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Infrared spectra of (C5H10NH2)SbCl6 in the region of the internal vibrations of the

piperidinium cations (3500–400 cm–1) and Raman spectra in the region of internal vibra-

tions of the SbCl6
� anions (400–100 cm–1), around the phase transitions at Tc3 = 294 K, Tc2

= 310 K and Tc1 = 369 K, are presented and discussed. A detailed analysis has been per-

formed for the bands assigned to the stretching and deformation vibrations of the NH
2
�

and CH2 groups. It has been shown that the hydrogen bonds play an important role in the

mechanism of the phase transitions and influence the dynamics of either cations or anions

in different phases of (C5H10NH2)SbCl6.
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Molecular-ionic chloroantimonate(V) salts of the formula RSbCl6(V) containing

organoammonium cations (R) appear to be an interesting subclass of crystals. They

frequently demonstrate ferroelastic phases. Up to now the following ferroic salts belong-

ing to this family have been discovered: [P(CH3)4]SbCl6 [1], [C(NH2)3]SbCl6 [2],

[(C2H5)3NH]SbCl6 [3], (C5H10NH2)SbCl6�(C5H10NH2)Cl (abbreviation – PCAPC) [4].

The structure of these salts appears to be quite simple. It consists of isolated SbCl6
�

anions and organic cations. The piperidinium analogue (PCAPC) is characterized by

slightly more complicated structure, having additionally isolated Cl– ions.

Very recently we have synthesized simple piperidinium analogue – (C5H10NH2)SbCl6
(abbreviated as PCA) [5]. PCA exhibits a rich set of phase transitions:

P21/m (IV)
294 K� ��� P1 (III)

310 K� ��� Cc (II)
369 K� ��� Cmcm (I)

283 K
� ���

310 K
� ���

363 K
� ���

The ferroelastic domain structure appears below 363 K. The (III�II) phase tran-

sition is connected with a change of the conformation of piperidinium cations from

chair to twist boat. Furthermore, the contribution of SbCl6
� groups to the mechanism

of the phase transition (III�II) seems to be important. The mechanism of the

ferro-paraelastic phase transition (II�I) at 369 K is probably due to the onset of

isotropic rotation of the piperidinium cations. The role of both organic cations and
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SbCl6
� anions in the mechanism of all phase transitions is still unclear. The change in

the motional state of these units is expected to influence the internal vibrations of

C5H10NH
2
� cations and SbCl6

� anions. In order to obtain more information about the

molecular mechanism of phase transitions in PCA crystals the vibrational studies (IR

and Raman) of the polycrystalline sample in the frequency range 3300–50 cm–1 in a

wide temperature range have been performed.

EXPERIMENTAL

(C5H10NH2)SbCl6 (PCA) has been prepared as described in [5]. Infrared spectra of PCA for the pow-

dered sample in Nujol (NaCl windows) in the temperature range 168–383 K were recorded with a FT-IR

spectrometer BRUKER IFS-88 over the frequency range 3300–400 cm–1 with resolution 1 cm–1. Specac

Variable Temperature Cell P/N 21.500 was used for temperature dependent studies. The temperature of

the sample was maintained with an accuracy of ± 0.1 K. IR spectrum of PCA in KBr pellet at room tem-

perature were collected with FT-IR spectrometer BRUKER IFS-113v over the same frequency range with

resolution 2 cm–1. It was impossible to perform the temperature dependent IR spectra in KBr pellets, since

the replacement of the Cl atoms by the Br ones takes place in the compound studied, especially at high

temperatures. Powder FT-Raman spectra were recorded with FRA-106 attachment to the Bruker IFS-88

spectrometer over the frequency range 3300–50 cm–1 at room temperature. The temperature studies of

Raman spectra of the powdered (C5H10NH2)SbCl6 sample were performed using a NICOLET Magna 860

spectrometer with FT Raman Module equipped with an InGaAs detector. The Raman spectra were excited

with 1.064 �m radiation from (ND: YVO4) laser. CaF2 was used as a beam splitter. The resolution of the

Raman spectra was 0.5 cm–1 in the region 400–100 cm–1. The home-made sample holder and a UNIPAN

650H temperature controller were used to keep the temperature of the sample with an accuracy of ± 0.5 K.

The program GRAMS/386 Galactic Industries was used for numeral fitting of the experimental data.

In order to perform the fitting procedure the absorbance IR spectra were created from the transmission

ones. In the case of IR bands only Gaussian function was used for fitting, whereas in the case of Raman

spectra the Gaussian�Lorentzian functions product was applied.

RESULTS AND DISCUSSION

The Raman and IR studies of the powdered samples of PCA were performed in

the frequency range assigned to the internal vibrations of the piperidinium cation,

3500–400 cm–1, (IR, Raman) and to the internal vibration of the SbCl6
� anion,

400–100 cm–1, (Raman). The IR spectra were collected in the temperature region be-

tween 168 and 383 K. Two IR spectra recorded at extreme temperatures and the

Raman spectra at room temperature are shown in Fig. 1. The spectra in the frequency

range 3000–2850 cm–1, 1500–1350 cm–1 and 740–720 cm–1 are not shown (broken

line in Fig. 1), because the bands of Nujol appear in these regions. Therefore, the

IR spectrum (3300–400 cm–1) in KBr pellets at room temperature was additionally re-

corded.

The experimental IR and Raman frequencies are collected in Table 1. The tenta-

tive assignments of the vibrations are made based on a results reported in: [6,7] –

piperidine in aqueous and HCl solutions (in liquid state) and absorbed on silica; [8] –

calculated vibrations of piperidine; [9] – piperidine vibrations in solid-state.

386 B. Bednarska-Bolek et al.
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The bands between 3250 and 3100 cm–1 are assigned to the stretching vibrations

of the NH
2
� groups, whereas the bands between 3040 and 2860 cm–1 are most proba-

bly due to the CH2 stretching modes. The bands observed in the frequency range

1610–1540 cm–1 arise from the NH
2
� deformation modes. The bands between 1470

and 1360 cm–1 are assigned to the � CH2 scissoring vibrations, whereas the bands be-

tween 1350 and 1250 cm–1 are assigned to the CH2 wagging. In the frequency range

1170–1150 cm–1 the bands arising from the CH2 twisting are found. The bands be-

tween 1080 and 1010 cm–1 and very strong bands at 535 and 427 cm–1 are most proba-

bly of the skeletal vibration origin. The bands at the frequency range 990–900 cm–1

are assigned to the NH
2
� and CH2 rocking.

In the Raman spectra the bands between 360 and 70 cm–1 are due to the Sb–Cl

stretching and the Cl–Sb–Cl deformation modes. Raman temperature studies were

performed exclusively in the region 400–100 cm–1.

When the crystal of PCA is heated up from 168 to 383 K, the most spectacular

changes in the IR spectra around the phase transition temperatures are found in the

NH
2
� stretching (3300–3050 cm–1) and deformation vibration regions (1620–1540 cm–1).

Fig. 2 shows the temperature evolution of the NH
2
� bands in the IR spectra in above

frequency ranges. One can observe that the stretching NH
2
� band at 3175 cm–1 (see

Fig. 3a) moves continuously towards higher frequencies with increasing temperature.

The shift of this band, by about 20 cm–1 in temperature range 168–374 K, is quite

large. It was also found that its intensity decreases step-wisely at 294 and 369 K and

simultaneously a large broadening of this band is observed (Fig. 3b and c). A shift of

the band at 3154 cm–1 towards higher frequencies within phase (II) and (I) (Fig. 3a) is

accompanied by a small jump of its intensity at the transition temperature, 294 K

(Fig. 3b). The remaining bands in this frequency region also move towards higher

Vibrational study of the structural phase transitions in a new ferroelastic... 389

Figure 1. Raman (295 K) and infrared (168 and 374 K) powder spectra of (C5H10NH2)SbCl6.
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Figure 3. (a) Temperature dependence of the frequencies of the NH
2
� stretching modes. (b) Temperature

dependence of the intensity of the bands at 3154 and 3175 cm–1. (c) Temperature dependence of

the bandwidth �1/2 of the band at 3175 cm–1.

Figure 2. Temperature evolution of the NH
2
� stretching modes between 3300 and 3050 cm–1 (a) and de-

formation modes between 1620 and 1540 cm–1 (b).



frequencies and the band at 3120 cm–1 disappears at Tc3 = 294 K. Significant changes

of the positions of the bands in the deformation NH
2
� frequency region are observed when

the crystal undergoes phase transitions at Tc3 (Fig. 4). Namely, the bands in the phase

(I), at 1577 (383 K) and 1602 cm–1 (383 K), split into two components just below the

phase transition temperature 294 K (phase IV). The X-ray measurements have re-

vealed that the strength of the hydrogen bonds, N–H....Cl, changes when crystal un-

dergoes the subsequent phase transitions [5]. This situation is clearly reflected in the

IR spectra. The bands that arise from the NH
2
� stretching vibrations move towards

higher frequencies, pointing out that the strength of the hydrogen bonds gets weaker

at higher temperatures. This effect is usually accompanied by the shift of the bands

within NH
2
� deformation vibrations region towards lower frequencies, which is re-

ally seen for the bands at 1565 and 1594 cm–1 within phase (II) (see Fig. 4). However,

quite opposite effect is seen for the bands at 1548 (168 K) and 1577 cm–1 (383 K).

It is interesting that when the crystal transforms to the phase (II) the bands mentioned

above shift towards higher wavenumbers, which is unexpected effect. Since a

Vibrational study of the structural phase transitions in a new ferroelastic... 391

Figure 4. Temperature dependence of the frequencies of the bands in the NH
2
� deformation region be-

tween 1545 and 1610 cm–1.



freedom of reorientation motions of the piperidinium cations and the SbCl6
� anions

are gradually liberated, the bands, which arise from vibrations of the group involved

in the hydrogen bonds, get broader and less intensive.

The changes in the dynamics of the piperidinium cations should also influence the

changes of the infrared spectra within skeletal vibration region (1075–1010 cm–1).

Unexpectedly, these changes are very weak. Nevertheless, in the CH2 vibration re-

gion (1360–1260 cm–1) interesting changes are found, (see Fig. 5a), i.e. the bands at

1300 and 1296 cm–1 as well as those at 1272 and 1269 cm–1 get considerably broader

just above Tc3 = 294 K and form a single band in the phase (III), (see Fig. 5b). The posi-

tions of the other bands in this frequency region are almost unchanged with temperature.

However, it is clearly seen that their intensities are very sensitive to the changes of the

dynamics of cations and significantly decrease above Tc3 (294 K) and Tc1 (369 K) (see

Fig. 5c) i.e. at the first order phase transitions. Additionally, the continuous changes

in their absorbance are observed within the phase (II).

Generally, the most spectacular changes in the IR spectra of (C5H10NH2)SbCl6

are visible in the vicinity of the phase transition at 294 K as well as over the phase (II)

(between 310 and 369 K). Thus, we can conclude that the dynamics of cations and the

strength of hydrogen bonds varied mostly when the (IV) � (III) phase transition takes

place. It is also clear that the dynamics of piperidinium cations changes significantly

over the phase (II) in a continuous way.

392 B. Bednarska-Bolek et al.

Figure 5. (a) Temperature evolution of the CH2 deformation modes between 1350 and 1250 cm–1. (b)

Temperature dependence of the frequencies of these modes. (c) Temperature dependence of the

intensity of the bands at 1296, 1310 and 1332 cm–1.



The temperature X-ray experiment indicated a considerable role of the anionic

sublattice in the mechanism of the phase transitions encountered in PCA [5].

Therefore, the Raman spectra, in the frequency range 400–100 cm–1, assigned to the

internal vibrations of SbCl6
� anions, between 295 and 375 K were collected. For the

sake of experimental conditions the Raman spectra were not investigated below the

(IV�III) phase transition at 294 K. Fig. 6 displays the temperature evolution of

Raman spectra in that frequency region. The bands assigned to the Sb–Cl stretching

and Cl–Sb–Cl deformation vibrations generally do not change their positions, but

their strong broadening at Tc2 is distinctly observed over the phase (II), especially for

the bands at 360 and 288 cm–1 (Fig. 7a and b). This situation in the Raman spectra

probably reflects the liberation of reorientational motions of the SbCl6 octahedra in

this phase. In the highest temperature phase (I), the further broadening of these bands

may be explained in terms of the isotropic rotational motion of the SbCl6
� anions.

Vibrational study of the structural phase transitions in a new ferroelastic... 393

Figure 6. Temperature evolution of the Raman spectra in the internal vibration region of SbCl6
� anions.
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Figure 7. (a) Temperature dependence of the frequencies of the Sb–Cl stretching and Cl–Sb–Cl deforma-

tion modes between 100–400 cm–1. (b) Temperature dependence of the bandwidths �1/2 of the

bands in this region.


