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Abstract: X-ray characterization, thermal behavior, and vibrational studies have been performed on 

NH3(CH2)3NH3SiF6, which crystallized in the P21/c (Z = 4) monoclinic system. The V/Z ratio variation 

(unit cell volume/ motifs number per cell) versus the CH2 groups’ number is discussed for 

H3N(CH2)nNH3SiF6salts (n = 2, 3, 4, 6). The DSC measurements (heating/cooling) recorded in the 35-

245°C temperature domain showed the NH3(CH2)3NH3SiF6 decomposition above 30 °C, which is 

checked and analyzed by TGA-dTGA techniques. The vibrational spectra interpretation is developed 

based on theoretical group analyses considering the +NH3(CH2)3NH3
+ cations and the SiF6

2-anions in the 

C1(4) and Ci(2) symmetry sites, respectively. The SiF6
2-degenerated modes splitting is explained by the 

site effect, resulting in symmetry lowering from Oh to Ci in the crystal. The Infrared spectrum analysis 

at lower N-H and C-H frequencies region showed the presence of medium to strong N-HF hydrogen 

bonding in the title compound. 
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decomposition; site group; factor group. 
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1. Introduction 

Hexafluorosilicate compounds of the general formula [R4-nNHn]2SiF6 (R: alkyl, n = 0, 

1, 2, 3) studied over the two last decades [1-16] have been found to present interesting crystal 

dynamic and phase transitions involving as well as hydrogen bonds and reorientation motions 

of alkylammoniums cations [1-8]. The temperature-dependent phase transitions in such 

compounds have been studied using differential scanning calorimetry (DSC), Raman 

spectroscopy at different temperatures, and optical properties. 

The crystal structures, the physicochemical properties, and the anticaries activities of 

novel potential anticaries hexafluorosilicate substances are developed [14-22]. The pyridinium 

hexafluorosilicate salts (LH)2SiF6 (L = 2-, 3-, 4-carboxymethylpyridine) with the general 

formula (C14H16N2O4)2SiF6 crystallized in the (P21/n, Z = 2), (P21/c, Z = 2), and (I2/a, Z = 4), 

respectively [15]. Gelmboldt et al. [16] have developed a review study, summarizing the 

research results published mainly after 2000 on the synthetic protocols, structure, spectral 
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characteristics, solubility and hydrolysis, properties, and the practical application aspects of the 

hexafluorosilicate salts. This study reflected various aspects of the state of chemistry and 

applied use of hexafluorosilicate salts obtained up 2019: modifiers of zeolite catalysts, 

fluoridating agents, activating additives and catalysts, preparation of amorphous silica, ionic 

liquids, and electro-optical materials. 

The biological activity analysis showed a low probability of toxic effects of the novel 

hexafluorosilicate (LH)2SiF6·H2O (L: 3-hydroxymethylpyridine) compound [17]. 

Hexafluorosilicate salts with the substituted pyridinium and pyrimidinium cations exhibit 

antibacterial, anti-inflammatory, and other activity types, which leads to an experimentally 

confirmed increase in cariesprophylactic efficacy (CPE) of such substances compared to 

reference drugs [18]. It has been demonstrated that ammonium hexafluorosilicates, including 

salts with substituted biologically active ammonium cations, have a high cariesprophylactic 

efficacy [20, 21]. 

The hexafluorosilicate NH3(CH2)nNH3SiF6 compounds, belonging to the 

alkylenediammonium hexalogenometallate salts family NH3(CH2)nNH3MX6 (M: Sn, Si; X: Cl, 

F) [23-31], are recently found to present interesting properties in catalysis [13-16, 23-30]. 

Research including X-ray diffraction, thermal, vibrational, and phase transitions studies have 

also been reported on alkylenediammonium chlorobismuthate salts 

[NH3(CH2)12NH3]2BiCl6.Cl.2H2O [32] and NH3(CH2)nNH3BiCl5 [33-40].  

The NH3(CH2)2NH3SiF6, monoclinic of space group P21/n (Z = 2), is the first compound 

studied among the alkylenediammonium hexafluorosilicate salts [25]. Its structure consisted of 

SiF6
2- octahedra located on the inversion centres of the Wyckoff positions [2d (1/2, 1/2, 0); 2c 

(0, 0, 1/2)], and ethylendiammonium cations also placed on inversion centers [2a (0, 0, 0); 2b 

(1/2, 1/2, 1/2)]. The +NH3(CH2)2NH3
+ cations and SiF6

2- anions are linked with N-HF 

hydrogen bonding, ensuring the three-dimensional cohesion of the crystal. 

More recently, works reporting crystal structures, vibrational studies, DFT modeling, 

and catalysis have been made on two alkylenediammonium hexafluorosilicate compounds 

NH3(CH2)nNH3SiF6 (n = 4, 6) [26-30]. The crystal structure of NH3(CH2)4NH3SiF6 P-1 (Z = 1) 

consisted of the SiF6
2-anion observed on an inversion center Ci(1) compatible to the Wyckoff 

the position 1d (1/2, 0, 0), the bond C2-C2i center of the cation is placed on another inversion 

center [26]. The structure of NH3(CH2)6NH3SiF6 P-1 (Z = 2), is built up from two SiF6
2-anions 

and two organic cations +NH3(CH2)6NH3
+ [25]. An anion Si1 is observed in the general position 

(x, y, z) of C1 symmetry. The two moieties of anions are located at inversion centers: Si2 on 

the Wyckoff position 1g (0, 1/2, 1/2) and Si3 on 1a (0, 0, 0). The unit cell contains one organic 

cation and two halves of cations located at inversion centers. 

The hexafluorosilicate NH3(CH2)nNH3SiF6 structure is monoclinic of space group P21/n 

for (n = 2), triclinic of space group P-1 (Z = 1) when n = 4, and P-1 (Z = 2) for n = 6. In the 

P21/n space group, there are 4 sets of non-equivalent inversion centers 4Ci(2), while in the P-1 

there are 8 non-equivalent inversion centers 8Ci(1). In the NH3(CH2)nNH3SiF6 structures, the 
+NH3(CH2)nNH3

+ cations were linked to SiF6
2- anions with N-HF hydrogen bonds, ensuring 

the three-dimensional cohesion of the crystals.  

In this work, we present X-ray, DSC, TGA-dTGA, Infrared, and Raman spectra studies 

carried out on NH3(CH2)3NH3SiF6. The vibrational spectroscopy aiming to support the 

compound structural characterization by extracting the structure-spectra correlations is a 

powerful tool to describe the cations' behavior and their contribution to the distortion of the 
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SiF6
2- octahedral structure. The free ions symmetry changed in the crystal structure, which 

influences the infrared and Raman bands' vibrational selection rules and assignment. 

2. Materials and Methods 

 NH3(CH2)3NH3SiF6 crystals were obtained by slow evaporation at room temperature of 

an aqueous solution containing stoichiometric amounts of alkylenediamine NH2(CH2)3NH2 

and H2SiF6 acid, following the chemical reaction, described as:  

NH2(CH2)3NH2 + H2SiF6        NH3(CH2)3NH3SiF6 

A single crystal is carefully selected using a polarizing microscope. Data are collected 

at room temperature using the Bruker Apex2 AXS X8 diffractometer equipped with a CCD 

detector and a graphite monochromator for Mo Kα radiation (k = 0.71073 Å). 

The powder of NH3(CH2)3NH3SiF6 compound is characterized at room temperature by 

the X-ray diffraction method using an XRD-XPERT PRO-Panalytical performed with Bragg-

Brentano geometry and CuKα radiation. (λ = 1.5418A ̊). The XRD pattern is performed in the 

range of 2θ between 10° and 90° with 40 kV and 50 mA operating conditions. 

The differential scanning calorimetric measurements were performed on the powdered 

compound in a DSC-Q100 calorimeter (from TA Instruments) using sample masses 6.39 mg 

in a hermetic aluminum sample holder, from 45°C to 245°C at a heating and cooling rate of 

5°C min-1 under nitrogen atmosphere, flowing at 50 mL min-1.  

The thermogravimetric analyses (TGA-dTGA) of the compound have been performed 

with a TA Instruments balance model STA-1640. It allows for obtaining simultaneous TGA 

and dTGA diagrams under similar experimental conditions. Experiments were performed 

under a nitrogen atmosphere, from 30°C to 245°C at a heating rate of 5°C/min. About 12.683 

mg of the compound was used initially for these measurements. 

The Infrared spectrum was recorded in the 450-4000 cm-1 spectral range with a 4 cm-1 

resolution (64 scans), by using a VERTEX 70 FTIR spectrometer (produced by BRUKER 

Optics). The crystals were ground in a clean mortar to a fine powder. The MIR Transmission 

Technic was used to record the IR spectrum. 

The Raman spectra were recorded at room temperatures, in the 25-3500 cm-1 by using 

a RAM spectrometer (220 mw) coupled with the VERTEX 70, and equipped with the exciting 

source Laser of a radiation wavelength (455 nm) and a puissance laser of 6.0 mw. 

3. Results and Discussion 

3.1. X-ray characterization. 

The single crystal X-Ray diffraction characterization carried out on 

NH3(CH2)3NH3SiF6 at ambient temperature showed that the title compound crystallizes in the 

monoclinic system with P21/c (Z = 4) as space group [a = 18.871(4) Å, b = 5.879(2) Å, c = 

17.345(3) Å;  = 117.331(3), V = 1709.44 Å3]. The full crystal structure is not yet determined 

with a satisfactory, reliable coefficient R. The ambient temperature powder X-ray 

diffractogram shown in Figure 1 indicates that the title compound is well crystallized. 
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Figure 1. The powder X-Ray diffractogram of NH3(CH2)3NH3SiF6compound measured at ambient temperature. 

 The single-crystal structures of NH3(CH2)nNH3SiF6 (n = 2, 4, 6) salts have been 

completely determined [25-27], which allowed us to make a comparative study between these 

compounds’ structures. Based on the crystallographic data obtained for these compounds 

(Table 1), one can predict the structure of NH3(CH2)3NH3SiF6, which is not fully determined 

until now. The NH3(CH2)nNH3SiF6 (n = 2, 3) compounds crystallized in the monoclinic system 

with the space groups (P21/n, Z = 2) for n = 2 and (P21/c, Z = 4) for n = 3, with different lattice 

parameters and unit cell volume values (Table 1). The changes concern particularly the (Z, , 

V) parameters when passing from (2; 93.84(1)°; 148.13 (7) Å3) in the compound with (n = 2) 

to (4; 117°; 1702 Å3) in the present studied compound (n = 3).  

Table 1: Crystallographic data of the alkylenediammonium hexafluorosilicate compounds 

Compounds System Space group Unit cell parameters References 

NH3(CH2)2NH3SiF6 

 

Monoclinic 

 

P21/n (Z = 2) 

 

a = 7.351(3) Å 

b = 8.732(3) Å 

c = 5.819 (2) Å 

 = 93.84(1)° 

V = 148.13 (7) Å3 

[23] 

NH3(CH2)3NH3SiF6 

 

Monoclinic 

 

P21/c (Z = 4) 

 

a = 17.34 Å 

b = 5.88 Å 

c = 18.86 Å 

 = 117° 

V = 1702 Å3 

Present work 

 

NH3(CH2)4NH3SiF6 

 

 

Triclinic 

 

P-1 (Z = 1) 

 

a = 5.796 (1) Å 

b = 5.889 (1) Å 

c = 7.774 (2) Å 

α = 87.02 (1)° 

 = 82.15 (1)° 

γ = 61.87 (1)° 

V = 231.79 (8) Å3 

[24] 

NH3(CH2)6NH3SiF6 Triclinic P-1 (Z = 2) 

a = 5.8965 (2) Å 

b = 13.6946 (5) Å 

c = 14.4945 (5) Å 

α = 91.379 (2)° 

β = 92.797 (2)° 

γ = 90.906 (2)° 

V = 1168.53 (7) Å3 

[25] 
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 The structure of NH3(CH2)3NH3SiF6compound may be built up from four SiF6
2- anions 

located on the moiety of the inversion centers 4Ci(2) corresponding to the Wyckoff positions 

of the space group [2a, 2b, 2c, 2d] and four propylenediammonium cations placed on the 

general positions C1(4) compatible with the Wyckoff positions 4e. The non-centrosymmetric 
+NH3(CH2)3NH3

+cations are assumed to be of C1 symmetry. The anions may be linked to the 

organic cations through hydrogen bonds, which are characteristic of organic-inorganic 

hexafluorosilicate compounds [25-27].  

 The V/Z ratio variation (V: cell volume, Z: number of motifs per cell) versus the CH2 

groups’ number (n = 2, 3, 4, 6) in the NH3(CH2)nNH3SiF6compounds is given in Figure 2. The 

variation is not linear. A deviation is observed when going from n = 3 to 4, i.e., when passing 

from the monoclinic system observed for the compounds (n = 2, 3) to the compounds' triclinic 

system (n = 4, 6). The change from the monoclinic symmetry to the triclinic one occurs with 

an appreciable deviation in the unit cell volume values. 
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Figure 2. The variation of the cell volume (V) / number of motif per cell (Z) with number “n” of (CH2) groups 

in the hexafluorosilicate NH3(CH2)nNH3SiF6(n = 2, 3, 4, 6). 

3.2. Thermal behavior analyses. 

3.2.1. Differential scanning calorimetry (DSC). 

The DSC curves of NH3(CH2)3NH3SiF6 recorded between 35 and 245°C are shown in 

Figure 3. In heating, a strong and broad peak was centered around 125°C, which is not observed 

in the cooling. The irreversible heating anomaly indicates the title compound's decomposition 

process, which takes place above 30°C. To cheeks that the compound is not stable, we have 

carried out the TG-dTG analyses in the studied DSC temperature domain. 

3.2.2. Thermogravimetric (TG-dTG). 

The thermogravimetric (TGA- dTG) curves of NH3(CH2)3NH3SiF6were recorded on 

heating runs (5 °C.min-1) between 30°C and 245°C (Figure 4). The initial weight of the crystal 

used in the TG-dTG analyses is mi = 10.291 mg. The thermal decomposition process of the 

title compound begins at 30°C. As shown in Figure 4, the compound's weight loss is 57.8 % 
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over the decomposition process (30-245°C). The compound decomposition is illustrated by the 

endothermic DSC anomaly, which appeared at around 125°C.  
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Figure 3. DSC curves of  NH3(CH2)nNH3SiF6 compound on heating and cooling runs (10°C min-1) in the 35-

245 °C temperature range. 
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Figure 4. TG-dTG curves (5°C.min-1) measured for NH3(CH2)nNH3SiF6in the 35-245°C temperature range. 

The estimated weight loss at 85°C [(Δm/mi = 37.8 %, i.e. Δm = 3.89 mg) is due to the 

first decomposition step of the crystal. The second decomposition step is made between 85 °C 

and 245°C, giving rise to the estimated total weight loss : Δm/mi = 57.8 % (i.e. Δm = 5.95 mg). 

Based on literature data [41-43], the NH3(CH2)3NH3SiF6 thermal decomposition may be 

described by the proposed equation:  

https://doi.org/10.33263/BRIAC115.1261812632
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC115.1261812632  

https://biointerfaceresearch.com/ 12624 

NH3(CH2)3NH3SiF6 (s) →  SiF4(s)  + 2HF(g)  + N2 (g)  + 3C(g)  + 5H2(g) 

The equation suggests that each mole of NH3(CH2)3NH3SiF6 (218.1 g.mol-1) gives 3 

moles of carbon (36 g.mol -1), 5 moles of H2 (4 g.mol -1), 1 mole of N2, 2 moles of HF (20 g.mol 

-1), and 1 mole of SiF4 (104.1 g.mol -1). The calculated m(C), m(H2), m(N2), and m(HF) in the 

initial crystal weight are given as the following: 

[m(C) = (mi/218.1)  3M (C) = (10.291 /218.1) 36 = 1.6987 mg] 

[m(H2) = (mi/218.1)  10M (H) = (10.291 /218.1) 10 = 0.4718 mg] 

[m (N2) = (mi/218.1)  2M (N) = (10.291 /218.1) 28 = 1.3212 mg] 

[m (HF) = (mi/218.1)  2M (HF) = (10.291 /218.1) 40 = 1.8874 mg] 

As indicated in Figure 4, the first decomposition step is done at 37.8% with an estimate 

weight loss of Δm = 3.89 mg, which is nearly close to the calculated mass for the C, H2, and 

N2 in the initial crystal weight [(m(C) + m(H2) + m (N2) = 3.4917 mg]. Over the second 

decomposition step, the estimated total wheight loss at 245 °C is Δm = 5.95 mg(Figure 4). This 

value is close to the loss weight calculated as [m(C) + m(H2) + m(N2) + m(HF) = 5.3791 mg]. 

At this temperature, the remaining m(SiF4) in the initial crystal weight is calculated as: 

[(10.291/218.1)  104.1 = 4.9119 mg].  

The TGA-dTG analyses indicate the title compound's decomposition processes over the 

30-245°C temperature domain, as highlighted by the DSC technique in the corresponding 

temperature domain. 

3.3. Group theoretical analyses. 

The theoretical group analysis of the number and the symmetry of the normal modes is 

developed according to the crystal structure data obtained from the XRD study of 

NH3(CH2)2NH3SiF6 compound, which is a monoclinic system, P21/c (Z = 4) space group.  

3.3.1. Vibrational modes of +NH3(CH2)3NH3
+ cation. 

The free +NH3(CH2)3NH3
+ cation considered in the C2vsymmetry displays 45 internal 

vibrational modes described as 14 A1 (Ra, IR) + 9A2 (Ra) + 10 B1 (Ra, IR) +10 B2 (Ra, IR). 

Within the crystal of space groupP21/c (Z = 4) (
5

h2C ), the +NH3(CH2)3NH3
+ cations are 

assumed to occupy the general positions of Wyckoff positions (4e) and are considered C1 

symmetry sites.  

Table 2. Correlation diagram of +NH3(CH2)3NH3
+internal vibrational modes in the crystal. 

Molecular group (C2v) Site group (C1) Factor group (C2h) 

14 A1 (Ra, IR) 

9 A2 (Ra) 

10 B1 (Ra, IR) 

12 B2 (Ra, IR) 

 

 

45 A (Ra, IR) 

45 Ag (Ra) 

45 Au (IR) 

45 Bg (Ra) 

45 Bu (IR) 

In the C1 site group (Table 2), the cationic vibrational modes are of the A symmetry, all 

infrared, and Raman actives. By the crystal field effect (Davydov splitting effect) due to the 

existence of 4 cations per primitive unit cell, each of 45 A internal modes of cations in the site 

group should theoretically split into four components (Ag, Bg) actives in Raman and (Au, Bu) 
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actives in Infrared. So, the 180 cationic internal modes predicted in the crystal are described as 

[45 Ag (Ra) + 45 Au (IR) + 45 Bg (Ra) + 45 Bu (IR)]; the gerade modes are Raman actives, 

whereas the ungerade are infrared actives in respect of the selection rules implied by the 

centrosymmetric of the crystal.  

3.3.2. Vibrational modes of SiF6
2- anion. 

The free SiF6
2- anion of Oh symmetry undergoes 15 internal normal modes, which are 

classified as: 1A1g (R) + 1Eg (R) + 1F2g (R) + 2F1u (IR) + 1F2u (In). The vibrational modes (A1g, 

Eg, F2g) are Raman-active; those of F1u type are infrared active and should appear as single 

bands, whereas the F2u modes are inactive.  

In the crystal of the P21/c (Z = 4) space group, the SiF6
2- anions are assumed to occupy 

the sites’ symmetry Ci (2). By the site effect (Table 3), the A1g, Eg, F2g modes become of Ag 

symmetry, with splitting ofEgand F2g modes into two and three Raman active components, 

respectively. Besides, the infrared active F1u and the inactive F2u modes become split each other 

into three components of Au symmetry, all active in Infrared. Under the crystal field effect 

(Davydov splitting effect), the gerade modes Ag should split into two (Ag, Bg) active in Raman, 

and the ungeradeF1u to two components (Au, Bu) active in Infrared. This gives in the group 

factor 180 internal modes described as [45 Ag (Ra) + 45 Au (IR) + 45 Bg (Ra) + 45 Bu (IR)]. 

Splitting of the vibrational modes in the solid-state is expected for SiF6
2- in the crystal by 

lowering of the symmetry (Oh→ Ci). 

Table 3.Correlation diagram of SiF6
2- internal vibrational modes in the crystal. 

Molecular symmetry (Oh) Site symmetry (Ci) Factor Group (C2h) 

1:1 A1g (Ra) 

2:1 Eg (Ra) 

5: 1 F2g (Ra) 

3, 4: 2 F1u (IR) 

6: 1 F2u (In) 

 

Ag (Ra) 

 

Au (IR) 

 

 

45 Ag (Ra) 

45 Au (IR) 

45 Bg (Ra) 

45 Bu (IR) 

3.4. Infrared and Raman spectra interpretation. 

The Raman spectrum of NH3(CH2)3NH3SiF6 is presented in Figure 5. The Infrared 

spectrum is divided into two regions (4000-1800 cm-1, 1800-400 cm-1) as illustrated in Figures 

6 (a-b). The vibrational spectra study is assisted by the normal vibrational modes predicted by 

the theoretical group analysis (Tables 2 and 3) and previous work on alkylammonium and 

alkylenediammonium salts [23, 28, 44-46]. The IR spectrum of the title compound is similar 

to those of NH3(CH2)nNH3SiF6 (n = 4, 6) [28], which confirms the existence of the SiF6
2- and 

the cations +NH3(CH2)3NH3
+ in the present compound.  

The Raman spectrum (Figure 5) highlights little clear bands observed at 2995, 960, 654 

cm-1, which can be assigned to the as(CH2), as(CN), and 1 (νs Si-F) vibrational modes. These 

peaks refer to the organic and inorganic components. It is observed the fluorescent shape which 

ascribes to the organic and inorganic parts in the Raman spectrum, which infers that the 

structural characterization of the bulk crystal is not efficient. It is to note that the more resolved 
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spectrum for the studied crystal is observed at the fixed power P = 6.0 mW, with the wavelength 

Laser at 455 nm.  

The infrared spectrum of NH3(CH2)3NH3SiF6 in the 3300-2800 cm-1 region contains 

appreciable bands due to N-H and C-H stretching modes of NH3 and (CH2)3 groups (Figure 

6.a). The weak IR band observed at 3207 cm-1, and the strong band at 3063 cm-1 are assigned 

to asymmetric as(NH3) and symmetric s(NH3) stretching modes, respectively. The two strong 

IR bands observed at 3009 and 2960 cm-1 with a shoulder at 2980 cm-1 correspond to the CH2 

asymmetric stretching modes as(CH2), which give rise to a strong band in the Raman spectrum 

at 2995 cm-1. The medium IR band located at 2893 cm-1 corresponds to the CH2 symmetric 

stretching modes s(CH2). 
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Figure 5. The Ramanspectrum of NH3(CH2)3NH3SiF6 was recorded at ambient temperature in the 4000-25 cm-1 

spectral range. 

At lower wavenumbers of NH and CH stretching spectral region (Figure 6a), the non-

fundamental bands of weak to medium intensities observed between 2768 and 1965 cm-1 are 

originated by the Fermi resonance between the fundamental CH2 stretching and the overtone 

or combination bands of CH2 bending modes, as has been found in several hybrid compounds 

[2, 4, 28]. The appearance of these modes with appreciable intensities at lower NH and CH 

stretching frequencies is an indication that hydrogen bonding N-H...F takes place between 

anions and cation in the NH3(CH2)3NH3SiF6 compound. The assignment of the IR non-

fundamental bands to combination and overtone modes is proposed in Table 5. 

The medium bands observed at 1630 and 1600 cm-1 (Figure 6b) were attributed to the 

asymmetric bending modes δas(NH3) (scissoring). The spectral range 1500 -1190 cm-1 of the 

title compound consists of bands owing to the bending CH2 modes of the (CH2)3 chains. As 

previously suggested, these bands are spread over a large spectral region [23, 28, 44]. Indeed, 

the strong IR bands observed at 1478 cm-1 and 1463 cm-1 were assigned to the δ(CH2) scissoring 

modes (Table 4). The wagging and twisting CH2 vibrational modes are observed in the 1410-
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1215 cm-1 frequency region; the (CH2) wagging modes exhibit a medium IR band at 1409 cm-

1, whereas the (CH2) twisting modes give rise to a band of medium intensity at 1217 cm-1. 
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Figure 6. (a) TheInfrared spectrum of NH3(CH2)3NH3SiF6 recorded at room temperature in the 4000-1800 cm-1 

spectral range; (b) TheInfrared spectrum of NH3(CH2)3NH3SiF6  recorded at ambient temperature in the 1800-

400 cm-1 spectral range. 

 Other bands of weak intensities due to (CH2) wagging and twisting are observed in 

this region (Table 4). The rocking CH2 vibrations were found at lower frequencies as medium 

to strong bands in the 1220-730 cm-1 frequency range, as illustrated in Table 4. The vibrational 

modes involving C-C and C-N stretching modes were observed in the 1190-940 cm-1 spectral 

region. In the alkylene chain, they are generally mixed with the CH2 and NH3 wagging and 
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rooking modes [23, 28, 44]. The weak IR band observed at 1030 cm-1 is assigned to the (C-

C) stretching vibrations; the strong band located at 945 cm-1 may be due to the (C-N) modes. 

The skeletal bending modes (CCN) and (CCC) may contribute to the strong and broadband 

observed at 445 cm-1, while the s(CNC) are observed at 416 cm-1 as weak band. 

 The vibrational modes of the SiF6
2- anions were generally observed below 700 cm-1 as 

shown in the Infrared spectrum (Figure 6.b) and Table 4. The theoretical analysis of the IR and 

Raman vibrational modes of the SiF6
2- anion in Oh and Ci symmetries is shown in Table 3, 

suggesting normal modes are splitting by lowering the anion symmetry. This may reliably 

support the vibrational assignments made particularly in the Infrared spectrum. The results 

obtained are compared to the literature data [4, 11, 12].  

 In the Infrared spectrum, the four bands observed at 738, 482, 445, and 416 cm-1 may 

be due to the SiF62- anions' vibrational modes. Indeed, the strong and broadband observed at 

738 cm-1 may be originated from the 3(νas Si-F) modes of F1u symmetry, which theoretically 

should be Infrared active (Table 3). The broadening of this band may have resulted as well in 

the splitting of the 3(νas Si-F) vibrational mode in the crystal (Ci factor group) and in the 

overlapping of other modes coming from the cationic skeletal such as (CCN) and (CCC) 

vibrations. The 4 (as F-Si-F) modes of symmetry F1u are observed at 482 cm-1 as a very strong 

band. At 445 cm-1 as a medium band, confirming the splitting of these degenerated modes as 

predicted theoretically in Table 4. 

 In agreement with the Ci factor group analysis, the Raman active modes of symmetry 

Ag [1 (νsSi-F)], Eg [2 (νs Si-F)] and F2g[5 (δs F-Si-F)] are not activated in the infrared 

spectrum of the title compound, which well confirms the predicted Ci symmetry assigned to 

the anions in the crystal. The 1(νSi-F) modes are observed only in the Raman spectrum as a 

medium band at 654 cm-1; the other modes 2 (νs Si-F) and 5 (δs F-Si-F) are not appreciably 

observed due to the fluorescence ascribing to the anionic and cationic parts of the 

NH3(CH2)3NH3SiF6 Raman spectrum. 

Table 4. Assignment of Infrared and some Raman bands of NH3(CH2)3NH3SiF6. 

IR Raman Assignment 

3207 w  as(NH3) 

3063 s  s(NH3) 

3009 s 

2980 sh 

2960 s 

 

2995 s 

 

as (CH2) 

2893 m  s (CH2) 

1630 m  as(NH3) 

1600 m  as(NH3) 

1478 s  (CH2)sci / s(NH3) 

1463 vs  (CH2)sci 

1409 m  (CH2)wag + (CC) 

1385 vw  (CH2)wag + (CC) 

1353 w  (CH2)tw 

1334 w  (CH2)tw 

1217 m  (CH2)tw / (CH2)rok 

1188 m  (CH2)rok + (CC) 

1102 s  (NH3)rok 

1030 w  (CC) 

 960 m as(CN) 

945 s  (NH3)rok + (CN) 

738 s, b  3(as Si-F) / (CH2)rok 

 654 m 1(s Si-F) 

482 vs  4(as F-Si-F) 

445 m  4 (as F-Si-F) / (CCN) / (CCC) 
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IR Raman Assignment 

416 w  s (CNC) 

 115 m Lattice modes 

vs :very strong, s: strong, m: medium, vw: very weak, w: weak, b: broad, sh: shoulder 

Table 5. Assignment of the non-fundamental Infrared bands of NH3(CH2)3NH3SiF6 (m: medium, w: weak, vw: 

very weak). 

Band (cm-1) Assignment 

2768 m ≈  2762 = 1409 + 1353 : [(CH2)wag/(C-C) + (CH2)twi] 

2689 m ≈  2680 = 1463 + 1217 : [(CH2)sci +  (CH2)twi/ (CH2)rok] 

2648 w ≈  2651 = 1463 + 1188 : [ (CH2)sci +  (CH2)rok/(C-C)] 

2617 w ≈  2626 = 1409 + 1217 : [ (CH2)wag/(C-C) +  (CH2)twi/  (CH2)rok] 

2561 w ≈  2565 = 1463 + 1102 : [ (CH2)sci +  (NH3)rok] 

2525 w ≈  2511 = 1409 + 1102 : [ (CH2)wag/(C-C)  +  (NH3)rok] 

2489 w ≈  2493 = 1463 +1030 : [ (CH2)sci + (C-C)] 

2399 m ≈  2408 = 1463 + 945   : [ (CH2)sci +  (NH3)rok/(C-N)] 

2362 w ≈  2364 = 1334 + 1030   : [ (CH2)twi + (C-C)] 

2305 w ≈  2298 = 1353 + 945   : [ (CH2)twi/  (NH3)rok/(C-N)] 

2250 w ≈  2247 = 1217 + 1030   : [ (CH2)twi/  (CH2)rok + (C-C)] 

2016 m ≈  2016 = 1600 + 416   : [as (NH3) + s (C-N-C)] 

1965 w ≈  1975 = 1030 + 945   : [(C-C) +  (NH3)rok/(C-N)] 

4. Conclusions 

 The single X-Ray characterization showed that the NH3(CH2)3NH3SiF6 compound 

crystallized in the monoclinic system with the space group P21/c (Z = 4). The V/Z ratio 

variation (cell volume/motifs number per cell) versus the CH2 groups’ number were compared 

and discussed for the NH3(CH2)nNH3SiF6 compounds (n = 2, 3, 4, 6).  

The DSC measurements recorded in heating and cooling (35-245°C) showed that the 

unstable title compound undergoes a decomposition process above 30°C. This thermal 

behavior is well checked and verified by TGA-dTGA analyses. 

The number and symmetry of the IR and Raman active modes of NH3(CH2)3NH3SiF6 

were determined by the factor group analysis to support the vibrational spectra interpretation. 

Splitting bands observed in the spectra are caused by the site effects on the degenerate internal 

modes of SiF6
2- anions due to lower symmetry in the crystal structure from Oh to Ci. The 

+NH3(CH2)3NH3
+ cations are considered in the C1(4) symmetry sites. The Infrared analysis 

highlights the presence of hydrogen bonding in this compound. 
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