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Abstract
Thermal behavior of vergasovaite, ideally Cu3O(SO4)(MoO4), and its synthetic analog has been 

studied by high-temperature single-crystal X-ray diffraction in the temperature range of 300–1100 K. 
According to EMPA results, the empirical formulas are (Cu2.36Zn0.61)Σ2.97O[(Mo0.91S0.08V0.04)Σ1.03O4](SO4) 
for vergasovaite and Cu2.97O[(Mo0.92S0.09)Σ1.01O4](SO4) for its synthetic analog. The mineral is stable 
up to 950 ± 15 K; at 975 K, the unit-cell parameters and volume increase abruptly due to topotactic 
transformation of vergasovaite to cupromolybdite, Cu3O(MoO4)2. The transformation is accompanied 
by loss of sulfur (and excess copper) without destruction of the crystal. The thermal expansion of the 
vergasovaite structure is strongly anisotropic, being minimal along the [O2Cu6]8+ chains comprised of 
vertex-sharing OCu4 tetrahedra. This peculiar thermal behavior can be explained by the anisotropy 
of bond-length evolution in the Cu1O6 and Cu3O6 octahedra and the flexibility of the S-O-Cu and 
Mo-O-Cu bond angles. Synthetic Zn- and V-free analogs demonstrate negative thermal expansion at 
425–625 K and melt at as low temperature as 700 K with no indication of transformation or recrystal-
lization at least below 1200 K.

The topotactic transformation observed in vergasovaite may have important implications for the 
design of novel materials and for understanding the alteration processes of copper minerals.
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Introduction
The recent progress in X-ray diffraction techniques and 

software development has accelerated in situ studies of single 
crystals under non-ambient conditions. The practical importance 
of such studies can hardly be overestimated. Single-crystal-to-
single-crystal (SC-SC) transformations have attracted great 
attention due to the excellent opportunity to study structure-
property relationships for different materials in addition to other 
methods (Sahoo et al. 2011; Müller et al. 2015). However, the 
vast majority of reports are devoted to SC-SC transformations in 
organic or metal-organic compounds. By contrast, there are only 
a few papers on these phenomena occurring in purely inorganic 
(Peryshkov et al. 2010; Kahlenberg et al. 2015) and especially 
anhydrous (Iordanidis and Kanatzidis 2000; Wang et al. 1998a) 
systems, wherein the SC-SC transitions are exceptionally rare 
since single-crystal integrity is generally destroyed during the 
phase transformation process. An example of a “successful” 
transition is Ln2[(UO2)2V2O8]3·nH2O series (Mer et al. 2019): 
upon heating, these crystals can transform from water-rich (n = 
28) to water-poor (n = 6) hydrates, and despite the very essential 
volume shrinkage (ΔV = –27.8%), the crystal retains enough 
perfectness for structural studies; the (de)hydration is fully re-

versible. Topotactic transitions in single crystals were described 
for several minerals and inorganic compounds (Dent-Glasser et 
al. 1962; Nicol 1963; Fei et al. 2012). For example, recent studies 
of dumortierite-like compounds (Mentré et al. 2018) revealed 
an oxidative exsolution of a part of iron at the crystal surface in 
the form of hematite and amorphous Fe phases during heating 
experiments. Metal catalyst formation as a result of the segrega-
tion from oxide crystal lattice during exsolution processes has 
attracted great interest in materials science (Neagu et al. 2013). 
Kinetics of these processes are very fast and usually very dif-
ficult to register and study for the understanding of underlying 
mechanisms. Control of such transformations is crucial because 
many materials undergo solid-solid transitions between various 
forms as a function of temperature or pressure.

The copper sulfate-oxides and molybdate-oxides are of es-
sential interest from geological, physical, and chemical aspects. 
Studies of these minerals may help in better understanding the 
geochemistry and mineralogy of the oxidation areas of molyb-
denum deposits and the evolution of mineral parageneses of 
the active fumaroles with strongly oxidizing environments. For 
instance, the nearly 40-year mineralogical investigations of the 
slag cones of the Tolbachik volcano on Kamchatka peninsula 
(Vergasova and Filatov 1993, 2016) revealed as many as 350 
mineral species, a type locality for at least 123 (Pekov et al. 
2020). The highest diversity of exhalative mineral species is 
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