Furthermore, the thermal dependencies of the conductivity for the hydrate phase conditioned at 

60% RH were investigated. The activation energies (Ea) were calculated based on the linear fit to 

Arrhenius plots [ln(σT) vs 1000 T−1] (inset in Figure 6d, all data given in Figure S18, Supporting 

Information). The Ea values of 0.30 eV at 60% RH are typical for proton-conducting materials and 

comparable to the activation energy for reference materials, e.g., Nafion (Ea < 0.4 eV)19 and other 

related materials.55,56 Considering the crystal structure of the hydrate phase, supported by charge 

density studies, and the exact position of water molecules in the structures, the Grotthuss 

mechanism is more likely compared to the vehicle mechanism. The large difference between the 

conductivities of the anhydrous and hydrate phases is also related to their structural properties, i.e., 

the geometry of the hydrogen bonds. In the hydrate phase, the H2O molecules are arranged together 

with the NH4
+ cations through hydrogen bonds to form infinite chains running along the a and b 

axes (Figure 2c), which allow more efficient proton hopping, compared to the anhydrous phase, 

where the loss of the water molecule disrupts these proton conduction pathways (Figure 2d). The 
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effect of the adsorbed water on conductivity is also detectable in both the anhydrous and hydrate 

phases, consistent with in situ ATR-FTIR measurements showing the presence of ice-like and 

liquid-like adsorbed water layers occurring at different RH levels. 

CONCLUSIONS 

This work presents the structural and electrical study of an ammonium vanadyl-(L-tartrate) 

complex salt, which undergoes reversible single-crystal-to-single-crystal transformations during 

dehydration/rehydration processes induced by variations in relative humidity and temperature. 

Structural transformations of the hydrate phase to the anhydrous phase and vice versa are followed 

by in situ and ex situ XRD and ATR-FTIR measurements, providing insight into the structural 

features responsible for electrical properties such as proton conductivity. In this complex salt the 

soft crystal packing of constituting units, different from the one in e.g. porous ceramics or metal-

organic frameworks and coordination polymers, is responsible for the observed proton transport 

properties and performance. The loss of the water molecule in anhydrous phase causes a shortening 

of the c-axis by 3.3 Å without changing the symmetry. In addition, the 1D hydrogen bonding 

chains between the ammonium cations and the water molecules are lost in the anhydrous form, 

reflecting in drop of proton conductivity by three orders of magnitude, from 1.88 × 10–5 to 1.14 × 

10–8 S cm–1. Proton conduction is affected not only by changes in crystal structure, but also by the 

presence of tightly bound water molecules at grain boundaries, which are abundant in proton 

acceptors. Under humid condition (RH 75%) the generation of so called liquid-like layers of 

adsorbed water leads to one order of magnitude increase in proton conductivity, reaching the 

favorable value of 1.01 × 10–4 S cm–1. Furthermore, the presence of tightly bound water molecules 

serves a dual purpose by both enhancing proton conduction and facilitating structural 

transformations. It can be seen that these water layers play a crucial role in the transition between 
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the anhydrous and hydrated phases, allowing conversion in both directions. In summary, our 

results show that the proton conductivity in the metal-organic complex salt can be attributed to 

two main sources: the protons present within the crystal structure and the water present at the 

surface and grain boundaries. These conduction pathways can be controlled by environmental 

conditions such as temperature and relative humidity. 
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