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Thermal decomposition and vibrational spectroscopic aspects of
Pyridinium Hexafluor ophosphate (CsHsNHPFe)

M.D.S. Lekgoathi™",L.D. Kock".
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Limited (Necsa), P.O. Box 582, Pretoria 0001, Sd\ftica.

Abstract

Thermal decomposition and vibrational spectroscopioperties of pyridinium
hexafluorophosphate (8sNHPFs;) have been studied. The structure of the compasind
better interpreted as having a cubic space graagedon Raman and infrared vibrational
spectroscopy experiments and group theoreticakladion data between site symmetry
species and the spectroscopic space group.”th&IMR data shows three significant
signals corresponding to the three chemical enwents expected on the pyridinium
ring i.e.y, p anda carbons, suggesting that the position of the amast be symmetrical
with respect to the pyridinium ring'sC,, symmetry. The process of thermal
decomposition of the compound using TGA methods fward to follow a contracting
volume model. The activation energy associated thighthermal decomposition reaction
of the compound is 108.5 kJ.rffplwhile the pre exponential factor is 1.51 X 46¢.
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1. I ntroduction

Pyridinium hexafluorophosphate is a well-known jpirsor used in the synthesis of metal
hexafluorophosphate salts [1]. These salts findiegdpns as components of inhibitors,
polymerization catalysts and flame retardants, mmatst importantly, in rechargeable
batteries (lithium, potassium and sodium ion-ba&®r The vibrational spectroscopic
properties of pyridinium hexafluorophosphate haeerb studied before [1,2], but no
mention of its thermal decomposition signature hasn made and no correlation of
vibrational spectroscopy experimental data with ugrotheory was made to seek
agreement and structural consistency with the spemgp for this important compound.
It is possible to misinterpret vibrational spectasy data of a compound if the
underlying space group is not verified by correl@gtRaman and IR experimental data
with group theory [3]. For example, It has beenvamdhat for the LiPE salt, Raman
spectroscopy is a much more sensitive probe imtsoios where order/disorder or phase
transition processes occur [4], a blind spot folRX Phase transitions associated with
order-disorder orientations in the pyridinium ringve also been observed for pyridinium
hexafluorophosphate §8sNHPF;) and related compounds [5]. This is in contraghwi
the works of Copelandt al. [6], who could not observe any associated phasesitions
for the same compound, and concluded that therenig one crystal structure for
CsHsNHPFR;, being R-3m (166). However, the works of Cook [7], on the vibratibna
spectroscopy of pyridinium salts show that the giyium ring itself has &,, symmetry,
and when interpreted from the perspective ¢iiBIHPF; we should expect the presence
of several triply degenerate phonon modes as pénedrreducible representations of the

compound, emanating from the octahedral BRion.

The structural data for a particular material hast@ng dependence on the local
symmetry of that material. Vibrational spectroscdms been shown to be a better
technique in detecting local symmetry changes agpeoed to pXRD which is very good
in determining crystal structure for crystalline tevaals with well defined long range

order [3]. It is clear that since bond energiesdapendent on the bond properties, such
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as bond constants and atom positions, the undgriiermodynamic properties will

depend on the data provided by techniques thatratety reflect a local structure.

The controversies in explaining phase transiticeiated to space group information in
CsHsNHPF; is analogous to the LiRase, which has been shown to display a possible
cubic phase at local symmetry level using Ramarctepgcopy, while the long range
cooperative symmetry is a trigonal based structicemrding to XRD data [3]. The effect

of this on LiPEk thermogravimetric data is profound, particulariyriem it comes to
activation energy determinations, which are saibbdaeported with varying magnitudes
[8]. This shows that a change in chemical compmsitr a possible phase transition,
accompanied by a change in crystal structure ofatemal, will have an effect on the

thermal properties of a substance.

In this work, we report the vibrational spectrosgaata of GHsNHPFR; as correlated to
group theoretical works and we show that the sgmoep R-3m (166) as reported in
literature [6] is not an accurate reflection of #@mpound, but rather @m3m (225)

space group is a more representative alternative. ffther show the thermal

decomposition kinetics ofEisNHPF; and its thermal decomposition signature.

2. Experimental methods and materials

2.1 Synthesis of CsHgNHPF¢

A method proposed by Willmanret al. [9] for the synthesis of pyridinium
hexafluorophosphate was used. Approximately 20fraljoeous HP§acid was added to
a beaker and stirred continuously. About 10ml afiggge was added drop wise using a
syringe while continuously stirring. The precip#awvas filtered using a vacuum system
and washed with water, and then the product wasldn an oven at 90 degrees Celsius

for 6 hours.
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2.2 Raman and infrared spectroscopy

The Ram Il module (FT-Raman) mounted onto a ver@¥T-IR spectrometer (Bruker)
was used to record the Raman spectra from 3500ctw’0 The sample was in a solid
form. A 1064 nm wavelength excitation radiation weed and a 50 mW power setting
and a wavenumber resolution of 4 tmas used throughout this study. FT-ATR Infrared
reflectance spectra for powder samples were redondith a Tensor T27 FT-IR
spectrometer fitted with a Harrick Mvp-pro ATR celll reflectance spectra were

recorded between 4000 to 500 tmith 32 scans and a resolution of 4tm

2.33C NMR analysis

For the™®C NMR, a Bruker NMR Spectrometer 500 was used ffier analysis. The
instrument was set fot°C dipolar dephasing (non-quaternary suppressionjoai

temperature (24.5 °C)°C NMR (126 MHz, Deuterated methanol solveditp44.94,

236.46, 224.39, 149.36, 141.47, 128.90, 53.68,%433.77.

2.4 Thermal decomposition

2417G

About 20 mg sample of 8sNHPF; was analyzed on a modified TGS-2 Perkin Elmer
TGA instrument. The instrument was enclosed withidry glovebox and constantly
purged with nitrogen gas. The sample was therdfeaed from 30 to 600 °C at 10
°C/min under nitrogen purge gas.

2.4.2 Thermal decomposition reactor-IR system

An in-house developed thermal decomposition reaststem coupled to a BOMEM MB
3000 spectrometer was used. ThelDIHPR; salt was loaded into a Ni sample pan, fitted
into a tube reactor and then purged with a conglantof laser-grade helium. A Hi-Tech

Elements heater was used to heat the stainledsagbecreactor to 350 °C. The evolved
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gas was captured at 20-minute intervals with arafefl gas cell fitted with zinc selenide

windows, and a spectrum was recorded.

2.4.3 Kinetic studies

Decomposition kinetics studies were carried oubgisin isothermal method based on TG
data obtained by using a dedicated TG instrumeattepl in a nitrogen glove box as in
section 2.4.1. Experimentally obtained data wateditinto various solid state kinetic
models tabulated in the ICTAC kinetics committeeoramendations by Vyazovket al.
[10] and the best line fit using the least squastdistical evaluation technique was

chosen. A confidence interval of 95% (Table 3) wsesd.

The following integrated rate equation was used:

g =[1- (-] = kt (1)

In Eq. (1),a is the extent of the reaction as derived from tlodb@ mass loss based on
TG experimental dats is the rate constantfsandt is time (s). The extent of the

reaction is calculated using Eq. (2).

o= 2

mo—myg

Wheremy is the initial masan is the mass at a particular time ands the final mass.

The dependence of the rate constant on tempeiiatbesed on the Arrhenius equation:

k = Aexp (;—?) 3)
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WhereE, is the activation energy in J.MoIR is the universal gas constant (8.314 J:mol
! K™ andA is the pre-exponential factor{lsassociated with the rate of the reaction. The
temperatureT has units in Kelvin. The value of the rate consténat a particular

temperature, was obtained from the slope ofy(ag versus time curve (Eq. 1).

3. Results and discussion

Raman and IR data ofsBsNHPF; in Figure 1a and b showing the vibrational band
frequencies and their assignments are given ineTablThe 551 and 795 €mR active
bands belong to 1, (v4 andvs respectively). The q[ is the only IR active mode from the
octahedral P§ anion in the compound; the others are contributiom the pyridinium
ring. Previously, the vibrational band assignmeiotsthe GHsNHPF; were done by
Mohamedet al [2] and they were in line with the presence ofoatahedral Pganion in
the molecule. The frequencies of these P-F benainmystretching modes are similar to
other MPF salts (M= Li", Na" and K) as reported by Kocét al. [3]. The normal modes
of this ionic solid are a combination of those fréime octahedral RFstructure and the
ring breathing modes (Table 1) [2,7]. It is therefamportant that the space group
assigned to the 4EsNHPFR supports the presence of octahedral irreducible

representations.

Tablel: Here

Figurel: Here

The 1608 crit vibration splits into two, and when interpretegjéther with the broad
nature of the 3326 cfband, vibrations associated with,® can be said to be
superimposed with the N-H and ring vibrations a&tsth frequencies. This could indicate

the presence of crystal water.

According to Copelandt al [6], the crystallographic space group for the couomm
CsHsNHPFR; belong toR-3m (166) based on the single crystal x-ray determinatioant
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the basis of the space group data [6] and consgléne relevant atomic equilibrium in
the site symmetries, the crystallographic spacemR3m (166) can be correlated to a
spectroscopic space grolss [11]. Considering the full site symmetry associated with
this space group, there are two distinct kindsDef sites, one accommodating one
nitrogen atom and the other taking one phosphdam.arhe six hydrogens occupyCa
site, while the fluorine atoms occupyCa site. The carbon atoms would split to occupy
two different sites; oné&,, site would accommodate three and the@sa site would
accommodate two carbon atoms. The total irredudiggesentations for this scenario

would therefore be given in Equation 4 below.

[ Eofnpr, = 3Ayg +5Eg" +8E,” + 543 + 341, (4)

u

Therefore eight Raman active modes are expectdohgnthat five of them are doubly
degenerate. In addition, thirteen IR active modeseapected, noting that eight of them
are doubly degenerate. On the other hand, thetékm is silent. Considering a three
dimensional solid material, there &@M-3 number of vibrations expected, and this would
translate into 54 vibrations for a 19 atom compolikel CsHsNHPFRs (with Z® = 1 and N

= 19), which is clearly incompatible with the 3Zalovibrations predicted by Equation 4.
Based on this explanation, and taking into accdbat there is no single ;J mode
predicted by Equation 4, an inherent part of @ &Hon octahedral structure [2,3,4], the
space group for 1sNHPFR; may not be interpreted &3m (166) based on group theory

and vibrational spectroscopy data.

The understanding of the orientation of the; Rinion relative to the pyridinium ring
becomes important in order to better predict aembrerystal structure for sEBlsNHPFs.
Solid state®®C NMR of pyridinium hexafluorophosphate is shownFRigure 2a. The
NMR spectrum indicates three significant signalsresponding to the three chemical
environments expected on a pyridinium ring 1.€8C and 12C)p (11C and 9C) and

(10C) carbons as shown in Figure 2b.
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Figure2a: Here
Figure2b: Here

A signal até = 149.36 ppm, integrating for one carbon, coredatith they carbon on
the ring. The signal & = 141.47 ppm integrating for two carbons corresisaio the two

a carbons of the pyridinium ring, the twocarbons appear at such a high chemical shift
of 8 = 141.47 ppm due to the deshielding effect frone #ectron withdrawing
hexafluorophosphate ion. Finally the signab at128.90 ppm integrating for two carbons
is representative of the twdcarbons of the pyridinium ring. It should be notkdt the
lack of resolution resulting in the broadening @nals is the results of solid state run
NMR, hence poor splitting. From the NMR data inlfg 2 and Table 2, the presence of

a pyridinium ring and Pfanion in the synthesized compound are confirmed.

Table2: Here

The prediction of three chemically different carbatoms by**C NMR means that the
hexafluorophosphate anion must be symmetrical vesipect to the pyridinium ring&,,
symmetry, with monodentate coordination between ghmn’s fluorine atom and the
positive point charge at the nitrogen positiontw# ting. In this configuration, the most
significant consideration to bear in mind is tHa pyridinium ring appears as a positive
point charge relative to the P&nion, an arrangement analogous to other jaks (M=

Li, Na, K). These inorganic MRFsalts have been shown to belong toFam8m (225)
space group by koo#t al. [3]. Taking this view into account, and therefassuming an
Fm3m (225) space group for £EsNHPFR;, we obtain the following irreducible

representations based on group theory calculafeagsation 5):

® , p® | o) M) 4 7O 2m(s)
AR + BV + 130 + 1215 + T + 3Ty, (5)
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Equation 5 predicts 54 vibrations foglisNHPF;, noting that 6 of them are Raman active
with subscript (R), 36 are infrared active (I) a2l of them are silent (S). It is therefore
better to represent the crystal structure ¢f{BIHPF; as a cubi¢=m3m (225), consistent
with the assignments of an octahedraf BRion from Mohamedt al [2] for the same

compound.

Further evidence of a cubic related structure feiHs8lHPFR comes from Raman and
infrared data (Figure 1). Theyband at 111 cthis inherently an IR active mode but
appears in Raman spectra. Its appearance in tharmRgpectra of EHsNHPF;, together
with Aig appearing in the IR spectra, is a sign of a bnedke centrosymmetric geometry
of the molecule and thus points to a distortiothi@ Pk anion. This behavior has been
observed in other hexafluorophosphate salts su¢heakiPF by Kock et al [3] with a
T.u band appearing at 99 €nand also at 76 cinfor CsPE as observed by Heyres al
[18], which are all cubic compounds within the spgcoupFm3m (225).

The space group information has direct influencéhenthermodynamic properties of the
material. In order to understand the decomposipimfile of GHsNHPF; the material
was subjected to a strictly anhydrous environmesdction 2.4.2), and thermally
decomposed into its gaseous components. The cotigpost the thermal decomposition
off-gas products shows presence of crystal waténenpyridinium hexafluorophosphate
sample. This follows from the fact that the therrdatomposition reactor, the sample
powder and the lines were thoroughly purged witmepBFE gas until no traces of
hydrolysis products were observed prior to therdatomposition of €HsNHPF.
However, the IR spectrum of the off-gas producigyfe 3) shows bands at 1416, 993
and 868 crl, in line with the values reported by Yaegal. [12] for POR. Hydrogen
fluoride is also observed at 3884 tras expected. Although PBas was expected as a
product according to Equation 5, it is known thmathe presence of water, POévolves
as a by-product [13]. Following the argument onlibsis of the experimental procedure
to eradicate moisture in the system, and consiggrassible existence of water according
to IR spectrum in Figure 1b, a possible source atewwould therefore be in the form of

crystal water, which would be an intricate parthef compound.
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The intense vibrational bands associated with theng IR absorber, the P@gas,

suppresses the observed intensity of pyridiniurg vitbrational bands at 1157 and 1298

cm™.

Figure3: Here

A
CsHsNHPF, > CsHsN + HF + PFyg (6)

The TG profile of GHsNHPF; is presented in Figure 4. The onset of thermal
decomposition of ¢HsNHPF; is 125 °C. Only 0.24% of the substance remainscas n

volatile material, which could essentially justibeurities (Figure 4).

Figure4: Here

Several models were evaluated for the thermal dposition study of pyridinium

hexafluorophosphate (Table 3). Based on the best fit of 99.98%, the compound
CsHsNHPFR; was found to thermally decompose according to thetracting volume

model (R3, three dimensional), giving off HF andigye, with the observed PQREs a

byproduct of PEgas (Figure 3).

Table 3: Here
Figure5: Here

The activation energyE({) for the thermal decomposition reaction o§HeNHPF; is
found to be 108.5 (kJ.md), which is of similar magnitude as that of the Eifeported

10
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to be 116.0 kJ.m3I[8]. Furthermore, compared to the L Ehere is a higher fraction of
collisions for the GHsNHPF; as indicated by an increased frequency factornduri
thermal decomposition; a pre exponential factouedh) of 1.51 x 18sec’ is obtained.

This means that the thermal decomposition si{8IHPF; is highly favoured.

4. Conclusion

Thermal decomposition and vibrational spectroscopioperties of pyridinium
hexafluorophosphate have been presented, and lbasetrational spectroscopy, the
results support a space groem3m (225) as opposed to the previously propogedm
(166). The conclusions were drawn based on the vibraltiepectroscopic experiments
and correlation data between the site symmetry spettroscopic space group of the
same compound. ThEC NMR of the pyridinium hexafluorophosphate indesata
deshielding effect from the electron withdrawingkauorophosphate anion, showing
strong influence of the anion’s fluorine atoms dpha carbons. Furthermore, the data
indicates three significant signals correspondiagtite three chemical environments
expected on a pyridinium ring i.e, p anda carbons, suggesting that the anion must be
symmetrical with respect to the pyridinium ring%, symmetry, with a monodentate
coordination. The thermal decomposition of the coom follows a contracting volume
model, with activation energy of 108.5 kJ.iaind a pre exponential factor of 1.51 x
10°sect.
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List of Figure Captions

Figure 1: Raman spectrum ofizNHPF; (a) and FTIR-ATR spectrum of
CsHsNHPF; (b).

Figure 2a: A*C NMR spectrum and chemical structure depictioBstfsNHPF;
compound

Figure 2b: Graphical representation of the relgpi@sitions of the two ions in the
CsHsNHPFs

Figure 3: IR spectrum of gaseous decompositionymsdof GHsNHPF; under helium
atmosphere

Figure 4: TG curve of EHsNHPFR; sample heated under dry nitrogen from 30 to 600°C

Figure 5: A plot of InK vs 1/T for thermal decomjtam of solid GHsNHPFs



Table 1: FTIR vibrational spectra of CsHsNHPFg.

Reference (cm™) Assignment Thiswork (cm™)
471,475,478 T Octahedral 475

571, 579, 586! E, Octahedral 643

55814, 551171 T Octahedral 551

6701, 680" A1, Ring vibrations 668

745111 73810 Ring breathing mode 735

8304 A4 Octahedral 795

149014 1540'? | 14811 B, Ring vibrations 1490,1540
1585!4 1] A1 Ring vibrations 1608

3236 A1 Ring vibrations 3326

Observed = this work.



Table 2: A *C NMR data of solid CsHsNHPFe.

Observed shift * Reported shift Ring Carbons
141.47 141.97 2a
128.90 127.25 2B
149.36 146.43 1y

*Mohamed and Padma, (1985).



Table 3: Comparison of the three closest models that best fit TG experimental data.

Model Description Equation
1

R2 Contracting area gla) = [1 —-(1- o()z] = kt
1

R3 Contracting volume  g(a) = [1 -(1- 0()§] = kt

D1 1-D diffusion g(a) = [(a)?] = kt
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Highlights

Vibrational spectroscopy of CsHsNHPFg correlated to group theory is presented.
The space group for CsHsNHPFg is not R-3m(166) as previously thought.

The *C NMR data supports vibrational spectroscopy space group calculations.

The PF¢ anion is symmetrical with respect to the pyridinium ring’s C,, symmetry.
Therefore CsHsNHPFg is better interpreted as having cubic space group Fm3m (225).





