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Abstract

:

Using a low temperature synthesis protocol, it was possible to obtain phase-pure synthetic aegirine (NaFeSi2O6) at temperatures as low as 130 °C, albeit only with rather long synthesis times of ~200 h; at 155 °C, a nano-crystallite shaped phase-pure material is formed after 24 h. These are, to the best of our knowledge, the lowest temperatures reported so far for phase-pure aegirine synthesis. Powder X-ray diffraction (PXRD) was used to characterize phase purity, structural state and microstructural properties (size and strain) of the as-synthesized (130–230 °C) and heat treated (300–900 °C) samples, via Rietveld analysis of powder patterns. Melting was observed at 999 °C. With increasing synthesis temperature, crystallite size linearly increased from 10 nm to 30 nm at 230 °C, while unit cell parameters decreased. The microstrain was very small. Additional heat treatment of as synthesized samples showed that the crystallite size remained rather unaffected up to 700 °C. The lattice parameters, however, already changed at low temperatures and successively became smaller, indicating increasing ordering towards more regular arrangements of building units. This was confirmed by 57Fe Mössbauer spectroscopy, where a distinct decrease of the quadrupole splitting with increasing synthesis temperature was found. Finally, Raman spectroscopy showed that some weakly-developed pre-ordering effects were present in the samples, which appeared to be amorphous in PXRD, while well-resolved spectra appeared as soon as the long-range ordered crystalline state could be found with X-ray diffraction.






Keywords:


aegirine; NaFeSi2O6; low-temperature synthesis; size-strain analysis; spectroscopy; growth properties












1. Introduction


The mineral aegirine (NaFeSi2O6) is a prominent member of the rock-forming mineral group of pyroxenes. In nature, it crystallizes from alkaline magmas, and thus, is a common constituent of alkaline granites, syenites and their associated pegmatites and veins [1]. In these rock types, aegirine often appears in euhedral, large, dark brown-green colored prismatic crystals with sizes up to tenths of cm. All these crystallizations are associated with high temperatures. However, aegirine has also been found in sediments together with Na–Ca carbonates, and it was concluded that this aegirine may have formed at close to room temperature [2,3].



The crystal-chemical and physical properties of pyroxene solid-solutions have been studied intensively by geoscientists, e.g., its behavior within solid-solution series such as the hedenbergite CaFeSi2O6–aegirine series [4,5,6], diopside CaMgSi2O6-aegirine series [7,8,9]; the thermal and high pressure behavior [10,11] and the implications of the presence of the aegirine molecule for the behaviour of naturally occurring augitic pyroxenes.



In recent years, aegirine has also attracted the attention of numerous physicists due to the observation of multiferroic properties [12], resulting in several studies on its low temperature magnetic properties. In addition, the phase relations and magnetic properties within the (Na,Li)Fe(Si,Ge)2O6 system were investigated with special interest [13,14,15,16,17,18,19,20,21,22,23,24,25]. Aegirine itself shows complex magnetic ordering at low temperatures and discrepancies have been found in the magnetic ground states of naturally-occurring single crystals (with diopsidic and hedenbergitic component dilutions) and synthetic end-member compositions.



It was already noted by Ballet and co-workers [26] that phase-pure synthetic NaFeSi2O6 charges are hard to obtain, and that material, produced in ceramic sintering experiments at high temperatures around 900 °C, always contains up to 3–10 wt. % of hematite Fe2O3. A similar phenomenon was observed in [16,19,27]. Also, Zhou and co-workers [28] outlined that the synthesis of phase-pure aegirine is a challenge. Following Bowen and co-workers [29], aegirine melts incongruently above 990 °C; this is seen as the reason for the formation of hematite in the synthesis products. This can be overcome by synthesis at much lower temperatures using hydrothermal techniques [4,6,8]. In this way, it was possible to obtain (almost) phase-pure aegirine at temperatures as low as 300 °C and pressures of 2 kbar, albeit only in the ~100 mg scale due to the necessity of applying oxidizing solid-state buffer systems during the experiments [4]. Even lower temperatures of formation have been reported by [2] using gels prepared from dissolved SiO2·Na2O·5H2O and FeCl2·4H2O as starting materials. Here, it was possible to obtain aegirine in larger amounts at temperatures as low as 200 °C, albeit not in phase-pure form but mixed with poorly-crystallized 2:1 ferric phyllosilicate. For T < 200 °C, only 2:1 phyllosilicate was observed. The most promising protocol for the synthesis of phase-pure aegirine recently was given by [28], who used Teflon lined stainless steel autoclaves and synthesis temperatures between 160 °C and 220 °C for 14 h. They used NaOH, fumed silica and Fe(NO3)3·9H2O as starting materials; thus, a very basic milieu was chosen to produce nano-crystalline aegirine at or above 170 °C. Sintering of as prepared material yielded very well crystalized phase-pure material in larger amounts. In analyzing the 57Fe Mössbauer data of the as prepared and sintered NaFeSi2O6, it was found that the line widths were distinctly broadened in the low-temperature prepared sample. The effect was ascribed to the existence of additional Fe3+ environments which arise from hydroxide terminated surface material. Also, [4] reported on a variation (increase) of line width but also on changes in quadrupole splitting (as an indicator of the local distortion environment) with decreasing synthesis temperature and reflects the decreasing amount of crystallinity; they also found systematic variations in unit cell parameters with synthesis temperature. A more systematic study on the variation of crystallite size, microstrain, crystallinity, and unit cell dimensions with synthesis time and temperature has not been conducted so far.



In this study, we report on the hydrothermal synthesis of aegirine in order to check for even lower synthesis temperatures and evaluate the effect of synthesis time, which has so far remained neglected. One main aim is the detailed analysis of the size/strain properties of the as synthesized aegirine in comparison with the sintered material. By use of diffraction, spectroscopic and imaging methods, we present a multi-methodological approach to characterize the growth properties and the distortional state of low temperature synthesized aegirine, which may also be related to the growth properties of this pyroxene in the natural environment.




2. Materials and Methods


2.1. Synthesis


The synthesis of NaFeSi2O6 was done using a low temperature hydrothermal technique, following the protocol of [28]. For all experiments, 0.02 mol (0.79996 g) of NaOH as anhydrous pellets (≥97%, Merck, Kennborough, NJ, USA) were dissolved in 15 mL of deionized water with steadily stirring; After complete dissolving, 0.01 mol (0.6009 g) of SiO2 (99.9%, 1.5 micron, Alfa Aesar, Haverhill, MA, USA) was added, stirred for 5 min and finally 0.004 mol (1.61632 g) of Fe(NO3)3·9H2O (≥98, Sigma Aldrich) was added. This mixture was stirred for an additional 15 min, and then transferred to a 45 mL Teflon-lined stainless-steel autoclave (Parr 4744 General Purpose Acid Digestion Vessel), tightly sealed and kept in a Binder FD 115 drying chamber at temperatures between 130 °C and 230 °C for 24 h to 310 h. The solid residue was filtered and washed several times using deionized water before air-drying. For three samples, sintering experiments were also conducted: therefore, the samples were put in loose condition (without pelletizing) onto platinum dishes and heated at given temperatures for additional 24 h. This synthesis series was mainly performed to follow changes in crystallite size and crystallinity.




2.2. High-Resolution Transmission Electron Microscopy (HRTEM)


To characterize size, shape and orientation (growth direction) of the crystallites, transmission electron microscopic images were acquired with a JEOL JEM F200 TEM (Jeol Ltd., Tokyo, Japan) which is equipped with a cold field emission source, using a TVIPS F216 2k by 2k CMOS camera (TVIPS GmbH, Gauting, Germany). The accelerating voltage was set at 200 kV during the measurement.




2.3. X-ray Diffraction


Powder X-ray diffraction data were collected at room temperature in coupled Theta-Theta mode on a Bruker D8 Advance with DaVinci-Design diffractometer (Bruker AXS, Karlsruhe, Germany), having a goniometer radius of 280 mm and being equipped with a fast-solid state Lynxeye detector and an automatic sample changer. Data acquisition was done using Cu Kα1,2 radiation between 5° and 110° 2θ, with a step size of 0.015°, integration time of 1 sec, with the divergence slit and the anti-scatter-slits opened at 0.3° and 4° respectively; a primary and secondary side 2.5° Soller slit was used to minimize axial divergence, and the detector window opening angle was chosen as 2.93°. For data collection, all samples were prepared on single-crystal Silicon zero-background sample holders. Data handling was done with TOPASTM 4.2 (Version 4.2, Bruker AXS Inc., WI, USA) [30,31] using whole pattern refinement and a double-Voigt approach [32]. Indexing of peaks is based on the monoclinic C2/c symmetry, with lattice and structural parameters taken from [33]. The intrinsic peak shape of the Bragg peaks was modelled with the fundamental parameter approach [34,35]. The crystallite size broadening then was handled by allowing a Lorentzian type, while microstrain was handled by a Gaussian type component convolution. Note that crystallite size and microstrain convolutions vary in 2θ as a function of 1/cos(θ) and tan(θ), thus can be separated from each other if data are recorded to sufficient high 2θ angles. The microstrain as determined in the TOPASTM [31] software is defined as ε0=Δd/d=βFWHM(Str)/4tanθ, with d = the lattice spacing. For some samples, an estimation of a possible amorphous content was done by mixing a known amount of Diamond powder (1:1 by weight) to the sample as an internal standard (spike-method). The weight fractions of the crystalline phases (aegirine and diamond) are determined using the Rietveld method, the concentrations are corrected proportionately according to Corr(Wα)=WαSTDknownSTDmeasured, where Corr(Wα) is the corrected weight percent amount of the phase, STDknown the weighted concentration of the standard and STDmeasured analyzed concentration. The amorphous material Wamorphous then calculates from Wamorphous=1−∑j=1nCorr(Wj). The calculation is automatically done in the TOPAS software. The likely error in the estimation of the amorphous material is ~3–5%. The full set of determined data of lattice and structural parameters is available as an EXCEL file in the Supplementary S1.




2.4. Mössbauer Spectroscopy


Transmission 57Fe Mössbauer spectra were collected at room temperature using a Mössbauer apparatus (Halder Electronics, Starnberg, Germany) in horizontal arrangement (57Co/Rh single line thin source, constant acceleration mode, symmetric saw tooth velocity shape, multi-channel analyzer with 1024 channels, velocity scale calibrated to α-iron). For Mössbauer-absorber preparation, samples were carefully ground under ethanol, filled into Cu-rings (inner diameter 10 mm and covered with a high-purity Al-foil on one side), and mixed with epoxy resin to fix the sample. The folded spectra were analyzed using a classical full static Hamiltonian site analysis (using Lorentzian shaped doublets) and a Voigt-based hyperfine field distribution method as implemented in the program RECOIL (Version 1.05) [36,37].




2.5. Raman Spectroscopy


The Raman measurements were done using a Thermo DXRTM 2 Raman microscope (Thermo Fisher Scientific, MA, USA) equipped with a confocal microscope BX41 (Olympus Corp., Japan), the spectrometer running with the Thermo OMNICTM (Version 9, Thermo Fisher Scientific, Waltham, MA, USA) acquisition software. The diameter of the laser spot due to a 10× microscope objective (NA = 0.25) was approximately 2.5 μm, and the laser power on the samples 4 mW at a given excitation wavelength of 532 nm. The Raman data set was acquired using a high-resolution grating (50–1800 cm−1), and a 50 μm pinhole-like entrance slit to the spectrometer, resulting in an apparatus function with full width at half maximum in the range of 3.5 cm−1. All measurements were performed with an exposure time of 60 s and 5 accumulations. The exact position of Raman modes was determined by single peak fitting using pseudo-Voigt shaped lines using the Fullprof-suite and the peak fitting options included in WinPlotR. Thereby the mixing parameter X between Lorentzian and Gaussian component was between 0.92–0.95, i.e., the peak shape is dominantly Gaussian.





3. Results


3.1. Synthesis and Sample Morphology


As a first observation, the sample material obtained in the low temperature synthesis differs in color, depending on synthesis temperature and time. Figure 1 shows the residues of experiments, done at 130 °C and 150 °C and different holding times, and of an experiment done at 230 °C for 24 h; at the lowest temperature of 130 °C, the residue appears to be dark reddish brown at short synthesis times; it becomes light brown to yellow with prolonged heating periods, as can be seen from the residue of the experiment at 130 °C and 192 h, where the first distinct Bragg peaks of aegirine are present. After 310 h, a light-yellow green residue was obtained. Similar products are observed for a temperature of 150 °C; after 24 h synthesis time, the product is light brown (Figure 1b), while for a synthesis time of 48 h a light-yellow green color is observed (Figure 1c), while the color turns paler for the sample, obtained at 150 °C and 168 h (Figure 1d). For all other temperatures, 155 ≤ T ≤ 230 °C, the residue already appears in the typical light-yellow green colors after 24 h synthesis time. With increasing temperature, the color successively lightens at temperatures >210 °C, as can be seen in the pale yellow-white color of the product of the 230 °C synthesis (Figure 1g), compared, e.g., to the one in Figure 1d. Generally, the light yellow-green to pale-yellow color is an indication of very pure end-member NaFeSi2O6. Table A1 in the Appendix A compiles synthesis conditions and experimental results.



Material synthesized via ceramic sintering routes most generally has a pale brown to orange-reddish color [4,16,26,28] which is due to impurities of hematite Fe2O3 (even if not detectable with X-ray diffraction due to the low content). To illustrate this, NaFeSi2O6 sintered at 900 °C [4] is also compared with the samples of this study in Figure 1f. In this sintered sample (Figure 1f), 0.5 (2) wt. % Fe2O3 as the coloring agent were detected by X-ray diffraction. Also in hydrothermal synthesis experiments, [4] reported a pale brown/beige color for most of the aegirine syntheses experiments and small amounts (<1 wt. %) of hematite are found; only those experiments at high temperatures with highly oxidizing buffers (e.g., at 700 °C, and bixbyite/hausmannite Mn2O3/Mn3O4 solid state oxygen buffers) together with the addition of NaCl were white colored [4]. It should be noted that in flux growth experiments using Na2MoO4 as high temperature solvent [16], honey-brown, large tabular crystal aggregates are obtained. These observations show that by using this rather simple hydrothermal approach, very phase-pure aegirine can be obtained in large quantities, and that this occurs within rather short synthesis times (24 h).



Transmission electron microscopy (TEM) JEOL JEM F200 TEM (Jeol Ltd., Tokyo, Japan) was used to further characterize the morphology and size distribution of the synthesized material. In Figure 2a,b images from the sample synthesized at 160 °C (24 h run time) are shown. As is evident, even at the nano-scale, individual crystallites of aegirine crystalizes as tabular lath-like bundles, with average thicknesses of ~8 (2) nm and lengths of ~40 (5) nm. The size distribution is rather uniform. It was already pointed out by [28] that individual crystals grow from a common growth center. This is confirmed here. Increasing the synthesis temperature to 220 °C (Figure 2c,d) enhances crystal growth, the average thickness of the tabular like crystals is ~20 (3) nm, while the length increases distinctly to ~150–250 nm; due to overlap of individual crystals and the growth from the common growth center, it is somewhat hard to measure the actual lengths. Individual crystallites are terminated by well-developed faces. Such faces were already visible in the 160 °C sample, although they were not as well developed. In high resolution images, it is possible to resolve the fringes of the atomic lattice as depicted in Figure 2e. From the Fast Fourier Transformation (FFT) of the marked rectangle area it is possible to determine the distances for the fringes as 5.21 Å in needle direction, which corresponds very well with the interplanar spacings of the (001) planes; thus, the growth direction along the needle direction can be identified as the c-axis. The fringes perpendicular to c have a repeating distance of 6.45 Å, which corresponds to the interplanar spacings of the (110) planes. In the vast majority of crystallites, investigated by HRTEM JEOL JEM F200 TEM (Jeol Ltd., Tokyo, Japan), these two interplanar spacings can be observed, while for a few cases fringes with a 4.55 Å spacing are found. They may either correlate to the spacing of the (020) or the (11¯1¯) planes. In natural aegirines, the later are frequently found, terminating the tops of the crystals, so it is more probably that these correspond to the (1 1¯ 1¯). In the crystallites here, they come together with 6.45 Å spacings. In the early stage of crystal growth, aegirine seems to grow preferential along the c-axis and the [110] direction. The (110) faces often are only weakly developed in natural aegirine crystals, which may result from the fast growth of these faces in early crystallization stadiums, i.e., they grow “out of the crystal” and are not observed to the extent of the dominating (100) and (010) faces, which seem to develop more slowly and are not observed here.



It is interesting to note that the morphology and the habit of the crystallites in the low-temperature synthesized material is very similar to what can be found on the macro-scale in natural aegirines, and also to what was found in flux growth experiments to synthesize single crystalline NaFeSi2O6 [4]. In Figure 2f, a photograph of such aggregates of aegirine is shown for comparison. Note the very similar bundle-like aggregates, which also start to grow from a common crystallization point. Individual crystals are up to 0.3 mm in thickness and 4 mm in length.




3.2. X-ray Diffraction Analysis


Four different series of aegirine synthesis and heat treatment experiments were performed, for which selected X-ray diffraction pattern are shown in Figure 3a–d. The first series (Figure 3a) shows the characteristics of the sample material depending on synthesis temperature at a fixed synthesis time of 24 h. The X-ray diffraction data evidence that the experiment at 130 °C yields amorphous material; at 150 °C large amounts of amorphous material are accompanied by first evidences of nano-crystallites of aegirine. At 155 °C, the powder diffraction pattern already shows the typical peaks of aegirine, although with large linewidth, indicative for the nano-crystalline state of the material. With increasing temperature, peaks become sharper and, e.g., the broad line at ~30° 2θ evolves to a well separated doublet. Additionally, a small shift of Bragg-peaks can be observed, which is indicative for some changes in unit cell parameters, as discussed below. Based on the spike method, described in Section 2.3., samples contain negligible amorphous material (within the precision of the method) at and above 155 °C.



When keeping the synthesis temperature at 130 °C and varying the synthesis time (Figure 3b), reddish brown residues are found up to 142 h, and the amorphous character is confirmed by X-ray diffraction. An experiment with 192 h also shows a (brownish) yellow color, however, revealed some 20 (5)% of amorphous material, as hinted by the spike method, while at 310 h a fairly well (nano)-crystallized sample material is obtained without any strong evidence for amorphous phases. Generally, it should be noted that at these low temperatures of 130 °C, NaFeSi2O6 was—to our best knowledge—never synthesized before. At 150 °C (3rd series of experiments) first evidence for aegirine formation could be found after 24 h (Figure 3c), while a further 24 h promotes the formation of nano-crystalline phase-pure aegirine. Prolonged synthesis times lead to a better resolution of Bragg peaks, indicative for increasing crystallite size, also some shifts of Bragg peaks are evident; similar to the temperature variation series.



In a fourth series, sample material of the 200 °C/24 h experiment was annealed as a loose powder at different temperatures between 300 °C and 900 °C for 24 h. It should be noted that aegirine melts at temperatures around 999 °C as determined by differential thermal analysis (see Appendix A, Figure A1). X-ray diffraction patterns show a small decrease in line-width up to 700 °C, while for temperatures of 850 °C and especially for 900 °C a drastic sharpening of Bragg peaks is evident (Figure 3d). From this observation, increasing crystallite size can be expected, i.e., at these temperatures, a significant materials transport (ionic diffusion) starts to takes place, enhancing crystallite growth. In addition to this series, also parts of the sample obtained at 130 °C/24 h and containing only amorphous material were annealed at 500 °C, 700°C and 900 °C, respectively. The sample kept its amorphous character after 24 h at 500 °C, while it transformed to very well crystallized aegirine at 700 °C, additionally poorly crystallized hematite Fe2O3, is present and responsible for the dark reddish-brown color. Sintering at 900 °C has similar effects, the major difference concerns hematite, which appears as a very well crystallized material with sharp lines. Compared to this sample, phase-pure aegirine, obtained at 130 °C over a period of 310 h, behaves somewhat different upon sintering; there is no significant change at 500 °C and 700 °C with respect to line width and crystallinity, but after 24 h at 900 °C, the XRD pattern also shows small line width, similar to that is observed within the annealing series for the 200 °C/24 h sample. From this it can be deduced that the very fine-grained precursor material, obtained at 130 °C and 24 h, yield no phase-pure material, however, it starts to form well crystallized aegirine at much lower temperatures.



After this qualitative analysis, all the data were investigated in more depth using a full-pattern Rietveld analysis [38] with respect to unit-cell dimension refinement, and extraction of structural and microstructural parameters. The starting structural parameters of aegirine for Rietveld refinement were taken from [33]. Typical Rietveld analyses are shown in Appendix A, Figure A2, the most important results are compiled in Table 1. With increasing synthesis temperature at constant holding time, two main features are evident: the crystallite size, extracted from the volume based integral breath of the Bragg peaks of the whole pattern, is positively correlated with the synthesis temperature and increases almost linearly between 155 °C and 230 °C. Crystallite sizes of 9.2 (2) nm are determined for the temperature of 155 °C which increase up to 28.1 (3) nm at 230 °C (Figure 4a). It is interesting to note that the crystallite size obtained from PXRD matches well the smallest dimension of the crystallites, i.e., the diameter of the laths/needles in TEM. Recall that in XRD an average crystallite size is determined, but not the particle size of an aggregate, which can consist of multiple crystallites. As is seen in the TEM images, the individual crystallites are highly acicular, thus the crystallite size reported here is only an approximation as generally is the case for crystallite sizes as determined by XRD for anisotropic habitus of crystallites. The anisotropic nature of the crystallites can also be seen in the PXRD pattern itself by slight evidence for an anisotropic line broadening. The microstrain in all samples is low and remains almost constant within the temperature series, with a small tendency to decrease with increasing crystallite size/synthesis temperature.



The second main observation concerns the lattice parameters. They are highly influenced by the synthesis temperature, and decrease with increasing synthesis temperature (Appendix A, Figure A3). This is most evident for the unit cell dimensions a and c, which decrease by ~0.24% and ~0.18% between 155 °C and 230 °C as synthesis temperature increases. Along b, there is only a small change (0.03%) that is almost within the estimated standard deviation. The monoclinic angle increases by 0.08%. These decreases are not linear but become successively smaller towards higher synthesis temperatures, which is most evident for the c-lattice parameter. Dominated by the variations in a and c, also the unit cell volume decreases. The data, obtained for the sample, synthesized at 150 °C and 48 h, fall on the general trend and shows the largest unit cell dimensions. Prolonged synthesis times at 150 °C also yield distinctly decreasing a- and c-lattice parameters, while b and the monoclinic angle change only insignificant between 48 h and 168 h run durations. Interestingly, the crystallite size increases from ~10 nm successively to 15 nm, the increase is not linear and it seems that at some certain run durations a saturation crystallite size will be reached (Table 1).



It was already noted in [4] that lattice parameters of end-member aegirine are inversely correlated with synthesis temperature but stabilize at some certain temperatures. In Figure 5, data of these different synthesis series are compared. Within the series of additional secondary heat treatment using the 200 °C/24 h sample, it also becomes evident that with increasing sintering temperature, the unit cell parameters change with very similar trends to the (newly recorded and evaluated) data on the hydrothermally synthesized samples of [4]. The two series follow a more general common trend, especially at temperatures above 600 °C, where they tend to stabilizes at some common values and become rather independent on synthesis or sintering temperature. At lower temperatures, the data for the sintering experiments on the low-temperature synthesis 200 °C sample are somewhat higher, which may be seen as an indication of a higher initial disorder. The clearest variation is shown by data of the a lattice parameter (Figure 5a) where the overall decrease between 155 °C and 900 °C is 0.45%, c decreases by 0.35% while the b-axis shrinks by only 0.06%.



Of special interest is the evolution of crystallite size with heat treatment temperature. As is already deducible from the optical inspection (Figure 4b), there is almost no change in crystallite size up to 700 °C, afterwards it increases distinctly. In the same temperature range, lattice parameters-however-decrease, so that two different trends can be deduced for the additional heat treatment: at temperatures below 700 °C the regularity of the crystal lattice (crystallinity) seems to be enhanced, indicated by the change in lattice parameters, while above ~700 °C, there is no large change within the structural state, but main changes concern crystallite growth through diffusion processes. The microstrain, even on a relative basis, generally decreases with synthesis temperature. However, this does not hold true for the samples sintered at different temperatures: here the microstrain remains constant, but significantly decreases above 750 °C. This is the temperature, where distinct crystallite growths start. This is a strong evidence that strain and crystallite size are negatively correlated, which indeed can be observed in the nano-crystalline data of this study (Appendix A, Figure A4a). The data for the aegirine samples of [4] have considerably larger needle-like shaped crystallite sizes for T > 500 °C and are out of the range, where crystallite size and microstrain can be obtained reliably on basis of line-broadening. It is generally adopted that this can be done for crystallites below ~150 nm [32,39]. At least for the samples of the present study, this holds true and a nice negative correlation between size and microstrain is clear (Appendix A, Figure A4b).



Figure 6 depicts a polyhedral drawing of the structure of aegirine, as refined from the well crystallized sample sintered at 900 °C for 24 h; the fractional atomic coordinates are given in Appendix A, Table A2, more details on the aegirine structure can be found in [5,7,10,16] and will not be repeated here. Data obtained here fit well with the data from literature, obtained from single crystals. Generally, the structure of the C2/c pyroxenes consists of 3 main building blocks: (i) the slightly kinked chains of tetrahedra, which are connected to each other via the O3 bridging oxygen atoms and run parallel to the crystallographic c-axis, (ii) the zig-zag chains of edge-sharing M1 octahedra, here Fe3+O6, which also run parallel c and (iii) the 8-fold coordinated M2 cations, which fill interstitial space between M1 and tetrahedral chains. The most distinct changes within the structure with synthesis temperature occur along the a–c plane of the structure. Along a, tetrahedral chains, arranged in layers, are stacked with layers of M1 chains and M2 polyhedra, the shrinkage in c most probably is related to some changes in the kinking state of the chains. This is supported by taking a closer look onto the structural parameters, deducible from the Rietveld refinements. Even if affected by larger uncertainties, it is possible to extract some trends.



Within the SiO4 tetrahedron, small variations are observed for the Si–O1 and Si–O2 bond lengths, which link the tetrahedral to the octahedral chain along the a and b direction, respectively. For the Si–O2 bond lengths, there is a distinct decrease with increasing synthesis temperature in the 170 °C and 230 °C region (Figure 7a), the reversed trend—albeit not as prominent—is found for the Si–O1 bond lengths. Towards higher sintering temperatures, both distances increase slightly with temperature. For the Si–O3 bond lengths, which bridge the individual SiO4 tetrahedra in chain direction, no clear variations with temperature are observable, the average <Si–O> bond lengths slightly increase. The kinking state of the tetrahedral chain, which is defined by the O3–O3–O3 bond angle, changes with temperature. In samples, synthesized at very low temperatures, the chains are almost fully extended, with O3–O3–O3 angles close to 180°. With increasing synthesis temperature, the chains become kinked and approach values of ~174° (Figure 7b), which is the typical value, found in natural and perfectly crystallized synthetic aegirine [7]. Increasing the kinking, i.e. deviation from the extended chain, decreases the unit cell dimension along c, as is observed in Figure 5c, while along b, the “thickness” of the tetrahedral sheet increases; this balances the decrease of the Si–O2 bond lengths, thus only small changes are observed for the b-lattice parameter.



For the octahedral site, the Fe–O bond lengths remain constant or decrease with increasing synthesis temperature, most evident for the Fe–O1 bond (Figure 7c) and the larger Fe–O2 bonds, which all are in the equatorial plane of the octahedron, while the shorter Fe–O1 bonds, pointing along c remains rather constant. The average Fe–O bond length becomes shorter with increasing synthesis temperature, accompanied by this is a decrease in polyhedral volume and in the polyhedral distortion, most evident in the low temperature region. The bonds from the Na atoms to the O3 oxygen atoms also show some significant changes with synthesis and sample treatment temperature, which shows a similar behavior to the kinking state of the tetrahedral chain, to which they are related (Figure 7d). The heat treatment does not affect the material distinctly up to temperatures of ~700 °C, above, a decrease is observed and data approach the values of the material synthesized at the high temperatures.




3.3. 57Fe Mössbauer Spectroscopy


57Fe—Mössbauer spectra were recorded on 6 exemplary samples corresponding to one poorly-crystalline, three intermediate and two well crystalline low-temperature synthesized samples. Data were collected in order to check the valence state of iron and to probe the local distortion environment around the Fe probe nucleus in aegirine. The sample, synthesized at 200 °C and afterwards annealed at 900 °C for 24 h (200 °C_T 900 °C in Table 2) was used as the reference spectrum (Figure 8b). It exhibits very sharp resonance absorption lines which can be evaluated by a single narrow split doublet, giving rise to an isomer shift δ = 0.393 (3) mm/s and a quadrupole splitting 0.284 (2) mm/s, which are 57Fe hyperfine parameters typical for high-spin ferric iron in a regular octahedral coordination. These data agree very well with the ones found by Redhammer and co-workers [4] for aegirines with high degree of crystallinity. No evidence is present for ferrous iron in any of the spectra. In contrast to this, the spectrum of the sample 150 °C-24 h, exhibits a broad character (Figure 8a) and can only be evaluated assuming a second component. Such an additional component was also observed by [28] and was assigned to an additional Fe3+-hydroxide species at the surface. In this paper, it is proposed that due to the low degree of crystallinity in the as prepared samples at very low temperatures, a broad range of local distortion environments exist around the Fe3+ probe nuclei, thus contributing to a broad range, a distribution, of quadrupole splitting values. Because of this, in data evaluation, a Voigt-based quadrupole splitting approach was used, and a weighted average quadrupole splitting is calculated and given in Table 2. The spectra of samples synthesized at higher temperature are characterized by two main features: the splitting of the lines becomes smaller, i.e. the quadrupole splitting decreases, and the distribution of quadrupole splitting generally becomes narrower as is evident in Figure 8c. The smaller distribution of local distortion environments is seen as a clear indication of increasing “perfection” of the atomic arrangement in aegirine, at least around the Fe3+ probe nuclei, and in total, the local distortion decreases, i.e., the Fe3+O6 octahedra become more regular. It should be recalled that in the case of high-spin Fe3+, local site distortion and quadrupole splitting are positive correlated.



The trend of decreasing quadrupole splitting of Fe3+ with increasing synthesis temperature is shown in Figure 8d. Data of [4] are included and perfectly meet the trend, seen in the data of this study. Towards lower temperature, the negative correlation is further enhanced. This is not surprising, as towards lower temperatures, the crystallinity and the distortion of the structure decreases.



In some of the spectra (160–180 °C), a low intensity shoulder is present in the spectra around −0.5 mm/s. Adding a doublet for an additional Fe3+ component yield hyperfine parameters, which are typical for Fe3+ in tetrahedral coordination. The area fraction is between 3–5% of total iron, which would correspond to ~0.05 out of two formula units Fe3+ on the tetrahedral site.




3.4. Raman Spectroscopy


Raman spectroscopy probes shorter ranges of order than X-ray diffraction; thus, it can also be applied for characterizing pro-ordering phenomena and glass-like structures. Thus Raman spectra were collected to check for a possible appearance of resolved Raman modes prior to the observation of a three-dimensionally ordered crystalline state in PXRD and to probe for any shifts in Raman peaks with synthesis temperature, which would indicate changes in the structural state and crystallinity of aegirine as a function of sintering and synthesis temperature. In monoclinic C2/c pyroxenes, 30 Raman active modes (14 Ag and 16 Bg) are to be expected from factor group analysis [40,41,42]. It is well established that most of the Raman-modes in pyroxenes are a combination of bending and stretching vibrations of all types of different atoms in the structure, thus mode assignment is definitely not straightforward. Only the combination of theoretical calculations, graphical vibration analysis and comparison with experimental data yields good evidence for mode assignment. For several orthorhombic and monoclinic pyroxenes, such studies are available e.g., for jadeite NaAlSi2O6 [42], NaTiSi2O6 [43], diopside CaMgSi2O6 [40] or ortho-enstatite Mg2Si2O6 [44]. However, for different pyroxene compositions to these given, it is still impossible to assign all individual bands to the corresponding vibrations without any theoretical calculations as a supporting aid. Nevertheless, a more general band assignment can be done, grouping band to regions and assigning them to functional units. Doing so, [45,46] divided the Raman spectra of the pyroxenes in 5 different regions: region R1 is between 1100–800 cm−1 and shows strong modes which can be ascribed to symmetric and asymmetric stretching modes of the Si–Onbr bonds, where Onbr is a non-bridging oxygen atoms (O1 and O2). Region 2 is between 800 cm−1 and 600 cm−1 and contains modes due to the stretching and bending of the Si–Obr–Si bonds, where Obr are the bridging O3 oxygen atoms between the tetrahedra in the tetrahedral chain parallel to the c-axis. Region R3 is between 600 cm−1 and 450 cm−1 and includes O–Si–O as well as O–M–O vibrations with M = octahedral cation, here Fe3+. Region 4 is between 450 cm−1 and 300 cm−1 and includes a series of strongly overlapping modes which arise from the motions of M1 and M2 cations of the pyroxene structure, correlated with a motion of the tetrahedral chain and tetrahedral tilting. Finally, region 5 of Wang [45] is below 300 cm−1 and mainly involves the motion of the M2 cations, together with M1 vibrations and tetrahedral tilt modes.



The general appearance of the Raman spectra of the synthetic end-member aegirine samples compare well with the spectra for natural species, which can be found in the RUFF-database, even if the literature data are distinctly less well resolved. Appendix A, Figure A5a gives a comparison with one of the spectra, deposited in the RUFF-project database, namely aegirine R040054 from Mont Saint-Hilaire, collected by Bob Downs (which is the best resolved data set reported). For the aegirine, synthesized at 200 °C and sintered at 900 °C, the Raman spectrum is shown in Figure 9a and it was used as the reference for data evaluation and peak fitting. For this sample, in total, 27 out of the 30 allowed Raman modes are clearly detectable and resolved. The division into subregions was slightly modified, mainly to facilitate data evaluation and discussion, the fitted peak positions are given in Table 3, together with the data obtained from the 180 °C and 225 °C sample. For comparison, the band positions for NaTi3+2O6 and a possible band assignment, mainly based on the one given by [43] is included. NaTi3+Si2O6 was chosen for comparison, as it also shows C2/c symmetry at room temperature [47,48] and structurally is closer to aegirine than e.g., jadeite NaAlSi2O6. Additionally, Fe3+ and Ti3+ have similar molar masses, so that the theoretical calculations available for NaTi3+Si2O6 may serve as a good model for band assignment [43].



In region 1, defined above 900 cm−1, five bands are resolved, which can be ascribed to stretching modes of the non-bridging Si–O1 and Si–O2 bonds. Most prominent in this sample is the strong and well resolved doublet at 948 cm−1 and 970 cm−1, with a small shoulder at 959 cm−1, fits to the different regions are shown in Appendix A, Figure A5b–f. For NaTiSi2O6, [48] calculate a triplet at 950, 958 and 986 cm−1, which is ascribed to the Si–Onbr stretching modes, in combination with Ti–O1, 2 motions. The well resolved band at 1041 cm−1 is ascribed to Si–Onbr stretching as in diopside or to a SiO4 breathing and out of phase vibration of the octahedra [48]. In region 2, which is defined between 900 cm−1 and 630 cm−1, three weak and one rather strong band at 864 cm−1 are resolved, all of them correspond to Si–O3 (bridging) stretching modes, the first two parallel x, the latter two parallel the yz direction [43]. The band at 675 cm−1 is also ascribed to a Si–Obr–Si stretch vibration [45] and a correlation with the Si–Si distance was found [49]. Region R3 is defined from 430 cm−1 to 630 cm−1 and consists of two resolved and three partly overlapping bands, the later one is developed as a doublet. Bands in this region are generally ascribed to a blend of bending motions of the octahedral and tetrahedral building blocks. Region R4 consists of 8 resolved bands, two of them at 339 cm−1 and 345 cm−1 are partly overlapped. At lower wavenumbers, first vibrations involving the M2 cations (Na) appear, while the remaining bands involve vibrations of ions at the octahedral and tetrahedral sites. Region 5 is well resolved and shows 5 bands, involving combined vibrations of Na and tetrahedral as well as octahedral sites. A tentative possible band assignment is included in Table 3 below.



Figure 9b depicts the Raman spectra of samples, synthesized at low temperatures. In the 130 °C/24 h sample some broad bumps are observed which are centered around 925 cm−1 and 685 cm−1. These are in the regions of Si–Onbr and Si–Obr stretching modes: their presence indicates that some SiO4 clusters/chain fragments may already exist, while PXRD showed no evidence for discrete diffraction peaks. These peaks in Raman spectra gain intensity and become more structured towards the 150 °C/24 h sample. Small broad peaks at 220 and 280 cm−1 probably correspond to hematite Fe2O3 as can be read off from Figure 9b. At a synthesis temperature of 160 °C, the Raman spectrum of aegirine already shows the main features, even if the linewidths are broad and peaks not well resolved, as is the case for the PXRD data. At 160 °C, fully developed Raman spectra can be observed.



In detailed inspection of the spectra, it was found that most of the modes shift towards higher wavenumbers with increasing synthesis/sintering temperature (Figure 9c). Generally, this shift with temperature is small, but highly non-linear, a typical example is shown for the band at 339 cm−1 in Figure 9d. Similar to structural parameters, the shift in band positions is large in the 170–225 °C region. The data obtained from the 200 °C sample, sintered at different temperatures show only small variations with increasing sintering temperature up to 600 °C, while for the ones, sintered at 800 °C and 900 °C data start to shift towards higher wavenumbers again (red-shift). Largest shifts of ~5 cm−1 are observed for the bands at 309 cm−1, 339 cm−1 (Figure 9d) and 366 cm−1, which involve tilting and bending vibrations of the tetrahedron and O–Fe–O bending vibrations. This correlates well the shortening of the Fe–O bond lengths, i.e., increasing bond strengths and consequently a shift towards larger wavenumbers. The bands at 529 cm−1 and 542 cm−1 remain rather constant, also involve O–Fe–O bending, which may be seen as a contradiction of the above statement. However, structural data suggest that the short Fe–O bond lengths remain almost constant at ~1.95 Å, independent of synthesis and sample treatment temperature, so these Raman vibrations may involve O2–Fe–O2.



Different to most of the modes, the 675 cm−1 band shows a linear shift towards higher wavenumbers with increasing temperature.





4. Summary and Conclusions


Aegirine NaFeSi2O6 was synthesized in phase-pure form at low temperatures down to 130 °C. To our best knowledge, this is the lowest temperature, where phase-pure NaFeSi2O6 has been reported in the literature. This low formation temperature might also have implications on the crystallization of aegirine in nature, which is far beyond classical hydrothermal conditions.



Already at the nanoscale the morphology of the crystals is well developed and tabular-needle like bundles grown from some common growth centers are found in TEM analysis. It is interesting to note that this is the very same habitus, which also is observed in macro-crystallites in flux growth experiments and is also very similar to the morphology of aegirine, found in nature, however, with the restriction that in natural aegirine, the (100) faces are prominently developed, while the low temperature crystallized samples are dominated by (110) faces.



Synthesis and sample treatments (sintering) temperature strongly affects the structural state. The SiO4 tetrahedra appear to be more distorted at low synthesis temperatures with elongated Si–O2 bonds towards the octahedral chain along b and shortened Si–O1 bonds towards the apex of the tetrahedron along the a-direction. With increasing synthesis temperature, these two bonds approach more similar values. The variation of the Si–O2 bonds at low synthesis temperatures does not affect the value of the b lattice parameter to large extent. This probably is due to the fact that the tetrahedral chains appear to be fully extended (O3–O3–O3 angle of 180°) at very low temperatures, but become somewhat kinked towards the typical values of 174°. This observation hints that first fragments of tetrahedral chains in aegirine formation may appear as fully extended. With increasing regularity of the individual polyhedra, the chain geometry is modified by changing the conformation state of the tetrahedra chains. The shortening in c is related to this increasing kinking. Generally, the structural building units (tetrahedral and octahedral sites) become more regular with increasing synthesis temperature, as indicated by the structural data from Rietveld refinement, but also as proved by the decreasing quadrupole splitting of Fe3+ for the case of the octahedral M1 site. Raman data already reveal some broad bumps in the region of SiO4 chain vibrations at 130 °C and 24 h synthesis time, which is indicative for some chain fragments which do not reveal a long-range periodicity, as no peaks are found in X-ray diffraction pattern. The shift in band positions towards higher wavenumbers is correlated with the decreasing bond-lengths, most evident for modes involving the octahedral site, which indeed show also the largest variations in structural parameters, supporting the general trend that the crystal structure becomes more ordered and less distorted. However, it has to be noted that band assignment in aegirine still is uncertain and tentative. As theoretical calculations are hindered due to the presence of paramagnetic Fe3+, more experimental work would be needed to fully understand the Raman spectra of NaFeSi2O6. Possible starting points are the performance of polarized single crystal studies of natural aegirine, in combination with study of the evolution of Raman bands along solid solution series, where band assignment is known, e.g., in diopside. Such studies are under way.
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Table A1. Synthesis conditions of hydrothermal and additional heat treatment experiments and experimental results.






Table A1. Synthesis conditions of hydrothermal and additional heat treatment experiments and experimental results.





	
Temperature (°C)

	
Duration (h)

	
Color

	
Phase Content






	
130

	
24

	
dark reddish brown

	
am (100)




	
130

	
92

	
dark reddish brown

	
am (100)




	
130

	
142

	
reddish brown

	
am (100)




	
130

	
192

	
Grey yellow

	
ae (80), am (20)




	
130

	
310

	
yellow

	
ae




	
150

	
24

	
Light yellow brown

	
am (90), ae (10)




	
150

	
48

	
yellow-green

	
ae




	
150

	
72

	
yellow-green

	
ae




	
150

	
96

	
yellow-green

	
ae




	
150

	
120

	
yellow-green

	
ae




	
150

	
168

	
yellow-green

	
ae




	
155

	
24

	
yellow

	
ae




	
160

	
24

	
yellow

	
ae




	
170

	
24

	
yellow

	
ae




	
180

	
24

	
yellow

	
ae




	
190

	
24

	
yellow

	
ae




	
200

	
24

	
yellow

	
ae




	
210

	
24

	
yellow

	
ae




	
220

	
24

	
pale yellow

	
ae




	
225

	
24

	
pale yellow

	
ae




	
230

	
24

	
pale yellow

	
ae




	
Annealing Experiment




	
130, 500

	
24, 24

	
intense red-brown

	
am




	
130, 700

	
24, 24

	
red-brown

	
ae (85), he (15)




	
130, 900

	
24, 24

	
red- brown

	
ae (87), he (13)




	
200, 300

	
24, 24

	
yellow

	
ae




	
200, 400

	
24, 24

	
yellow

	
ae




	
200, 500

	
24, 24

	
yellow

	
ae




	
200, 550

	
24, 24

	
yellow

	
ae




	
200, 600

	
24, 24

	
yellow

	
ae




	
200, 650

	
24, 24

	
yellow

	
ae




	
200, 700

	
24, 24

	
yellow

	
ae




	
200, 750

	
24, 24

	
yellow

	
ae




	
200, 800

	
24, 24

	
pale yellow

	
ae




	
200, 850

	
24, 24

	
pale yellow

	
ae




	
200, 900

	
24, 24

	
pale yellow

	
ae








am = amorphous in powder X-ray diffraction, ae = aegirine NaFeSi2O6, he = hematite Fe2O3, numbers in parenthesis represent weight % values as determined by Rietveld refinement. 
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