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ABSTRACT
Arsenic sulphide β-As4S4 has been modiﬁed by mechanical activation in a planetary ball mill. As a consequence, the solid-state properties and dissolution yield have been inﬂuenced. The following changes were observed: the increase of speciﬁc surface area, changes in the morphology (the formation of submicron particles), the occurrence of nanoparticles (21–31 nm), changes in crystal lattice parameters and changes in the Raman shift of particular vibrations. As a consequence of these changes, the dissolution rate of β-As4S4 has been increased, which is a challenge for the application in cancer research.

Introduction
Arsenic compounds had a long Janus-type interaction with humanity. On one hand, they have been extensively utilized, but on the other hand, their poisonous properties have caused misery and many deaths. In the arsenic–sulphur mineral system, various compounds with different As:S ratios are known, e.g. duranusite As4S, dimorphite As4S3, realgar α-As4S4, uzonite As4S5, alacranite As8S9 or orpiment As2S3 [1]. Synthetic analogues in the form of bulk glasses As1–xSx are of interest to physicists and material scientists for the application in opto-electronics, because of their high infrared transparency, photostructural sensitivity and their ability to be doped [2–5].
Among plethora of arsenic sulphides, realgar As4S4 represents an interesting object for applications in materials engineering, as well as in medicine. The medicinal use of realgar dates back to ancient times [6]. In comparison with arsenolite As2O3, which is currently applied in the treatment of acute forms of leukaemia (brand name Trisenox®) [7], realgar is less toxic and therefore better tolerable. However, its solubility is low and consequently, its bioavailability is not high enough for curing application in medicine. Several attempts have been made to inﬂuence the physical and chemical properties of realgar. Mechanochemistry applying various pressure and shear regimes [8, 9] and high-pressure chemistry [10–14] represents a viable tool for the enhancement of surface area, creation of various defects including strain, the formation of various polymorphs and intervention into dissolution behaviour of the species [10, 15–22].
In this paper, we report on the application of mechanical activation, which is an effective mechanochemical tool to modify the properties of solids [8, 9, 23]. Arsenic sulphide β–As4S4 with an exceptional high compressibility [14] has been selected as a model.

Experimental
Material
The investigation was carried out with arsenic sulphide (98 % in purity, Sigma-Aldrich, USA). The XRD analysis conﬁrmed the presence of β -As4S4 (JCPDS cards No. 51–0781, 51–0782, 65–2320 and 88–1657).

Milling
The milling process was performed in a planetary ball mill Pulverisette 6 (Fritsch, Germany). The following milling conditions were used: loading of the mill—50 tungsten carbide balls of 10 mm diameter; rotation speed of the planet carrier (milling speed, n)—100–600 min-1; milling time—60 min; milling in a dry mode with protective argon atmosphere; ball charge—370 g and β -As4S4 charge—3 g.

Characterization
The values of speciﬁc surface area (SBET) were determined by the low-temperature nitrogen adsorption method using a NOVA 1200e Surface Area & Pore Size Analyzer (Quantachrome Instruments, United Kingdom). The values were calculated using BET theory.
The particle size distribution was measured by the method of photon cross correlation spectroscopy using a particle sizer Nanophox (Sympatec, Germany).
The SEM images of the samples were recorded by the utilization of a MIRA3 FE-SEM microscope (TESCAN, Czech Republic) equipped with EDX detector (Oxford Instrument, United Kingdom).
X-ray powder diffraction (XRPD) data were collected in the transmission mode on a STOE STADI P diffractometer (STOE & Cie GmbH, Germany) with the following setup: Cu Kα1-radiation, curved Ge (1 1 1) monochromator on the primary beam, 2θ/ɷ-scan, angular range for data collection 10.000–90.625°2θ with increment 0.015°2θ, linear position sensitive detector with step of recording 0.480°2θ and time per step 400 s, U = 40 kV, I = 37 mA, T = 23.0 °C. Preliminary data processing and X-ray phase analysis were performed using a STOE WinXPOW [24] and Powder Cell [25] program packages. Crystal structures of the phases were reﬁned by the Rietveld method with the program FullProf.2 k (version 5.40) [26], applying a Thompson–Cox–Hastings pseudo-Voigt proﬁle function and isotropic approximation for the atomic displacement parameters. The quantitative phase analysis according to [27] and the determination of microstructural properties (average apparent crystallite size D, e.g. size of coherently diffracting domains and average maximum strain ε) were performed during the Rietveld reﬁnement by isotropic line broadening analysis implemented in the program FullProf  [26, 28]. The intrinsic broadening was taken into consideration in the calculation, using an instrumental resolution ﬁle obtained by proﬁle ﬁtting of the LaB6 standard.
The FT-IR spectra of the samples were recorded on a Nicolet 6700 FTIR spectrometer (Thermo Electron Corporation, USA) in the far region (250–600 cm-1). The materials were studied in transmission mode (KBr technique) using about 1 % concentration of the studied substance in the pellet. The spectra were recorded at resolution of 4 (data spacing 1.928 cm-1). Collecting spectra in the far region requires the application of the detector DTGS polyethylene. The used aperture in this case was 100. The incidence light spot size depends on the aperture value. In our case, the light spot diameter is 8 mm and the area of 0.5 cm2. However, the trace of the incidence light is visible on KBr tablet during the measurement and the picture does not contain one spot. The trace contains one big spot in the centre and several little spots around it, positioned horizontally and vertically. The IR spectra were collected using 100 scans and the difference among the individual scans can be observed during scanning. There was no deviation considering "x" axis; however, some variations were observed in the intensities at "y" axis. The resulting spectrum is obtained by statistically creating the average spectrum from these 100 scans taken during the measurement. All spectra are presented without the application of any smoothing program.
The room-temperature Raman spectra were recorded on a micro-Raman FT-IR spectrometer IFS 55 with Raman accessory FRA 106 (Bruker, Germany), liquid nitrogen-cooled Ge detector and Nd:YAG excitation laser (1064 nm) with the emission 25 mW. The equipment worked at backscattering geometry with the acquisition time and the accumulation number 10 s and 200 scans, respectively. The laser light was brought to a ﬁne focus (0.8-mm spot size). The position of Raman bands was determined with the wavenumber accuracy 0.1 cm-1.

Dissolution
The dissolution tests were conducted in a simulated intestinal ﬂuid (SIF) that was composed of 0.042 % NaOH, 0.4 % NaH2PO4.9H2O and 0.6 % NaCl (pH 7.4) at 36.5 °C over a period of 120 min, and thus following the conditions stated in [29].

Results and discussion
Changes in surface area
The changes in speciﬁc surface area (SBET) of β-As4S4 samples in dependence of the milling speed n are given in Fig. 1.
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Figure 1 Speciﬁc surface area values, SBET of β-As4S4 vs. milling speed, n (inset shows the generalized curve for mechanical activation of solids: a Rittinger stage; b aggregation; c agglomeration; according to [30, 31]).

Several-fold increase of SBET values can be observed for the milled samples in comparison with the non-milled one (SBET = 0.0034 m2 g-1 and 1.06 m2 g-1 for the non-milled and the one milled at 200 min-1, respectively). The maximum increase can be detected up to n = 200 min-1 and then the decrease and/or steady (equilibrium) state is documented. The long-time experience in mechanochemistry shows that after achievement of a certain degree
of particles dispersion, further effectivity of milling is reduced, or there may even be an increase of particle size, due to the interaction of particles by aggregation and agglomeration process. The generalized curve describing this effect in papers [30, 31] is shown in the inset of Fig. 1. The observed changes of the speciﬁc surface area during milling of β-As4S4 are in accordance with this trend.

Particle size
The evolution of β-As4S4 particle’s shape during milling can be documented by SEM in Fig. 2. Beginning with the prevalence of polydisperse particles of non-milled β-As4S4 (Fig. 2a), the gradual increase in the amount of ﬁne particles (Fig. 2b, c) is documented for the milled realgar. After the utilization of the highest milling speed (Fig. 2d), it seems that the particles start to agglomerate. Although the grains seem quite small, the very ﬁne powder particles, which can be observed in Fig. 2b or c, are no longer visible. More detailed comparison of morphology between non-milled sample and the sample milled under the highest intensity is provided in Fig. 3a 
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Figure 2 Scanning electron micrographs (SEM) of β-As4S4 milled at different milling speeds n: a non-milled; b 100 min-1; c 200 min-1; d 600 min-1.
and c. It documents the tendency towards agglomeration of the milled β-As4S4 particles. In this case, mainly for
particles less than 1 µm in size, the existence of van der Waals forces becomes important [32]. In Fig. 3, also EDX plots are included (b, d), which document the presence of arsenic and sulphur without any contamination, like oxygen from As2O3 or tungsten and carbon from WC milling media. Generally, the observations illustrated by Figs. 2 and 3 support the evolution of new surface area of β-As4S4 during mechanical activation.

Micronization vs. nanonization
From Fig. 4, the particle size distribution of β-As4S4  ﬁnes illustrates the progress of the milling process. As a consequence of milling, the particle size distribution (Fig. 4b–d) becomes narrower in comparison with the non-milled sample (Fig. 4a). A fraction of very ﬁne (of size less than 200 nm) and very coarse (of size more than 5 µm) particles, which were present in the non-milled sample, are no longer visible in the case of milled ones. In all milled samples, the majority of particles is in a submicron range (<1000 nm) with polymodal distribution proﬁles. These proﬁles are changing with increasing milling speed. The highest population of the smallest particles (200–450 nm) is being registered for n = 100–200 min-1, which correspond to the highest values of SBET in Fig. 1. Regarding the difference among the milled samples, when the area above 2 microns is considered, it can be seen that the fraction of the particles of this size slightly increases with the increasing milling speed. However, the particle size distribution of the milled samples is quite wide. In order to obtain narrower particle 
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Figure 3 Scanning electron micrographs (SEM) and energy-dispersive X-ray (EDX) analysis of β-As4S4 milled at different milling speeds n: a, b 0 min-1; c, d 600 min-1.
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Figure 4 Particle size distribution of β-As4S4 milled at different milling speeds n.

size proﬁles, less intensive milling and wet mode instead of the dry one, as applied in our case, are necessary. For comparison, by milling β-As4S4  in sodium dodecyl sulphate solution (0.075 %), themonomodal nanoparticle size distribution in the range of 133–281 nm was obtained [17].

Structural analysis
XRPD patterns of mechanically treated β-As4S4 samples are shown in Fig. 5 and the resulting crystal lattice parameters are given in Table 1. In this table, the values of average apparent crystallite size D and average maximum strain e are also included. The estimated standard deviations are given in the parentheses. The amount of energy supplied to the sample milled at 100 min-1 is small, which can be detected by a small value of calculated strain (ε = 0.0044 %). This, of course, results in small changes for parameters a, b/ β, c and V (see Table 1). The differences between the non-milled sample (a) and sample milled at the lowest energy n = 100 min-1 (b) are negligible. We hypothesize that sample (b) is not activated, but only homogenized due to the fact that milling balls work in this case just in a shear mode, which is far less effective compared to combined share an impact mode applied for samples (c) and (d). The highest volume reduction V and the smallest crystallite size 
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Figure 5 XRPD patterns in the low 2θ region of β-As4S4 milled at different milling speeds n.

were achieved for the sample milled at n = 200 min-1 (Fig. 5c). This sample exhibited also the highest value of speciﬁc surface area (Fig. 1). However, despite increasing strain in the case of sample milled at 600 min-1 (sample d), the values of unit-cell parameters do not follow the trend, probably due to the agglomeration phenomenon (see Figs. 1, 2). At the highest milling speed n = 600 min-1, strain ε is further increasing, but the values of crystallite size D and unit-cell volume V are not decreasing with the general trend, but increasing. Several effects can be responsible for this behaviour as can be extracted from experimental data: decrease of
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Figure 6 Far-IR spectra of β-As4S4 milled at different milling speeds n.

SBET values (Fig. 1), formation of particle clusters (Fig. 3c) and agglomeration of ﬁnes into larger particles (Fig. 4d). All these effects show the tendency of the most energetically treated β-As4S4 particles to agglomerate. The highest proportion of X-ray amorphous fraction (Fig. 5d) also contributes to this, apparently anomalous, behaviour.
The analysis of XRPD patterns in Fig. 5 shows that with increasing milling speed, more amorphous phase appears in the powder and this phase forms the diffraction peak near 2θ = 16°. According to the data in Table 1 and Fig. 5, with milling speed increase, the samples are affected by the nanostructurization and amorphization with the predominant presence of β-As4S4  and compositionally unknown phase near 2θ = 16°. The following scheme can be postulated:
	
β-As4S4    [image: ]      nanostructured  β-As4S4  
     + amorphous phase
(1)
   which resembles the scheme formulated for β-As4S4 by Zoppi and Pratesi [33]:

	β-As4S4     [image: ]    pararealgar + As2O3
                  + amorphous phase
(2)

However, the presence of pararealgar in our case could be only hypothetical.
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Figure 7 Normalized fast Fourier-transform Raman scattering spectra of β-As4S4 milled at different speeds.
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Figure 8 Dependence of Raman shift of selected vibrations in β-As4S4 milled at different milling speeds n.

Bonding evaluation
Infrared (IR) spectroscopy
Far-IR spectra of sulphides are characterized by broad peaks due to the speciﬁc features of the crystalline structure and the nature of Me–S bonds [34]. This is also valid for β-As4S4 (Fig. 6). The far-IR spectrum of non-milled sample (Fig. 6a) is characterized by two bands at 342 and 375 cm-1. They can be assigned to the characteristic bands of β-As4S4 [35–37] representing the As–S stretching vibrations (modes E and B2, respectively [35]). In the milled samples (Fig. 6b, c), the positions of the bands are not changed in comparison to the ones of the non-milled sample. β-As4S4 has a crystal cage-like, covalently bonded molecules, which are held together by week intermolecular van der Waals forces [1, 36]. The high compressibility of this structure is connected with these weak forces. The As–S intramolecular bond distance in the realgar molecule is within the
2.23–2.24 Å range and the As–As distance is 2.58–2.6 Å [13, 33]. Based on the constant values of stretching vibrations in Fig. 6, it can be concluded that the covalent As–S bonds were not inﬂuenced by milling. This is in accordance with the results of Lepore et al. [14] who stated for β-As4S4 that the As–S stretching mode shows weak or no variation with increasing pressure in high-pressure experiments. From the IR results, it follows that no changes in the chemical composition have been induced by milling. The scatter and absorption of infrared radiation by free electrons in the case of milled samples cause smoothing and partial ‘‘broadening’’ of the bands which overlap and the spectra become indistinctive and complex and thus difﬁcult to interpret.

Raman spectroscopy
The Raman spectra of β-As4S4 (Fig. 7) can be divided into two distinctive segments, concretely the areas of Raman shifts 130–250 cm-1 and 300–400 cm-1. In these segments, the bands associated with the intramolecular vibration of β-As4S4 (bands at 184.6, 217.4 and 360.1 cm-1) can be found. According to [35], these bands are present mainly due to the As–As stretching mode (184.6 cm-1), S–As–S bending mode (217.4 cm-1) and As–S stretching mode (360.1 cm-1). In the spectrum of non-milled β-As4S4 (Fig. 7a), a group of sharp lines corresponding to Raman-active vibration modes of β-As4S4 molecules can be easily identiﬁed due to speciﬁc doublet at 341.7–360.1 cm-1 completed by relatively slight shoulders near 310 and 380 cm-1 [38–40]. The ﬁrst of these bands also corresponds to symmetric stretching vibrations of As–S bonds in trigonal AsS3 pyramids [38], 
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Figure 9 Dissolution of As in SIF from β-As4S4 milled at different milling speeds n.

which can be considered as representatives of regular-type glassy network built of corner-sharing AsS3/2 pyramids, while the second band (360 cm-1) is rather attributed to these vibrations in realgar-type molecules [39, 40]. The band at 231.8 cm-1 can be ascribed to the so-called χ-phase, which is a precursor of pararealgar, a polymorph formed by a light-induced transformation from realgar [39, 40] or to isolated As–As bonds within more disordered amorphous network [41, 42]. The presence of homoatomic As–As bonds follows also from intense scattering bands observed near ~ 144, ~ 185 and ~ 217 cm-1, which can be attributed to β-As4S4 [38–40].
With increase in milling speed, we observe essential broadening of some Raman scattering bands corresponding to amorphization and slight shifts in band position towards smaller m values (blue shift), especially for the bands located at 184.6, 217.4, 341.7 and 360.1 cm-1.
The more detailed analysis of the positions of selected bands in Raman spectra is given in Fig. 8 (for the sake of clarity, also the values of Raman shifts of these particular bands of the samples milled at different milling speeds were included). The sensitivity of intramolecular vibrations to mechanically induced stress is evidenced. The general trend of the Raman shift decrease with increasing milling speed is con ﬁrmed for As–S stretching (1), S–As–S bending (2) and As–As stretching (3) vibrations. However, the observed shift characterized by ΔRS values (ΔRS is the difference between maximal and minimal values of Raman shift) shown in Fig. 8 is limited to milling speed n < 200 min-1 for As–S vibration and n < 300 min-1 for S–As–S and As–As vibrations, respectively. From our results, it follows that the As–As stretching vibrations are affected to the lower extent than the As–S stretching and S–As–S bending vibrations. This is in contradiction with the work by Lepore et al. [14], where it is stated that the most rigid bond is As–S. It is possible that during milling, different bonds are affected than in the case of the static stressing, as manifested in [14]. This issue is discussed in detail later. On the other hand, the difference in DRS value is very small to provide signiﬁcant evidence. For higher values of milling speed (n > 300 min-1), the Raman shift of all vibrations under study is no longer sensitive to the mechanical stress. This is in agreement with the statements for α-As4S4 [13] and β-As4S4 [14], where the intramolecular vibrations exhibit no variation at all with the pressure increase.
However, the red shift in the case of the samples treated at milling speed n = 0–200 (300) min-1 is in the controversy with the blue shift observed in Ref. [14]. To address this issue, the main differences in the applied mode of mechanical stress have to be considered. In paper [14] (which is the only study on the high-pressure compressibility of β-As4S4) and in other papers [10–13] (which deal with other forms of As4S4), the method of hydrostatically compressed microcrystals has been applied. The regime of stressing was static, reaching ambient pressures up to several GPa. In our study, the method of high-energy milling [8, 9] of microcrystal powders was applied. As a result, the activated powders exhibit the broad particle size distribution with the particles in both
micro- and nanodimension (Fig. 4). This type of mechanical stressing is dynamic. The application of planetary mills [43] covers up several modes of stressing like compression impact, shear and collision [44]. In our experiments, the mode of stressing was varied by changing the milling speed. In this type of treatment, the shear component is prevailing at lower milling speeds and the bonds in β-As4S4 can expand (red shift in the Raman spectra in the region n < 200–300 min-1). In the region n > 300 min-1, further stressing components, like compression and impact, are involved. For milling speeds higher than 300 min-1, the red shift in Raman spectra could no longer be observed (Fig. 8), which is in line with the data on β-As4S4 compressibility published by Lepore et al. [14].

Dissolution tests
As stated in the introductory part, the solubility of As4S4 compounds is low, which may hamper the application of β-As4S4 for oral administration. Poor aqueous solubility leads to poor dissolution and ultimately poor bioavailability. Moreover, it can be found in the literature that there is a correlation between in vitro dissolution and in vivo bioavailability [45]. There are two basic approaches to overcome the bioavailability problems, namely the increase of equilibrium solubility and/or the increase of the dissolution velocity. The application of milling is the method of choice for the industrial production to increase dissolution velocity in pharmacy [46, 47]. In addition to size reduction, milling may alter the crystalline structure and cause chemical changes in drugs [48, 49]. The dissolution tests in a simulated intestinal ﬂuid (SIF) should provide an initial estimation if the dissolution can be enhanced by dry milling, and thus prove, if it will have the same effect as wet milling applied in [50]. The results of the mechanically activated β-As4S4 particles dissolution in SIF medium are given in Fig. 9. The amount of dissolved arsenic increases with the dissolution time for all samples. After 120 min of the dissolution, approximately 30 times higher content of As was evidenced in the case of the best milled sample in
comparison with the non-milled one (367 and 12 mg.mL-1, respectively). The most arsenic was dissolved from the sample milled at n = 200 min-1, which exhibits the highest value of the speciﬁc surface area (see Fig. 1). This observation is in harmony with the changes of physico-chemical properties discussed earlier.

Conclusions
Arsenic sulphide β-As4S4 has been modiﬁed by mechanical activation in a planetary ball mill. Changes in speciﬁc surface area, morphology, particle size distribution, unit-cell parameters, crystallite size, strain, spectroscopic properties (far IR, Raman), as well as increase in dissolution were detected as a consequence of high-energy milling. In confrontation with the results obtained by high-pressure chemistry using hydrostatic pressure, mechanochemistry offers more ﬂexible tools (like compression, attrition, impact and collision) to cause changes in the solid state properties. Using high-energy milling in a dry mode leads to the important physico-chemical changes and the enhancement of dissolution, which is a crucial point if the material is to be applied in cancer treatment. To obtain higher values of arsenic dissolution and an adequate response in biological tests, the wet milling should be applied, as was manifested in our previous works [16–18, 20, 51, 52]. However, to gain deeper insight into the changes of solid-state properties, the dry milling is well and exclusively applicable in comparison with wet milling as is manifested in this work.
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