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Abstract

The evaporation/thermaldecompositionbehaviour of twoionicliquids with phosphoniumcation
(PhosphoniumlonicLiquids, PhosphoniumlLs,), namelytetraoctylphosphonium
bis(trifluoromethylsulfonyl)imide ([Pgsss]NTE,) and tetraoctylphosphonium
perfluorobutylphosphonate ([Pggss]NFBS) wasstudied by thermogravimetryand by the effusion-
basedtechniques Knudsen Effusion Mass Spectrometry (KEMS) and Knudsen Effusioni Mass Loss
(KEML). KEMS spectra show that no appreciable release of decomposition products occurs up to
the highest temperature reached in the experiments (225 ©°Cfor [Psggs]NTf, and 262 °C
[Pssss INFBS). Evaporation by loss of intact ion pair was detected at temperatures as low as 174 and
188°C for the two compounds, much lower than the onset temperatures evaluated by the TG traces
(383 °Cfor[Pggss]NTT, and 407 °C [Pgssg] NFBS). In the explored temperature intervals (185 °C —
242 °C for [Pggsg]NTt; and 180 °C — 230 °C for [Pgsss] NFBS) the vapor pressures measured by
KEML are very similar for the two compounds, falling in the ranges 1.8 10~ —0.19 Pa and 1.1 10
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— 0.096 Pa. By monitoring the vapor pressure as a function of temperature, the following values of
the evaporation enthalpies were determined at the average experimental temperature (227 °C):158.1
+ 2.0 kJ/mol ([Pgsss]NTf,) and 161.2 £ 2.2 kJ/mol ([Pgsss]NFBS), which confirm the very similar

volatility of the two compounds under equilibrium conditions.

1. Introduction

Ionic liquids (ILs) are organic salts composed by an organic cation paired with either an organic or
an inorganic anion with a melting point below an arbitrarily set value (100 °C) [1,2]. The enormous
interest gained by ILs in the last twenty years stems from their greener and higher safety profiles
when compared to those of traditional organic solvents and from their unique physico-chemical
properties (e.g. chemical stability[3],wide electrochemical window[4],non-flammability, negligible
vapour pressure[5]).Furthermore, these properties can be tailored on a given application combining
suitable ions from the almost unlimited choice of those available nowadays. Therefore, ILs found
application in several different areasof research as for instance organic reactions[6,7],development
of drug delivery systems[8,9], energy storage[10,11],biomass  dissolution and

transformation[12,13].

Among ILs, alkylphosphonium-based ILs (Phosphonium ILs) are known to possess some
advantageous physico-chemical properties compared to more common ionic liquids such as those
with N-alkylimidazolium or pyrrolidinium cations[14].Valuable properties of Phosphonium ILs
include higher thermal and chemical stability, low density and low cost. The absence of acidic
protons in Phosphonium IL cations has been claimed as an important factor enhancing their
stability. On this basis, the use of Phosphonium ILs has been suggested in several technological
applications, such as extraction and chemical synthesis solvents, electrolytes in electrochemical
devices, corrosion protection, sulfur removal and neat lubricants[15,16].Despite these appreciable
features, the available experimental information about volatility, evaporation enthalpies and other
thermodynamic properties of this class of ILs is very limited to date compared to nitrogen-based

counterparts.

To the best of our knowledge, the first paper reporting vapor pressure data for a Phosphonium IL
was presented in 2017[17]. In that work, the vapor pressure of tetraoctylphosphonium bis(2-
ethylhexyl) phosphate was measured under both Knudsen and Langmuir conditions. In a subsequent
work by theVerevkin’s group,vapor pressures and evaporation enthalpies were determined by QCM

(Quartz Crystal Microbalance) and, to a lesser extent, by isothermal thermogravimetry (TG) for a



66
67

68
69
70
71
72
73
74
75

76
77
78
79
80
81
82
83
84

85

86

87

88
89
90
91
92
93
94
95

96
97

number of Phosphonium IL containingseveral typical anions (PFs, NTf,, BFs, Br, Cl') and
selected tetralkylphosphonium cations[18].

In order to better explore the technological potential of Phosphonium ILs, experimental information
on crucial properties such as volatility, thermal stability, and evaporation enthalpy need to be
expanded to assess the effect of chemical modifications of both cation and anion. In this work, we
present the results of Knudsen Effusion Mass Spectrometry (KEMS) [19,20] and Knudsen Effusion
Mass Loss (KEML) experiments[21,22] on twotetralkylphosphonium ionic liquids, namely
tetraoctylphosphoniumbis(trifluoromethanesulfonyl)imide ([Pgsss]NTt,) and tetraoctylphosphonium
nonafluorobutane-1-sulfonate ([Pggss]C4F9SO3 or [Pssss]NFBS). TG measurements were also carried

out on the two selected compounds.

The rationale for the selection of these Phosphonium ILs was mainly to test the effect of a
symmetrical cation on the volatility and intermolecular forces and to compare the behaviour of two
Phosphonium ILs whose anions are expected to give a remarkable thermal stability to the liquid.
While the higher sensitivity of the QCM technique allows for performing vapor pressure
measurements in a considerably lower temperature range compared to classic techniques, effusion
conditions such as those used in our study have the advantage to permit tothe system to reacha
condition close to thermodynamic equilibrium. Furthermore, the use of mass spectrometry enables
us to monitor the composition of the vapor phase, so investigating the possible release of volatile

species as a result of thermal decomposition.

2. Experimental
2.1 Synthesis of ionic liquids

Tetraoctylphosphoniumbis(trifluoromethanesulfonyl)imide ([Pgsss]NTf,) was obtained following a
well-known metathesis reaction[23].To an aqueous solution of [Pggsg]Br, an aqueous solution of
lithium bis(trifluoromethanesulfonyl)imide LiNTf, (80 wt.%, 5.5mmol, 1.1 equiv.) was added and
the resulting second phase was recovered with dichloromethane (15 mL).The organic phase was
washed with water (4 x 20 mL) until the aqueous phase tested negative for halide using a 0.1 M
AgNOswater solution. The dichloromethane was evaporated, and the remaining liquid was dried
under high vacuum at 60 °C for at least 6 h to give a colourless liquid (yield 97%). The obtained
product was analyzed by 'H and °C NMR (see Figs. S1-S2).

Tetraoctylphosphonium nonafluorobutane-1-sulfonate ([Psgss]NFBS) was synthetized following a

similar procedure as [Pggss]NTT,. At a water solution of [Pgggs]Br, a proper amount of potassium
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nonafluorobutane-1-sulfonate (KNFBS, 3 mmol, 1,1 equiv.) was added. The resulting second phase
was recovered with dichloromethane (15 mL) and then washed with water (4 x 20 mL) until the
aqueous phase tested negative for halide using a 0.1 M AgNO; water solution. The dichloromethane
was evaporated, and the remaining liquid was dried under high vacuum at 60 °C for at least 6 h to
give a colorless liquid (yield 96%). The obtained product was analyzed by 'H and '>*C NMR (see
Figs. S3-S4).

2.2. Thermogravimetry (TG)

Prior to TG measurement, all samples were dried in high vacuum at 40 °C for 12 hours, to remove
moisture and any volatile materials. The thermal stability of the synthesized ILs was investigated by
thermal gravimetric analysis (TGA), conducted in a TA Instruments Q500 TGA. The temperature
calibration was performed using nickel standard and for weight calibration weight standards were
used (1 g, 500 mg and 100 mg). All the standards were supplied by TA Instruments Inc. IL (11-15
mg) was heated in a platinum crucible as sample holder. First, the heating mode was set to
isothermal at 40°C in N, (80 mL/min) for 30 min. Then, IL was heated from 40 to 900 °C at a
heating rate of 10°C/min under nitrogen (80 mL/min) and maintained at 900 °C for 3 min. Mass
change was recorded as a function of temperature and time. TGA experiments were carried out in

duplicate.

2.3 Knudsen Effusion Mass Spectrometry (KEMS)

KEMS is a classic technique combining the effusion of vapours from a Knudsen cell with mass
spectrometric detection, that allows the composition of the vapor to be investigated. In a typical
experiment, the IL sample is placed in a crucible whose lid has a small hole (1 mm diameter)
allowing the vapor to escape and to enter the ion source of the mass spectrometer. Vapor species are
ionized by electron impact and then accelerated by high voltage to a magnetic sector where they are
separated on the basis of mass-to-charge ratio. Detection is then accomplished by an electron
multiplier. The cell is heated by irradiation from a coil-shaped tungsten resistor surrounding it.
Further details of our apparatus are reported in previous papers[24]. In all experiments, a graphite
Knudsen cell was used, in turn inserted in an outer tantalum container. The energy of the ionizing
electron beam was set at 20 eV. The vacuum in the ion source region of the apparatus was of the
order of 5 107" — 2 10 °mbar.The ion intensity measured for a given isotopei(I;")is converted into

the partial pressure pin the cell of the corresponding neutral precursor by the equation [24]
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p=k A (1

where kis a calibration constant, and a,0, jare the isotope abundance, the electron impact ionization
cross section and the detector gain for the species whose intensity is monitored. 7 is the absolute
temperature, that was measured by an iron-constantan thermocouple (Type J) inserted in an hole
made at the bottom of the outer tantalum crucible so as to make it to touch the bottom of the

graphite cell.

Two KEMS experiments were carried out for each IL. As detailed in Section 3, the by far strongest
peak in the mass spectra was that at m/e = 483.5, corresponding to the [nggg]+ cation. As usual in
mass spectrometric studies of aprotic ionic liquids using “hard” ion sources, no peak was detected at
the mass of the intact ion pair C"A™(g), which is most probably the only or largely dominant species
released by evaporation. The accepted interpretation is that the gaseous ion pair is fragmented under
electron impact leading to the formation of the observed Ccation. The intensity vs electron energy
curves were registered for the [nggg]+ species in order to derive an estimate of the appearance
potential, i.e. the minimum energy required to form the ion. The values obtained were 9.5 £ 0.2 eV
for [Pggss]NTT, (consistent with that observed for imidazolium ionic liquids with the same anion

[21]) and 8.5 = 0.2 eV for [Pssss]NFBS.

The calibration constant in equation 1 was derived by vaporizing pure cadmium from the same
graphite cell used in experiments on Phosphonium ILs. Details on the calibration experiment are
reported in the Supplementary Information (see Fig. S7). The evaporation residues were analysed
by "H-NMR to confirm that no interaction occurred between the cell material and the sample (see

Figs. S5-S6).

2.4 Knudsen Effusion Mass Loss (KEML)

The KEML technique is the most classic effusion-based method. In KEML, the mass of a sample
placed in a Knudsen cell is monitored as a function of temperature and the (total) pressure in the
cell at each temperature is evaluated from the measured mass loss rate dm/dt from the usual

equation

dm |T
P=K_ - |+ (2)



160

161
162
163
164
165
166
167
168
169

170
171
172
173
174
175
176
177
178

179

180

181

182
183
184
185
186

187
188
189
190

191

where K is a calibration constant that in the present study was derived by vaporizing known
substances such as cadmium or benzoic acid, and M is the (average) molecular weight of the vapor
at the given temperature. In the present work, M is the mass of the intact ion pair which is the only
(or overwhelmingly dominant) species in the vapor.It should be noted that eq 2 assumes that the
vaporization coefficienta is unity. Such an assumption is usually valid for liquids and melts and it
was invariably considered valid in previous effusion studies on ionic liquids, although it was
recently questioned [17]. In order to test the attainment of proper equilibrium conditions, we
performed a prolonged isothermal evaporation of a [Pgggs [NTT, sample that did not show any time-

dependent drift of the signal.

The apparatus used here is an Ugine-Eyraud B60 model by Setaram, whose effusion source was
previously modified in our laboratory. Details of the instrument were reported elsewhere[21].
Briefly, the cell is inserted into a capped copper cylinder to improve temperature homogeneity and
measurement. The latter is done by a Pt100 platinum resistance inserted directly into the copper
cylinder. The temperature control and the measurements of the mass loss were driven by a
LabVIEW software that permits remote control and continuous operation. All IL samples were kept
at about 120 °C, under vacuum for 24 hours. Mass losses were observed primarily in the first two
hours of treatment. The total mass losses during the treatment were equal to about 8% for

[nggg]Nsz and 4% for [nggg]NFBS.

3. Results and Discussion
3.1 Vapor pressures

The KEMS measurements were performed in the overall temperature ranges 174 °C — 225 °C for
[Pgssg]NTT, and 188 °C — 262 °C for [Psggs]NFBS. The main aim of KEMS experiments was to
investigate the composition of the vapor phase—information that cannot be obtained by classic
KEML. To this end, two relatively short experiments were performed for each IL, rather than one

prolonged run as done for KEML measurements.

In Figure 1 we report the mass spectra of the vapor phase released under effusion conditions by the
two Phosphonium ILs. The spectra show clear dominance of the peak at m/e = 483.5, easily
assigned to the [Pgsss]” cation. Minor signals surrounding the main peak are due to the ">C isotopes

(M+1, M+2) and to species where one or two H atoms were lost.
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Figure 1. Background-subtracted KEMS spectra recorded for [Pgssg]NTT, and [Pggss [INFBS.

The other peaks in the spectra are due to fragments of the cation with one (m/e =370) or two (m/e =
257) alkyl chain(s) lost, most probably formed by electron impact. According to previous
findings[21, 25], this result is explained by assuming that the IL evaporates in the form of intact ion

pairs which are then fragmented by electron impact so as to form the free cation:

CA(l) = CA(g) 3)

CA(g)+1e =C'(g)+A(g)+2¢e

Based on the spectra in Figure 1, any thermal degradation with release of volatile decomposition
products can be ruled out up to the highest temperatures reached in the experiments. This result
confirms the relatively high stability of Phosphonium ILs. TG experiments (Figure 2) are consistent
with this conclusion. The onset decomposition temperatures derived from TG traces provide values
of 383 °C and 407 °Cfor [Psgss]NTT, and [Pggss]NFBS, respectively. It should be noted that, due to
the higher sensitivity of KEMS/KEML and to the close-to-equilibrium conditions attained in the
effusion cell, the evaporation of the two Phosphonium ILs has been observed at temperatures
significantly lower than the onset TG values. This confirms previous results[21], leading to the
conclusion that the onset temperatures accessible by thermogravimetric experiments tend to
overestimate the temperature where decomposition begins to occur. This is an important point in

assessing the long-term stability of ionic liquids.

Figure 2. TG and DTG curves for [Pgggs[NTT, (upper figure) and [Pgsss]NFBS

The intensity of the [nggg]+ peak was monitored as a function of temperature and converted to the
corresponding partial pressure of the intact ion pair in the vapor by equation 1. The resulting values
are reported in Table 1. In order to calculate the corresponding cell pressures, the value ofcis
needed. Apparently, no experimental values of the electron impact ionization cross sections of ionic
liquid isolated pairs are available to date but the tentative estimate of 35 + 15 A? reported by our
group for the prototypical IL BMImNTH;[21]. In lack of information, we adopted this value for both

the Phosphonium ILs under exam. Note that this assumption may be affected by a larger error for
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the Phosphonium ILs with the NFBS anion. This approximation is considered to bring about an
uncertainty in the calculated partial pressures upto a factor 2. For this reason, as well as for possible
uncertainties in the sensitivity constant, we deem the pressures obtained by KEML more reliable in

terms of absolute values.

Table 1. Vapor pressures of the PggggNTT, and PggggNFBS ionic liquids derived from KEMS and KEML
measurements.

The vapor pressures derived from KEML experiments are also reported in Table 1. The
temperature ranges covered in the experiments were 185 °C — 242 °C for [Pgsgs|NTT, and 180 °C —
230 °C for [Psggs]NFBS, and the corresponding vapor pressure ranges werel.8 10°-0.19 Pa and 1.1
107°-0.096 Pa.

Figure 3. Clausius-Clapeyron plot of the vapor pressures measured for [Pgggs ][NTT, (red symbols)
and [Pgsss]NFBS (black symbols) by KEMS (run 1 and run 2) and KEML. For sake of comparison,
the well-assessed vapor pressure of a typical imidazolium IL (BMImNTY)) is also reported (solid
line).

The KEMS and KEML vapor pressures are plotted in Figure 3 together with the values of a typical
imidazolium IL, [BMIm]NTTf,, which are well-assessed[21]. In view of the uncertainty of the cross
section values used in converting KEMS intensities into pressures, the agreement between the two
techniques is satisfactory. In any case, as mentioned, the KEML values are to be considered more
accurate. The results indicate that the vapor pressures of the two Phosphonium ILshere studied are
verysimilar and are 1-2 orders of magnitudelowerthan[BMIm]NTf,. No data are available for a
comparison with imidazolium ILs having alkyl chains as long as those of the [Pgggg] cation, which
are expected to be much less volatile than [BMIm|NTT,.[26] In Figure 4 we compare the vapor
pressures measured by KEML for the two compounds with those of a few related Phosphonium ILs
for which tensimetric measurements were reported in the literature [18], namely the
tetralkylPhosphonium ILs with the NTf, anion and the only Phosphonium ILs with the [Pggss]
cation ([Pggsg]Cl). Although a systematic comparison is not feasible due to the scarcity of the
available data, we note (Figure 4A) that the volatility of the Phosphonium ILs here investigated
issubstantiallyhigherin comparison to the only compound with the same total number of C atoms

([Pe66,14]NTE) and is very similar to that of [Paas 14]NTf,, which has a lower total number of carbon
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atoms with three short and one long alkyl chain. Interplay between the chain length and the degree
of symmetry of the cation is likely to be at work in the observed trend. With regard to Figure 4B,
the lower volatility of the chloride IL is expected on the basis of the trend observed for imidazolium
compounds [27] and is in part accounted for by the larger enthalpy of evaporation (see below, Table

3).

Figure 4. The vapor pressures of [Pggss[NTT, and [Pggss] NFBS measured in this work by KEML
compared with values retrieved from literature for related compounds: tetraalkylphosphonium ionic
liquids with the NTT; anion (A) and the only ionic liquid with the [Pgggg] cation (B) for which data
are available ([Pggss]Cl).

3.2 Enthalpy of evaporation

The enthalpy change of process (3) (A;q H,,) can be derived as usual from the slope of the In p vs 1/T
plot (see Figure 3). Note that, unlike the pressure values,the KEMS-derived A‘lg H,,valuesare not
affected from systematic inaccuracies in the estimate of the cross section or sensitivity constant in
eq 1. The resulting Alg H,,obtained for each experiment at the pertinent mean temperature are
reported in Table 2 along with the corresponding temperature ranges, mean temperatures, and
number of datapoints. Note that a much larger number of data was collected in the KEML

experiments compared to KEMS ones.

Table 2. Results of the Clausius-Clapeyron regression for all the experiments

In view of the different mean temperatures of the various experiments, a proper comparison
between the results obtained in different experiments may be done only after reducing all A7 H,to a
common reference temperature. This implies to know the heat capacities of the liquid and gaseous
phase of the ionic liquid or at least their difference (A.,C,) from the experimental temperatures to
the reference temperature. To the best of our knowledge, the only available C, data for
Phosphonium ILs are those reported in [28], which do not include the two compounds under exam.
Moreover, very little information is known about the heat capacities of IL gaseous ion pairs, which
requests to calculate the partition functions from molecular parameters, and no information of this

kind is available on Phosphonium ILs. To overcome the lack of data, various empirical methods
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were devised. In particular, Zaitsau et al.[18] proposed the following equation relating A.,C,, to the

heat capacity of the liquid phase:

AeC, = k Cy(liquid) + m (4)

and found empirical values of the constants k& and m for several anions including the NTfon the
basis of available experimental data. Thus, we applied the above equation to [Pggss]NTf, by using
for Cy(liquid) the value of the [Pses,14]NTH,Phosphonium IL (having the same number of carbon
atoms) measured in [28]. For [Pggss]NFBS we used the same approach, but the lack of assessed
values of kandm for the nonafluorobutante-1-sulfonate anion and the lack of any experimental
CpPhosphonium ILs with this anion added further uncertainties to the procedure. The C, of
[Pssss]NFBS was thus estimated by a group contribution method proposed in [29] and the empirical

constants were evaluated from an overall fitting of the data reported in [18].

In order to minimize the effect of the approximate estimate of heat capacities, we choose Tyr =227
°C (500 K) as the reference temperature, which is close to experimental temperatures. Adopting the
more common room temperature of 25 °C (298 K) would imply much larger heat content

differences, with higher associated errors that could affect the analysis.

By translating the A‘lg H,,values to 227 °C (500 K) by the approximate procedure detailed above we
obtained the results reported in the last column of Table 2. On this basis, we concluded that the
results display an overall acceptable to satisfactory agreement, with a somehow larger discrepancy
between the KEML and KEMS results for [Pgsss] NFBS. It seems reasonable to propose as the
recommended value of A;q H,,for the two compounds under study the mean of the different runs
weighted for the number of data. The values so obtained at227 °C (500 K) are 158.1 £+ 2.0 kJ/mol
for [Psggs]NTT, and 161.2 + 2.2 kJ/mol for [Psgss]NFBS. Not surprisingly (see Figs 3 and 4), the
evaporation enthalpies of the two compounds are very similar, partially overlapping in the

uncertainty range.

As mentioned in the introduction, the information on evaporation enthalpies for Phosphonium ILs
presently available in the literature is limited. In Table 3 we report a list of literature data for related
compounds, all translated tothe common reference temperature by the above reported procedure.
Our value for [Pssgs]NFBS is apparently the first determination of A;q H,, for ILs (not only
Phosphonium ILs) with this anion, so no comparison with literature is possible. With regard to

[PssssINTE,, our value is close to that reported for the only Phosphonium ILs with the same number
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of carbon atoms, Pees 14NTT,. The slightly lower enthalpy of evaporation of the symmetric-cation
compound [Pggsg[NTfr,compared to [Pegs 14]NTE, is in line with the trend recently observed for
imidazolium ILs[30,31]. However, in view of the small difference between the two values, any
conclusion in this regard should be supported by experimental determinations on a larger series of

compounds.

Table 3. Enthalpies of evaporation of alkyl phosphonium ionic liquids from literature and from the
present work at227 °C (500 K)

4. Conclusions

Evaporation properties of tetraoctylphosphoniumbis(trifluoromethanesulfonyl)imide ([Pggss]NTT,)
and tetraoctylphosphonium nonafluorobutane-1-sulfonate ([Pgsss]NFBS) were studied by the
effusion technique KEML and KEMS and by thermogravimetry. The two Phosphonium ILs
evaporated with no significant simultaneous decomposition in the temperature ranges 174 — 242 °C
for [Pggsg]NTE, and 180 — 262 °C for [Pssgs]NFBS.The two compounds displayed very similar
volatilities, with vapor pressures falling in the ranges 4 10° — 0.2 Pa and 1 10° — 0.6 Pa,
respectively, in the above mentioned temperature intervals. Such values are 1-2 orders of magnitude
lower than those of a typical imidazolium ionic liquid with short alkyl chains, such as [BMIm|NTf,,
for which the vapor pressure was assessed in various studies. The evaporation enthalpies were 158.1
+ 2.0 kJ/mol for [Pggsg]NTT, and 161.2 = 2.2 kJ/mol for [Psgss]NFBSat the mean experimental
temperature of 227 °C (500 K). These results confirm that phosphonium cation provides the system
with both higher thermal stability toward decomposition and lower volatility compared to ionic

liquids featuringmore common cations.
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Table 1. Vapor pressures of the PggggNTf, and PggggNFBS ionic liquids derived from KEMS and KEML

measurements.
KEMS KEML KEMS KEML
T°C | p“Pa T/°C p’/Pa T°C | p“Pa T/°C p’/Pa
Run 1 242.1 0.19 Run 1
174 0.00037 237.1 0.13 251 0.14 202.0 0.0083
193 0.0018 232.2 0.079 224 0.023 199.4 0.0056
206 0.0062 227.1 0.051 238 0.093 194.4 0.086
218 0.019 222.2 0.033 221 0.023 229.3 0.059
231 0.053 217.4 0.025 249 0.14 224.3 0.032
212.4 0.018 261 0.33 219.4 0.026
Run 2 207.2 0.0099 204 0.0049 214,3 0.018
200 0.0076 202.2 0.0064 188 0.0012 209.4 0.012
225 0.069 197.2 0.0045 224 0.018 204.5 0.0077
192.4 0.0030 252 0.13 199.5 0.0040
187.5 0.0022 268 0.37 194.6 0.0036
2342 0.092 189.7 0.0022
229.3 0.070 Run 2 184,8 0.0015
224.5 0.046 239 0.18 179.9 0.084
219.6 0.031 210 0.017 229.3 0.056
214.6 0.020 224 0.049 224.6 0.035
209.6 0.011 249 0.26 219.5 0.022
204.5 0.0076 262 0.60 214.5 0.015
199.8 0.0052 202 0.0074 209.5 0.0087
194.8 0.0040 204.5 0.0070
189.9 0.0027 199.4 0.0041
185.0 0.0018 194.5 0.0034
2343 0.10 189.6 0.0024
229.4 0.061 184.7 0.0011
224 .4 0.043 179.8 0.096
2194 0.029 230.0 0.057
224.7 0.037
219.4 0.023
214.5 0.014
209.6 0.010
204.6 0.0070
199.7 0.0046
194.9 0.0027
189.8 0.0023
185 0.0014
180 0.091
229.4 0.059
224.5 0.036
219.6 0.024
214.5 0.017
209.7 0.0099
204.7 0.0072

“ Obtained by eq 1from the intensity of MS peak m/e = 483.5

” Obtained from measured mass loss rate by eq 2 using the molar mass M of the gaseous ion pair
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Table 2. Results of the Clausius-Clapeyron regression for all the experiments
Sample | Experiment | Data | T range In (p/Pa) = A — B/10* T(K) AVH,, AV H,p (227
points | (Tmean)/° (Timean) °C, 500 K)
C (kJ/mol)
(kJ/mol)
PSSSSNTf2
KEMS 1 5 174-231 (36.489 +1.049) — (1.9887 + 165.4+42 | 159.0+4.2
(203.6) 0.04995)
KEMS 2 2 200-225 — (172.6) (168.6)"
(212.2)
KEML 27 185-242 (35.776 £ 0.5002) — (1.9349 + 161.5+2.0 | 1579 £2.0
(213.9) 0.02434)
Mean 158.1 £2.0
PgessNFBS
KEMS 1 11 188-268 (32.745 +1.444) — (1.8146 + 150.9+6.1 | 153.0+£6.1
(233.4) 0.07305)
KEMS 2 6 202-262 (34.293 £1.443) - (1.85619 1543 +£6.0 | 155.3 £6.0
(230.1) 0.07252)
KEML 42 180-230 (35.081 £ 0.5472) — (1.8900 + 157.1£22 | 1642+22
(205.4) 0.02617)
Meanl61.2 £2.2
a Not included in the mean (2 datapoints)
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Table 3. Enthalpies of evaporation of alkyl phosphonium ionic liquids from literature and from the
present work at227 °C (500 K)

Anion Cation Total C atoms in . Method [ref.]
the cation AV H,, (227 °C or
500 K) kJ/mol
[PF ] Peoes) 23 154.5 3.0 QCM [18]
[Pse66) 24 160.2 + 3.1 QCM [18]
[Pee67] 25 159.1+3.3 QCM [18]
[Pgess] 26 161.5+3.5 QCM [18]
[Nsz] [Pos67] 25 154.5+5.7 QCM [18]
[P444,14] 26 146.7+5.4 QCM [18]
[P666,14] 32 160.3+7.2 QCM [18]
[Pgggs] 32 KEMS/KEML
158.1 2.0 (this work)
[Cl] [Pgggsl 32 167.1 £ 6.6 QCM [18]
[Br] Peooo) 24 146.8+ 5.7 QCM [18]
[Pgggsl 32 144.2 (estimate) QCM [18]
[DEHP] (bis-2- [Pgggs] 32 KEML [17]
ethylhexylphosphate) 86.5+13.3
[NFBS] [Pgggs] 32 1612 +2.2 KEMS/KEML
(this work)
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Figure 1. Background-subtracted KEMS spectra recorded for [Pgggs |NTT, and [Pssss [NFBS.
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459  Figure 2. TG and DTG curves for [Pggss [NTT, (upper figure) and [Pgsss]NFBS
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461  Figure 3. Clausius-Clapeyron plot of the vapor pressures measured for [Pgggs]NTE; (red symbols)
462  and [Pggss]NFBS (black symbols) by KEMS (run 1 and run 2) and KEML. For sake of comparison,
463  the well-assessed vapor pressure of a typical imidazolium IL (BMImNTT,) is also reported (solid
464  line).
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Figure 4. The vapor pressures of [Pggss[NTT, and [Pggss] NFBS measured in this work by KEML
compared with values retrieved from literature for related compounds: tetraalkylphosphonium ionic
liquids with the NTT; anion (A) and the only ionic liquid with the [Pgggg] cation (B) for which data
are available ([Pggss]Cl).



