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Abstract

The thermal behavior of (NH4)2[Re2Fg]+2H20 salt was studied in the temperature range 150-700
°C under flowing nitrogen gas. The decomposition products were studied by powder X-ray
diffraction (PXRD), scanning electron microscopy (SEM), and energy-dispersive X-ray (EDX)
spectroscopy. Results are consistent with the formation of (NH4)2[Re2Fg] salt at 150 °C, amorphous
rhenium metal at 300 and 400 °C and crystalline rhenium metal at 500 and 700 °C. A mechanism
of formation of rhenium metal from (NHa)2[Re2Fg]*2H>O was proposed. The effect of crystallite
size and lattice strain were evaluated at 500 and 700 °C from powder XRD peak broadenings using

both Williamson-Hall and the modified Scherrer methods.
Keywords: Rhenium; Fluoride; Decomposition; Metal; X-ray diffraction
1. Introduction

The discovery of quadruple metal-metal bond in dirhenate(111) complex (i.e., [Re2Cls]?)
led to extensive investigations in the nature of multiple metal-metal bonds and unravel new area
of research in catalysis, metal and materials sciences [1-9]. Several complexes containing the
[Re2Xs]? anions (X = F, Cl, Br, 1) have been reported. However, complexes containing the fluoro
derivative, [RezFs]?, are relatively rare [10-12]. Only recently a detailed preparation of the
ammonium salt, (NHa)2[Re2Fg]*2H>O and its reactivity were reported [13-15]. Rhenium
complexes containing the [Re2Xs]? anion species have been characterized by several techniques
[11,12,16-20], including X-ray absorption fine structure (XAFS), single crystal and powder X-ray
diffraction, Raman, and theoretical studies. To the best of our knowledge, the thermal behavior of
[Re2Xs]? salts have not been reported. The thermal analysis behavior could fundamentally provide
a further understanding of quadruply bonded metal-metal complexes and the chemistry of rhenium.

For example, decomposition products of fluoride salts could be a method to access new binary
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fluorides (i.e., ReF3). In this context, we note that the thermal decomposition of Ag:[ReBre]
produced ReBrs [21].

Our laboratory has been engaged in the chemistry of technetium and rhenium fluorides as
well as binary halides [22,23,32-34,24-31]. We prepared (NHa)2[Re2Fs]*2H20 in the solid state
and characterized it in solution by UV-Vis and **F-NMR and in the solid-state by PXRD and IR
spectroscopy; so far no thermal study has been performed on this salt. In this context, we found it
necessary to study the thermal behavior of [RezFs]? salt at high temperatures and investigate the
reaction products. In the present work, the thermal behavior of (NHa4)2[Re2Fg]+2H2O under
nitrogen atmosphere was investigated in the temperature range 150-700 °C. The decomposition
products were analyzed by powder XRD, scanning electron microscope (SEM), and energy
dispersive X-ray (EDX). The crystallite size and lattice strain of the decomposition products were
evaluated from powder XRD peak broadenings using both Williamson-Hall and the modified

Scherrer methods.
2. Experimental
2.1 Materials

All chemicals were purchased from Sigma Aldrich and were used as received without any
further purification. Pure nitrogen (N2) tank was purchased from AirGas, Inc. Thermal
decomposition were performed in a Barnstead-Thermolyne 1000 furnace. A schematic
representation of the experimental setup is highlighted in reference [35].

Cautions: Due to the corrosive nature of ammonium bifluoride, all chemical manipulations

were performed in a well-ventilated fume hood.
2.2 Preparation of (NH4)2[RezFs]*2H20

The (NHa)2[Re2Fg]+2H20 salt was prepared according to the literature method [13] from
the solid-state melt reaction (SSMR) of (n-BusN)2[Re2Cls] (497.5 mg, 0.436 mmol) with excess
NH4HF (3.830 mg, 67.14 mmol) at 300 °C for 20 minutes in a box furnace using a loosely capped
Teflon beaker. After cooling, the solid violet product was washed with methanol (3 x 4 mL) to
remove fluoride impurities and chloride byproducts (Figure 1). Then, the hydrated (NH4)2[Re2Fs]

salt was extracted by dissolving the solid product in water (2 mL) followed by the addition of
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methanol (6 mL) and centrifugation. Lastly, the resulting material was washed with diethyl ether
(3 mL) and dried at ambient temperature in aerobic condition. Once completely dried (yield: 240
mg, 92%), the purity of the sample was evaluated using powder X-ray diffraction, which verifies

the dark violet material to be single phase (Figure 1) with an identical XRD pattern as reported in
the literature [13].
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Figure 1. Powder XRD measurements of (NHa)2[Re2Fs] as-synthesized (black trace) and purified
(red trace).

2.3 Physical characterizations

Powder X-ray diffraction measurements were collected at ambient temperature on a Bruker
D8 advanced diffractometer equipped with Cu-Ka X-rays (A = 1.5406 A) and a solid-state Si
detector. Samples were pulverized using mortar and pestle before loaded on a low-background Si
disk sample holder. Scanning electron microscopy and energy dispersive X-ray spectroscopy

analyses were performed using a JEOL model JSM-5610 equipment with secondary-electron. Data
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were analyzed using INCA Microanalysis Suite software v4.15 and ImageJ v1.532 software [36].
Simultaneous thermal gravimetric analysis and differential scanning calorimetry measurements
were performed in platinum crucible using NETZSCH STA 449 F1 Jupiter instrument operating

under argon.

3. Results and discussion
3.1 Thermal decomposition of (NH4)2[Re2Fs]*2H20
A weighted quantity of (NH4)2[Re2Fg]+2H20 salt (Table 1) was loaded onto an in-house

platinum boat constructed with a 4.7 cm x 1.15 cm foil. The Pt boat, supported using a 5-mL
alumina boat, was then placed in a quartz tube positioned in the middle of the tube furnace. The
right end of the tube was connected to the gas tank (N2) while the left end was connected to a
bubbler. Once the system was purged for 15 minutes, the furnace was programmed (~8 °C per
minute) and the temperature ramped either to 150, 300, 400, 500 or 700 °C and kept at this
temperature for 30 min. Following decomposition, the system was cooled to room temperature
under flowing N. After reaching room temperature, the sample was weighed (Table 1) and
analyzed by PXRD (Figure 2), TGA and DSC (Figure 3), SEM and EDX (Figure 4).

Table 1. Mass of (NH4)2[RezFg]*2H20 (mg) prior to reaction and mass (mg) and color
of the decomposition products.

(NHa)2[Re2Fg]e2H20  Prior reaction (mg) Collected (mg) and color

150 °C 29.2 27.9 (violet)
300 °C 46.1 30.0 (dark-grey)
400 °C 57.1 36.4 (dark-grey)
500 °C 45.3 27.9 (grey)

700 °C 46.4 29.2 (grey)

Results indicate that at 150 °C, the material is converted to a darker violet color. No
significant structural changes were observed in the powder XRD, but the crystallinity of the
material was greatly improved (Figure 2). Heating to 300 and 400 °C resulted in the formation of
dark grey semi-crystalline material. Further treatment at 500 and 700 °C, produced a material with
very well-defined X-ray diffraction peaks. The patterns show the presence of pure rhenium metal

and match precisely with that of reference number PDF#01-071-6589 without the presence of
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impurities. This material is indexed on a hexagonal space group P63/mmc with the following
lattice parameters a = 2.7611(51) A, b = 2.7611(51) A, ¢ = 4.4762(17) A for the structure at 500
°Cand a=2.7611(25) A, b = 2.7611(25) A, ¢ = 4.4858(48) A for that at 700 °C. We propose that
at 500 and 700 °C the (NHa)2[Re2Fs]*2H.0 salt decomposes to Re metal according to Eq. 1.

(NHa)2[RezFs] > 2 Re) + 8 HFg) + Nag) (1)
This could occur in a multi-step process starting with the liberation of co-crystallized water

molecules followed by the decomposition of the anhydrous salt.
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Figure 2. X-ray powder diffraction patterns of (NHs)2[Re2Fg]*2H20 salt at 25 and 150 °C (A) and
the decomposition products at 300, 400, 500 and 700 °C showing the formation of metallic
rhenium (B).

The thermal decomposition of (NH4)2[Re2Fs]*2H20 salt was also monitored using simultaneous
TGA/DSC (Figure 3). The salt exhibit three distinct endothermic peaks at 129, 205 and 230 °C.
The thermal decomposition of the salt follows a complete endothermic process; no exothermic
regions are observed from the DSC of the salt. The TGA analysis show the salt is thermally stable
up to 150 °C. Above such temperature, the salt exhibits a sharp decrease to 212 °C which is
accounted for nearly 42% of the starting material. From 212°C to 245 °C, an additional 14%
gradual decrease is observed. Over the temperature range of 245 and 700 °C, a very slow decrease

(10%) could be observed. Efforts to assign these thermal events to possible species could not be
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predicted reliably. Nonetheless, the collected (34%) material post thermal treatment indicate the

presence of metallic rhenium as confirmed by powder XRD.

4
100 A
(NH,),[Re,Fs] - 3.9
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Figure 3. Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements of (NHs)2[Re2Fg]+2H.0

Given that the broadening of the XRD peaks is due the combined effect of crystallite size
and lattice strain, these parameters can be evaluated using the full width at half-maximum
(FWHM) of all XRD peaks. This could be achieved through the application of the modified
Scherrer method (D-S) and the Williamson-Hall method (W-H) giving 4 is the wavelength of the
incident X-ray source (0.15406 nm) and K is the shape factor (0.9) [37]. The Scherrer’s formula is:
D = kA/B cosf@ where D is the crystallite size, £ is the FWHM, and 6 is the Bragg’s diffraction
angle. This method does not include the effect of lattice strain in powder XRD peak broadening.
For strain induced broadening, the W-H method is applied and is giving as: f cosé = ¢ 4 sing +
k1/D. From this expression, € and kA/D, respectively, represents the slope and y-intercept, which
are extracted from the linear fit of the scattered data of 4 siné versus B cosf. From this, the

crystallite size and lattice strain are calculated [35,38,39]. Giving the poor crystallinity of the
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decomposition products at 300 and 400 °C, their XRD patterns were not considered for calculation.
Only of the samples treated at 500 and 700 °C were used for calculation. The crystallite size of
rhenium metal (Table 2) obtained at 700 °C is consistent and in very good agreement using both
D-S (174.61 nm) and W-H (175.41 nm) methods. For the sample obtained at 500 °C, major
difference is observed between the crystallite size calculated using both methods. Such
discrepancy can be the result of lattice imperfections and defects, which affect the crystallinity of

the material.

Table 2. Crystallite size (nm) and lattice strain calculated using Debye-
Scherrer (D-S) and Williamson-Hall (W-H) methods.

Sample temperature  D-S W-H
500 °C 95.63 56.07 (4.19x1073)
700 °C 174.61 175.41 (3.92x10™)

SEM images clearly show morphological differences in the (NH4)2[Re2Fg]+2H20 salt,
before and post thermal treatment (Figure 4). At room temperature, a mixture of particles could
be observed. This consists primarily of elongated rod-shaped as well as pseudo cubic plate single
crystals. The morphology of these particles was drastically changed at 150 °C, which is believed
to be a result of dehydration based on weight difference (Table 1). Further heating to 300, 400,
500, and 700 °C lead to disappearance of the fluorine peak (0.677 keV) and the presence of only
Re peaks (1.842 and 8.651 keV) on the EDX spectra of the decomposition products. This result is
consistent with the complete decomposition of (NHa)2[Re2Fs]*2H20 according to Eq. 1 and the
formation of Re metal at those temperatures. All EDX spectra were taken on large area and counted
for 2-5 minutes.

At 300 °C the formation of amorphous rhenium with rod-like shape and short cylindrical
morphologies are observed whereas at 500 °C primarily long needle-like crystals and several
elongated cylindrical shaped crystals are detected for polycrystalline rhenium. At 700 °C, this
material is almost completely converted to fiber-like shaped crystal of metallic rhenium. The
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morphology of these particles is in contrast with other studies resulted in porous rhenium metal,

which are driven by liberation of gaseous species at high temperatures [35,40]. Based on this
results, the yield (%) of the formation of rhenium metal at 300, 400, 500 and 700 °C from
(NHa4)2[Re2Fg]*2H.O decomposition could be, respectively, calculated: 97.9, 95.9, 92.7 and
94.7%.
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Figure 4. SEM micrograph images and EDX spectrum of the (NHa)2[Re2Fg]*2H-0 salt at 25 °C
and the decomposition products at 150, 300, 400, 500 and 700 °C.

Rhenium metal is used in various technological fields [41-43] primarily due to its high
melting point and corrosion properties. Given the scarcity of this refractory metal in nature and its
high demand, efforts to recycle and reclaim the metal from used materials provide a critical area
for research. Currently, several methods are reported for laboratory scale production [43-45] from

which the metal could be obtained from the reduction of perrhenate in hydrogen atmosphere. In
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addition to this, a number of rhenium compounds (i.e., CsHeN3z[ReOs]; (NH4)2[ReXe] X = F, Cl,
Br, 1) could be converted to rhenium metal in non-reactive environment (i.e., Ar, N2) [35,46]. This
is now expanded to (NHas)2[Re2Fg]*2H20, as this study shows its conversion to pure metallic
rhenium in very high yield.

4. Conclusion

In summary, the thermal decomposition of (NHas)2[Re2Fg]*2H2O has been studied in the
temperature range 150-700 °C under flowing nitrogen. The phase purity, chemical composition
and morphology of the decomposition product was investigated by powder XRD, SEM and EDX.
The diffraction and microscopic results are consistent with the presence of amorphous Re metal
(300-400 °C) and crystalline rhenium metal (500-700 °C). This conversion to a highly crystalline
metal is driven by temperature. XRD peak broadening, as investigated using both Williamson-Hall
and the modified Scherrer method, provides an insight into the structural defect and imperfection
of metallic rhenium obtained at 500 °C while at 700 °C those methods show the particle size of
rhenium metal to be 174.61 and 175.41 nm, respectively. This study shows that binary fluorides
were not obtained from (NHa)2[Re2Fg]*2H20 decomposition. In order to further investigate the
formation of rhenium binary fluorides, we plan to investigate the thermal decomposition of
potassium fluoride salts. In this context, we note that both Kz[ReFs] and K2[RezFs]*2H20 has been
prepared, but their thermal behavior are still unknown. Current works on the thermal behavior of
these salts are in progress and results will be reported.
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