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Metastable bassanite cannot usually be precipitated from aqueous solutions, yet easily taking up 

water to yield the gypsum. Although biological systems can mineralize this phase to micron sized 

crystals, a facile fabrication of bulk bassanite in vitro under ambient conditions remains a major 

challenge. Here, we unprecedentedly fabricated the bulk phase of bassanite by precisely controlling the 

water limited in the solution with polymer (polyvinyl pyrrolidone), suppressing the transformation 

into thermodynamically favourable gypsum. A new thermodynamic model of the non-classical 

crystallization process is described in terms of water-driven colloidal assembly, and molecular dynamics 

simulation demonstrates the role of water molecules to interact with the polymer ligands to initiate the 

assembly and growth of bassanite. These findings contribute to a deeper understanding of how the 

bassanite precipitates in vivo and may save us the procedure of thermally transforming about hundreds 

of millions of tons of dihydrate per year into hemihydrate.
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Introduction 

Calcium sulfate minerals are widespread throughout the Earth, where gypsum (CaSO4•2H2O) and 

anhydrite (CaSO4) can naturally deposit on terrestrial surfaces1,2, while bassanite (CaSO4·0.5H2O) is 

unstable and transient, and thus only occurs in small quantities near the land surface in arid regions3,4. 

Recently, bassanite is massively found on Mars5,6, yet why the thermodynamically unstable bassanite 

phase persists on Mars is still debated. In industry, about 100 billion bassanite was produced by an 

energy intensive dehydration of gypsum per year around the world7,8. Alternatively, natural organisms 

provide an energy-saving way to produce stable bulk bassanite. For example, micron sized bassanite 

was found in statoliths of deep-sea medusae for gravity sensing9, although the sea-living organisms are 

consisting mostly of water10. Similar bassanite is also found in the wood of the Tamarix tree11. However, 

the fabrication of bulk bassanite in vitro is by no means a low hanging fruit, due to its easy hydration 

and thermodynamic instability 3.  

The crystallization of mesoscale bulk biomimetic materials is a frequently occurring via the 

mechanism of particle assembly12,13, in which primary particles align along specific crystallographic 

directions to attach and coalesce into a bigger one14. In the assembly process, metastable precursor 

particles often spontaneously transform into the thermodynamically favoured phase at a bulk size. A 

transient conversion from metastable bassanite nanoparticles into micrometre-sized gypsum crystals was 

observed to experience the oriented attachment dominating growth process3. The phase transformation 

of bassanite undergoes a very fast coarsening process even at the very early stage of nanoparticles15. In 

this scenario, water can not only accelerate nanocrystal growth, but also trigger phase transformation 

into gypsum at the same time. This explains why bassanite minerals are rarely found in the natural 

aqueous environment. When water is not precisely controlled during the crystallization of the above 

water-sensitive systems, either nanosized metastable bassanite or bulk gypsum phase can be obtained in 

solution, but hardly achieving stable bulk basanite at ambient conditions16. Fortunately, the evidences of 

bassanite present on Mars and in some living organisms provide a clue that water activity in the 

surroundings might play a critical role in determining the fate of calcium sulfate phases during 

crystallization17,18.  
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Considering that the nucleation and growth of bassanite is extremely sensitive to the surrounding 

water that can be mediated by bio-macromolecules19, we propose a two-steps strategy to limit water 

activity by polymers, with the aim to control the water-involved crystal growth and phase 

transformation process of calcium sulfate. By limiting water in the n-propanol (NPA) solution with 

polyvinyl pyrrolidone (PVP), the water available for phase transformation of bassanite is under well 

controlled. In this way, the water-driven hierarchical assembly of calcium sulfate nanorod precursors 

into mesoscale structures can be realized to form final bassanite phase at the bulk size, without 

transforming into gypsum. To the best of our knowledge, the bassanite of meso/bulk crystal obtained in 

solution at room temperature has yet been reported in the literatures. Based on the experimental 

observation, thermodynamic modelling and Ab initio molecular dynamics (AIMD) were performed to 

understand the effect of organic ligands on water-induced aggregation and crystallization of bassanite. 

Our work not only proposed a strategy to produce stable bulk bassanite beyond traditional dehydration 

upon heat-treatment for energy-efficient application, but also helps to understand how the metastable 

bassanite can persist in the regions of low water activity on Mars or in other severe arid conditions, as a 

potential water source for organismal survival. 

 

Results 

Formation of bulk bassanite. 

Deep-sea medusae (Fig. 1A), a sea-living organisms consisting mostly of water, use water-deficient 

bassanite for gravity sensing (Fig. 1B)9. This biological system actively induces the crystallisation of 

this phase far away from chemical equilibrium. Herein a two-step strategy of mimicry is designed to 

precisely control the evolution of calcium sulfate phases in solution at room temperature 

(Supplementary Fig. 1).  
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Fig. 1 Evolution of bassanite. (A) Bassanite formed in deep-sea medusae. (B) The medusa Periphylla periphylla with 

positions of bassanite indicated (arrows) (9). (C) Precursor of bassanite nanorods formed in Stage I. The red rectangle 

outlines the out-of-order stacking of bassanite nanorods. (D) Mesostructured bassanite assembled by nanorod precursor 

collected at 10 min (Stage II) after adding 3.85 wt% of water in (C), the red lines emphasize the bassanite nanorod 

units. (E) Bulk bassanite with a prismatic shape and clear facets at 30 min (Stage II). (F, G) XRD patterns showing 

bassanite (F) and gypsum (G) formed at Stage III and Stage III’, respectively. (H, I) Mesostructured and bulk gypsum 

formed at 10 min (Stage II’) (H) and 30 min (Stage III’) (I), respectively, after adding 19.35 wt% water in (C). 

In the first step, the calcium sulfate colloids are prepared in the NPA solution by employing PVP as 

the surface-bound ligands (Stage I). The as-obtained calcium sulfate precursor has a bassanite structure 

with a gyration radius of about 45 nm (Supplementary Fig. 2), and emerges as the randomly orientated 

nanorods with a diameter of about 20 nm and a length of about 200 nm (Fig. 1C). In the following step, 

water is precisely added into the suspensions of bassanite precursors formed in Stage I. When 3.85 wt% 
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of water (molar ratio of H2O/CaSO4 = 22.25) was introduced, the rod-shaped aggregate appears after 10 

min of reaction (Stage II) (Fig. 1D). In the mesostructure, bassanite nanorod precursors originally 

formed in Stage I are still clearly visible and act as the building units to laterally orientate and organize 

into the mesostructured assembly20. 30 minutes later, the mesostructure continuously grow and finally 

form the bulk (Stage III) (Fig. 1E), which is morphologically very similar to the bassanite (Fig. 1B) 

formed in deep-sea medusae (Fig. 1F). Impressively, it shows a prismatic shape of clear facets, with a 

length of about 5.03 μm and a transverse size of about 1.28 μm. Moreover, the bulk phase presents a 

clean bassanite structure, as identified by XRD (Fig. 1F) and infrared spectra (IR) (Supplementary Fig. 

3), and the product keeps stable afterwards even after 24 hours (Supplementary Fig. 4). As a control, 

when a tiny amount of water (1 wt%) is added into the bassanite precursors without PVP, 

immediately triggers the phase transition of bassanite into bulk gypsum (Supplementary Fig. 5).  

The evolution of microscopic structure of bassanite was further observed by high-resolution 

transmission electron microscopy (HRTEM). As shown in Fig. 2A, the initially formed bassanite 

nanorod in Stage I is built up by the nanoparticles with a size about 10 nm serving as the “building 

blocks”. Judging from their crystal lattices with a distance of 0.28 nm, the small nanoparticles prefer to 

expose the (204) plane, and then to orient and assemble along the [102] direction, followed by attaching 

to each other to form bassanite nanorods (Refer to Mode 1 in Fig. 2). Alternatively, two small “building 

blocks” can collide and coalesce together in the direction perpendicular to [102] (Refer to Mode 2), with 

a clearly observed twin boundary defect inside (Fig. 2B). The assembly of bassanite nanoparticles in the 

concurrent way of Mode 1 and Mode 2 will lead to the formation of bassanite nanorods with an 

increasing size in both the radius (20-100 nm) and the length (100-500 nm) (Fig. 1A). In what follows, 

these bassanite nanorods stand side-by-side to assemble into a secondary aggregate (Fig. 2C and d), and 

continuously construct the hierarchical mesostructure (Fig. 1D), which subsequently grow into the 

equilibrium shape of the bulk bassanite crystals (Fig. 1E). It is clearly seen that the growth of bassanite 

undergoes a two-step particle assembly, where the introduced water could act as the surface-bound 

agent to promote interfacial reactions between adjacent particles for hierarchical assembly22,23. The 

whole growth process of bassanite via hierarchical assembly is summarized and depicted in Fig. 2E. 
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Fig. 2 Evolution of microscopic structure of bassanite with PVP. (A, B) HRTEM images of the bassanite nanorods 

formed in Stage I by assembly of small bassanite nanoparticles in different modes. Mode 1: along the main axis of [102] 

(A), and Mode 2: in the direction perpendicular to [102] (b). (C, D) HRTEM images of bassanite mesostructure 

assembling by nanorods with the addition of 3.85 wt% water in Stage II. The magnified area (D) of the mesostructured 

in (C) clearly shows the assembly and coalescence of bassanite nanorods aligning in their transverse direction. (E) 

Schematic growth process of bassanite from nanoparticles into bulk. 

Further, we simulated the equilibrium shape basing on the surface energy calculated by using 

density functional theory (DFT) (Supplementary Fig. 6)24. The (201) and (111) planes constitute of the 

main exposed surfaces of the hexagonal bassanite prism, while the (020), (100) and (001) planes 

construct to the high energy facets (Supplementary Fig. 7-8). This simulation about the Wulff shape of 

bassanite with the exposed facets agrees well with the experiment results.  
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However, Further increasing the water ratio more than 3.85% will lead to the occurence of 

gypsum, even in the system with PVP (Supplementary Fig. 4). Finally, the nano-bassanite precursor 

are completely transformed into pure bulk gypsum after adding 13.95 wt% of water at 30 min (see XRD 

in Fig. 1G and IR in Supplementary Fig. 3), although a similar evolution process from the assembly of 

primary nanorods into a mesostructure to the final bulk gypsum is also observed (Fig. 1H and 1I)21. 

 

 

Thermodynamic model. 

Based on the above observation, the crystallization of calcium sulphate via hierarchical assembly into 

bulk phases can be divided in three distinct parts: nucleation, hierarchical assembly and phase transition. 

Therefore, the change in total Gibbs free energy determining the final products/phases via the 

aforementioned growth process is associated with three components: (i) formation of BPs (ΔGbp), 

(ii) assembly of the n BPs into rod-like assembly (ΔGass-1), and (iii) further assembly of x 

nanorods (building up by BPs) into the secondary rod-shaped aggregates, either still keeping 

bassanite phase (ΔGass-2) when adding a small amount of water (e.g. < 3.85 wt%), or converting 

into gypsum phase (ΔGgyp) at the higher water ratios(see the scheme in Supplementary Fig. 9). For 

the former case to form bassanite aggregates, the total Gibbs free energy (ΔGagg) can be 

expressed as: ∆𝐺𝑎𝑔𝑔 = 𝑛𝑥𝛥G𝑏𝑝+𝑥∆𝐺𝑎𝑠𝑠−1+∆𝐺𝑎𝑠𝑠−2#(1)  

While for the latter case to transform into gypsum, the total Gibbs free energy (ΔGtgyp) is: ∆𝐺𝑡𝑔𝑦𝑝 = 𝑛𝑥𝛥G𝑏𝑝 + 𝑥∆𝐺𝑎𝑠𝑠−1 + ∆𝐺𝑔𝑦𝑝#(2)  

The energy difference (ΔGdif) between ΔGtgyp and ΔGagg determines the prior pathway for 

formation of bassanite assembly (ΔGdif > 0) or conversion into gypsum (ΔGdif < 0), 

thermodynamically. As the formation of bassanite nanoparticles and nanorods are in the same 

conditions in Stage I before adding extra water, ΔGdif is thus obtained as: 𝛥𝐺𝑑𝑖𝑓 = 𝛥𝐺𝑡𝑔𝑦𝑝 − 𝛥𝐺𝑎𝑔𝑔 = ∆𝐺𝑔𝑦𝑝 − ∆𝐺𝑎𝑠𝑠−2#(3)  
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Fig. 3. Thermodynamic model. (A) Phase diagram calculated based on the thermodynamic model showing ΔGdif as a 

function of w and Rmeso to favour the formation of either bassanite or gypsum mesocrystals. The white lines indicate the 

boundary of the two phases at ΔGtgyp = ΔGagg in the systems with (solid line) and without (dash line) ligands. Data are 

generated setting Δgconv = -0.1 × 106 kJ∙m−3, Δγconv = 2.5 J∙m−2
 (1 J∙m−2 for the ligand-free system), and Δδconv = -0.1 

J∙m−2 (-0.11 J∙m−2 for the ligand-free system), as estimates for the generic bulk and surface energy densities of 

inorganic materials25. (B) Experimentally statistical content and average diameter of bassanite obtained by adding 

different amounts of water into the colloidal bassanite nanorods with or without PVP ligands after staying for 30 min. 

The Gibbs free energies (ΔGgyp and ΔGass-2) can write as a function of bulk and surface terms, where 

the assembly of bassanite particles into the mesostructure is normally assumed not to involve a change 

in the bulk energy, but just a reduction of the surface term due to a decrease in the interfacial area26. 

Considering the extra water to influence the interfacial energy of PNs, we define the γmeso to 

describe the new surface Gibbs energy of the secondary rod-shaped bassanite aggregates, and 

γmeso = γbp + wδmeso. Here, γbp is the surface energy for bassanite nanoparticles, δmeso represents 

the surface Gibbs energy variation that can be brought by adding of one percent water (wt%) 

into the ligands-stabilized bassanite colloid, and w is the percentage of the water added (wt%). 

In our case, δmeso is positive so that adding more water will induce larger γmeso, which is 

favourable for assembly of bassanite particles into the mesostructure. Similarly, during the 

conversion of bassanite into gypsum driven by water, the interfacial energy of gypsum is defined 

as γgyp = γgn + wδgyp, where δgyp, which is analogue to δmeso, represents the surface energy 

variation changed into gypsum by adding one percent of water and γgn is the surface energy for 

gypsum nanoparticles in the absence of the extra water. Therefore, the final expression for ΔGdif 

is obtained as (see more details in Supporting Information): 
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𝛥𝐺𝑑𝑖𝑓 = 2𝜋𝑅𝑚𝑒𝑠𝑜2[4𝑅𝑚𝑒𝑠𝑜𝛥𝑔𝑐𝑜𝑛𝑣 + 9𝑤𝛥𝛿𝑐𝑜𝑛𝑣 + 9𝛥𝛾𝑐𝑜𝑛𝑣]#(4)  

where Δgconv = ggyp – gbp, Δδconv = δgyp – δmeso and Δγconv = γgn – γbp. Rmeso is the radius of the 

corresponding mesocrystal aggregates of either bassanite or converted gypsum (Stage II). ggyp 

and gbp represent bulk energy densities of gypsum and bassanite, respectively. The value of 

water-dependent Δδconv can be estimated according to its effect on the phase conversion 

boundary, as discussed in-detail in Supplementary Fig. 10.  

Fig. 3A illustrates the estimated phase diagram of the formation of bassanite and gypsum 

aggregates, as a function of additional water (w) and mesoscale size (Rmeso). The phase boundary 

(marked as the white line in Fig. 3A) occurs at ΔGtgyp = ΔGagg (ΔGdif = 0), where the critical size 

of phase transformation decreases with more water addition (Supplementary Fig. 11). In such 

scenario, bassanite is favourable at the smaller w and Rmeso (red and yellow coloured range in the 

lower left corner), while decreasing the added water content can correspondingly increase the 

opportunity to obtain the larger sized mesostructure of bassanite. In the absence of PVP ligands, 

the phase boundary of these two phases manifestly shifts to the corner with the even smaller 

water content and size, marked as the dotted line. It suggests that without ligands, bassanite 

phase can only exist at the nanoscale size, as confirmed by the statistical results in Fig. 3B. In 

contrast, the PVP ligands provide the chance to stabilize bassanite in solution with a relatively 

higher water ratio, thus facilitating the growth of bassanite into bulk size (Fig. 3B). The result 

suggests that the PVP ligands can effectively control the water availability by traping water into 

hydrophilic groups of ligands (27), to change the conversion energy favorable for the growth of 

bassanite into bulk, instead of phase transforming into gypsum. 

 

Mechanism of water-driven formation of bulk bassanite. 

To inquire the effect of ligands on the water-induced assembly and growth of bassanite at the 

molecular level, ab initio molecular dynamics (AIMD) were performed to simulate the 

behaviours of water molecules and n-vinyl-2-pyrrolidinone (NV2P) (the headgroup of PVP) on 

the (020) crystal plane, which is the typical lateral surface of bassanite nanorods for the 

assembly in the direction perpendicular to [102] (Fig. 2). The energy and temperature evolution 



11 

 

during the simulation process are shown in Supplementary Fig. 13, where the system is 

equilibrated after 2 ps. 

Fig. 4. AIMD analysis. (A-C) Sequence of the sampled configurations observed along the AIMD trajectory using a 

NVE ensemble at 0, 1500, and 4800 fs. The trajectory refers to the simulation at the bassanite interface. (For water 

molecules, H: white; O in W1 and W2: red; For n-vinyl-2-pyrrolidinone (NV2P), C: cyan; N: blue. All the atoms in 

bassanite are represented as the grey solid spheres, except one Ca at the specific site close to W2 is marked in lime. (D, 

E) Evolution of the distance between the water molecules (W1 and W2) and the surface of bassanite or NV2P 

molecule as a function of time. The distance is recorded between O atom of water and Ca atom of bassanite 

(CaBassanite-OW1 and CaBassanite-OW2) or N atom in NV2P molecule (NNV2P-OW1 and NNV2P-OW2). The distance between 

Ca and N atoms (CaBassanite- NNV2P) is presented as the reference to show the evolution of distance between bassanite 

surface and NV2P molecule. 

Fig. 4 illustrates the details by recording the snapshots along a trajectory’s segment, during 

which one of such events occurs (see Movie S1 in Supporting Information). It is seen that one of 

water molecules (W1), bind to NV2P at 1500 fs, and then drag the NV2P away from the 

bassanite surface (4800 fs) (Fig. 4A-C). In such way, the water available for bassanite 

transforming into gypsum can be effectively limited, and thus provide the chance for the growth 
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of metastable bassanite nanorods into bulk. On the other hand, when the water molecule moves 

the ligands together away from the particle surface, it can also produce a simple and effective 

attractive depletion force to trigger the hierarchical assembly of bassanite colloids into the 

mesostructure27,28. In the meantime, another water molecule (W2) is quickly trapped at the site 

with lower potential energy and then only relaxes near the specific site with defects (Fig. 4A-C). 

Although the site comprises the atoms with unsaturated coordination to accommodate W2, 

the persistent chemical bond is still not formed (see the details in Fig. 4E). The trap of water 

molecules may give rise to the anisotropic growth of adsorbed water on the surface, which can 

increase the hydrophilicity of mineral surface and accelerates the assembly of particles in 

organic n-propanol solution29. As a result, both the desorption of surface-bonded PVP ligands 

and the formation of adsorbed water layers can facilitate the assembly of bassanite nanorods into 

mesostructure via particle attachment30 (Supplementary Fig. 14).  

The trajectory of water molecules is further quantified by recording the distance between O 

atom of water molecules and Ca atom of bassanite (highlighted in green in Fig. 4A-C), 

whereW1 is initially located in the place with the same Ca-O and N-O distances as W2, but in a 

different direction. As shown in Fig. 4D, the distance between Ca and O in W1 increases rapidly 

from 10 Å to above 30 Å, and meanwhile, the distance between O in W1 and N in NV2P 

maintains 5-10 Å. Therefore, W1 is believed to move together with NV2P away from the 

surface of bassanite. While for W2 (Fig. 4E), O atom of W2 gradually approaches Ca atom of 

bassanite from 10 Å to 5 Å within 1 ps. However, the minimum distance is still much larger than 

the Ca-O bond (2.4 Å) in bassanite. This implies that O of W2 is not bonded to Ca in bassanite 

to transform into gypsum (CaSO4•2H2O), although they have maintained a closed distance due 

to the surface adsorption. In addition, the distance between O of W2 and N in NV2P quickly 

departures from less than 5 Å to 30 Å, indicating that W2 is free from NV2P. The simulation 

results demonstrate the presence of PVP on the bassanite can effectively trap water molecules in 

a proper pathway to direct bassanite growth via particle attachment, while keeping the structure 

not phase-transforming into gypsum. 

In theory, even less than 0.385 wt% of excess water are enough to transform the metastable 

bassanite precursors into gypsum, when considering that 1.5 H2O molecules are needed for the 
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stoichiometric phase-transformation of CaSO4•0.5H2O into CaSO4•2H2O. It means that among the 3.85 

wt% of water added to obtain bulk bassanite, most water molecules have not participated in the 

crystallization of the mineral hydrate to form gypsum. From the above AIMD simulation, it can be 

seen that when a certain amount of water is added to the bassanite nanorod precursor, some of 

these water molecules bind with PVP on the particle surface, while the other water molecules 

are trapped on the bassanite surface. The limitation of the water behaviours reduces the water 

availability for transformation of bassanite into gypsum, and thus facilitates the assembly of 

bassanite nanorods and subsequently the growth into bulk bassanite. We speculate that the water 

moves the ligands away from the assembly interface, providing a simple and effective attractive 

depletion forces to trigger the hierarchical assembly of bassanite colloids into the 

mesostructure27,28. However, Once the content of the added water exceeds the lowest water 

coverage on both PVP and basanite nanoparticle surface, the remaining free-water molecules 

will trigger the energetically favourable phase transformation during the assembly of bassanite 

nanorods, leading to the final product of thermodynamically stable gypsum in solution. 

 

Discussion 

In a nutshell, we have successfully decoupled the water-induced assembly and structural 

transformation favored by thermodynamics to obtained the bulk bassanite in solution at room 

temperature. Water activity, which can be mediated by PVP ligands, was proved to be critical in 

determining the phase structures of calcium sulfate during the hierarchical self-assembly process 

of bassanite nanorods. By controlling the added water amount in the system with PVP, the 

assembly of the nanorod precursors forms a hierarchical mesostructure and eventually evolves 

into bulk bassanite. The thermodynamic model was proposed to understand the crystallization 

and phase transformation of bulk bassanite and gypsum through non-classical particle assembly 

scenario. The AIMD simulations confirm that water molecules can be effectively trapped on the 

PVP-stabilized particle surface, facilitating the assembly and growth of bassanite nanorods into 

bulk. The results in this work not only shed light on the understanding of the role of (in)organic 

species mediated water activity for the formation of stable bulk bassanite in extreme environments on 
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Earth and Mars, but also allow for the facile and energy-saving fabrication of bulk bassanite materials 

for potential implications. 

 

Materials and Methods 

Experimental details. 

All the reagents used in this study were purchased from Sino Pharm Chemical Reagent Co., Ltd., 

China. In a typical experiment, 1g polyvinyl pyrrolidone (PVP K30, average molecular weight is 

52000) was added in 5 ml n-propanol (NPA) solution of CaCl2 (0.1 M), and the mixed solutions 

were continuously stirred at 350 r.p.m for 30 mins to obtain solution I. 26 μl H2SO4 (containing 

2 vol% H2O) was added to solution I and stir at 600 r.p.m for 10 mins to create yellow 

translucent colloidal solutions named solution II, where bassanite precursors are monodisperse. 

Afterwards, to systematically study the effect of the water content on the growth of this 

bassanite precursors, further experiments were carried out by adding 0-1.2 mL H2O into solution 

II. This gave final water weight fractions ranging from 0 to 19.3 wt%. The solid samples were 

collected at selected time steps, washed with anhydrous methanol for 3 times, and vacuum-dried 

for characterization. All the above procedures were performed at room temperature (~22 oC). 

 

Characterization. 

X-ray diffractometer (X' Pert3 Powder, PANalytical, Netherlands) is used to perform X-ray 

diffraction (XRD) measurement. Diffraction data were recorded with Cu-Kα radiation (40 kV, 

40 mA) in the continuous scanning mode. The 2θ scan range was set from 5° to 70° in a step of 

0.026° with a collection time of 51 s per step. SEM snapshot was performed with a Quattro C of 

Thermofisher scanning electron microscope equipped with an energy dispersive X-ray 

spectroscope. 

For the High-resolution micro spectroscopic analyses, 20 µL aliquots were rapidly directly 

onto holey carbon TEM grids in prior of three washes with anhydrous methanol (Agar 

Scientific), Then transferred it into a special anaerobic transfer holder. TEM images were 

collected by a JEOL JEM-2010 TEM operated at 200 kV. 
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As for FTIR, aliquots collected at selected time steps were rapidly vacuum filtered and 

washed three times with anhydrous methanol, then the residues were vacuum-dried for 2 h 

before spread them on an attenuated total reflectance (ATR) unit mounted on a Perkin-Elmer 

FTIR Spectrum 100 instrument. Data were collected in reflection mode at a resolution of 1 cm-1, 

and were averaged over a total of 8 scans. 

 

Calculation details. 

All the surface energy calculations were implemented by applying the projector-augmented 

wave (PAW)31,32 approach VASPsol33 solvation and executed in the Vienna ab initio simulation 

package (VASP)34,35. Electronic exchange and correlation energy were handled by employing 

the spin-polarized generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof 

(PBE)36. We used a monoclinic cell for bassanite and the cut-off energy is set at 600 eV for the 

plane-wave basis restriction in all the calculations. Gamma-cantered k-point meshes of (50/a) • 

(50/b) • (50/c) and (50/a) • (50/b) • 1 was used for slab calculations, respectively, with 

non-integer values rounded up to the nearest integer. In all the calculations, the forces acting on 

all the atoms are less than 0.03 eV/Å in the fully relaxed structures, and self-consistency 

accuracy of 10-6 eV is reached for electronic loops. The surface slab with the vacuum layer in 20 

Å was generated from the optimized bulk in terms of the interaction of periodic influence. For 

the calculation of specific surface energy, the Wulff shape reconstruction was used to justify the 

variation of exposed bassanite surface37. 

We performed all ab initio molecular dynamics by employing the CP2K38 program package. 

All the atoms were described by the DZVP-MOLOPTSR-GTH basis sets39. In the mixed 

Gaussian-plane-wave scheme (GPW), the atomic core electrons are described by 

Goedecker−Teter−Hutter pseudopotentials40. The Perdew-Burke-Ernzerhof (PBE) functional 

with D341 correction was adopted for describing the electronic structure42,43, and a cutoff of 800 

Ry for the auxiliary plane-wave basis set was used.  

AIMD simulations on the bassanite surface were performed with simulation cells of 160 

atoms. Production runs of 5 ps and the gamma-only k-mesh were used in all AIMD calculations 

and analysis. The cell of bassanite44 containing 131 atoms was used to simulate a surface/bulk 
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crystal. Four water molecules are placed on the (020) surface near a NV2P molecule. The NV2P 

is initially placed closed to the surface of bassanite, while the minimum distance between water 

molecules and bassanite surface is set to be larger than 4 Å to avoid high initial kinetic energy. 

The successive simulations with NVE ensemble were carried out with a time step of 1 fs, where 

the initial temperature was set at 300 K by a Nose- ́Hoover chain thermostat45.  

 

Data availability 

All data are available from the authors upon reasonable request. 

 

Code availability 

All Python and Mathematica scripts used for the theoretical modelling are available from the authors 

upon reasonable request. 
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