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Thermodynamic functions for 1-butyl-3-methylimidazolium hexafluorophosphate ([Csmim][PFs]) are
reported in a range of temperatures from (5 to 550) K, based on new measurements by calorimetry. Heat
capacities of the crystal, glass, and liquid phases for [Csmim][PF¢] were measured with a pair of
calorimeters. A vacuum-jacketed adiabatic calorimeter was used at temperatures between (5 and 310)
K, and a heat bridge-scanning calorimeter was used from (300 to 550) K. With the adiabatic calorimeter,
the fusion Ty, = 283.51 K, Air Hp, = 19.60 kJ-mol~1, and the glass transition T4 = 190.6 K were
observed. The [C;mim][PF;] test sample was determined to have a mole fraction purity of 0.9956 by a
fractional melting analysis. Densities of the liquid were measured in a range of temperatures from (298
to 353) K with a pycnometer equipped with a capillary neck. An unexpected endothermal transition,
with a very small enthalpy change of 0.25 J-g~* (0.071 kJ-mol~1), was observed in a range of temperatures
from (394 to 412) K. Heat capacity jumps were determined at the glass transition A;,C5 = 81.6

J-K-1-mol-! and fusion A

(283.51 K) = 69.23 J-K~1-mol .

.Cs = 44.8 J-K-1-mol~1, and the observed entropy change at fusion is ALS

Introduction

Room-temperature ionic liquids (RTIL) have attracted
considerable attention due to their potential uses by the
chemical industry as environmentally friendly and selective
solvents for chemical reactions and homogeneous catalysis?,
extraction?, separation of substances,® and electrochemical
processes.* RTIL can decrease expenses caused by loss of
volatile organic solvents and pollution of the environment.*

Investigation of thermodynamic properties of RTIL
should favor examination of their structure and substan-
tiation of technologies for their synthesis and use. However,
not one RTIL has been investigated to determine its
thermodynamic properties in full measure. In a companion
work,®> we reported theoretical calculations of thermody-
namic properties of 1-butyl-3-methylimidazolium hexafluo-
rophosphate ([Csmim][PF¢]) in the ideal gas state in a
range of temperatures from (50 to 1500) K. We also
discussed the thermal stability of [Csmim][PF¢] from the
standpoint of the slow heating rates used in calorimetric
measurements.

To interpret any physical property measurement on an
RTIL sample, a knowledge of its purity is essential. In this
work, fractional melting is used to determine the purity of
the [Cismim][PF¢] test sample. Also, we report measure-
ments of heat capacity in the condensed state for [Csmim]-
[PFe¢] in the temperature range from (5 to 300) K by
adiabatic calorimetry and from (300 to 500) K by scanning
calorimetry. Thermodynamic properties for both the fusion
and glass transition are also reported.

* To whom correspondence may be addressed.

10.1021/je034102r CCC: $27.50

The temperature dependence of the heat capacity of [C;-
mim][PFe] is shown to differ from the usual dependence
observed for both molecular liquids and ionic crystals. The
largest difference is an anomalously large specific heat
capacity below 50 K. Such an anomaly could be explained
either by unusually low values of characteristic tempera-
tures for the [Cymim][PF¢] crystal or by an unusually large
electronic contribution to the heat capacity in this temper-
ature range.

Experimental Section

Chemicals. A commercial sample of [C;mim][PFg] from
Covalent Associates, Inc., was treated before measure-
ments, as previously described in a companion study.® (We
provide trade names only as needed for complete scientific
description; their use does not imply an endorsement by
the National Institute of Standards and Technology. Other
products could perform equally well.) The final purity of
the treated sample that was used in the tests was deter-
mined to be 0.9956 mol fraction, as described in the Results
section. The original sample was certified by the supplier
to be of electrochemical grade with impurities of <50 ppm
Cl~ ion and <50 ppm H,O. In-house tests were made to
see if these impurity levels could be confirmed. A semi-
quantitative AgNO3 test found that the CI~ concentration
was below the detection limit of 100 ppm. This finding was
confirmed by a test with a Cl—-selective electrode, which
showed that the CI~ concentration was below the detection
limit of 130 ppm. For Cl—-selective electrode tests on [C;-
mim][PFe¢], the instrument’s stated detection limit of 2 ppm
could not be realized due to the limited solubility of [C,4-
mim][PFs] in the aqueous solution that was tested. An °F
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NMR test showed that the sample purity was 0.999 mol
fraction and that hydrolysis of the PFs~ anion had not been
a problem during sample storage. An 'H NMR test of the
original [Csmim][PFg] dissolved in a deuterated solvent
CD3CN showed the presence of three minor impurities
(plus H;0) that originated from the ionic liquid. A solvent
blank test revealed three other minor impurities (plus H,0)
that originated from the NMR solvent. The calculated
purity (excluding H,0) of the original [Csmim][PF¢] sample
is 0.9995 mol fraction. Despite the great care taken to avoid
introducing contaminants to the original sample, it appears
that some H,O was inadvertently introduced by handling
the sample. Two Karl Fischer titrations revealed H,O
concentrations of 411 and 412 ppm by mass (0.0004 mass
fraction or ~0.006 mol fraction) in the stored [Csmim][PFg].
The H,O would need to be removed prior to measurements.
As reported in the companion study, we vacuum pumped
the sample, first at 293 K for 3 h and then at 430 K for 10
h, to remove volatile impurities. The total observed mass
loss was 0.0016 mass fraction, an amount that is four times
the H,O concentration determined by Karl Fischer titra-
tion. This finding suggests that, in addition to H,0,
unidentified volatile impurities were present prior to
treatment of the sample. One could easily speculate that
dissolved components of air (N, O, Ar, CO;) contributed
to the observed volatile impurities. The absence of free H,O
in our treated sample was confirmed by a subsequent study
of the sample with the Knudsen effusion technique, which
concluded that the vapor pressure at T < 430 K was less
than the observation threshold of 1072 Pa. The treated
sample was used in the experiments.

Apparatus and Procedures. Heat capacities in the
temperature range (5 to 310) K in the condensed state and
enthalpy of fusion of [C;mim][PFs] were measured with a
vacuum adiabatic calorimeter TAU—1 built by VNIIFTRI
(Moscow) as already described.6=8 A liquid sample with a
mass of 1.28614 g was loaded into a stainless steel
container of 1.0 cm?3 volume with a helium-filled headspace.
The container was sealed with an indium ring. The
temperature was measured with an iron—rhodium resis-
tance thermometer (Ro = 101.83 Q) located on the inner
surface of the adiabatic shield and calibrated for 1TS-90
by VNIIFTRI. Adiabatic conditions were maintained with
a four-junction differential thermocouple as an indicator
of the temperature difference between the shield and the
calorimetric cell.

The accuracy of the heat capacity measurements was
indicated previously in experiments with benzoic acid®©
(K—1 grade, mass fraction > 0.99995) and with high-purity
copper!! (mass fraction > 0.99995). The estimated ex-
panded uncertainty with a coverage factor (k = 2) of the
measured molar heat capacity Csm is £0.4% over the
temperature range (40 to 320) K. The uncertainty becomes
larger at T < 40 K, finally reaching £2% near 5 K. The
reliability of the calorimeter was also confirmed by the good
agreement of the results of our heat capacity measure-
ments for cyclopentanol!? between temperatures of (80 and
300) K and chlorocyclohexane!® between temperatures of
(10 and 300) K with the results of other authors.1415 In
the present study, the difference between the values of Cs
and C, , is considered to be negligible due to the extremely
low (<1 Pa) vapor pressure of [Csmim][PFg].

The heat capacity of [Csmim][PFg] in the range (300 to
550) K was measured in an improved automatic scanning
calorimeter of the heat bridge type.1® The calorimeter was
calibrated with high-purity copper (mass fraction > 0.99995).
The expanded uncertainty of the heat capacity measure-
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Figure 1. Heat capacity of [Csamim][PFg] in the crystalline, glassy,
and liquid states. AC is range of the adiabatic calorimeter, DCHB
is the range of the heat bridge-scanning calorimeter, Ty is the glass
transition temperature, and Ty, is the triple-point temperature.

ments is estimated to be +£2%. The mass of the sample was
1.0834 g. The container with the sample was hermetically
sealed in a vacuum. The average heating rate was 0.8
K-min~1,

The density of liquid [Csmim][PFs] was measured pyc-
nometrically. The pycnometer had a capillary neck (1 mm
diameter) with flat top. The temperature dependence of the
volume of the pycnometer is given by

V,/em?® = (1.21542 + 0.00007) +
(1.8 £0.1) x 10 3(T/K — 273.15) (1)

which was determined from a calibration with degassed,
twice-distilled water; the correlation coefficient of the fit
to eq 1 is r2 = 0.976. The pycnometer was placed inside a
copper block that was immersed in a liquid thermostatic
bath. The temperature was controlled within +0.02 K. The
temperature of the block was measured with a calibrated
mercury thermometer.

The pycnometer was first completely filled with degassed
liquid [C4smim][PF;] at about 293 K, covered with a cap,
and then thermostated for at least 10 min. After each
temperature step, the excess liquid resulting from thermal
expansion was removed from the top of the neck of the
pycnometer with a Teflon palette knife. After the excess
liquid was removed, the pycnometer’s neck was covered
with a Teflon cap in order to prevent gas absorption. Then
the pycnometer was cooled to 293 K and weighed on an
electronic balance with an uncertainty +£5 x 1075 g.
Measurements were performed at temperatures from (298
to 353) K. The expanded uncertainty of density measure-
ments is estimated to be £2 x 1074 g-cm~3 (approximately
0.02%), before accounting for possible effects of impurities
since these could not be quantified.

Results

Experimental values of the molar heat capacities of [C,-
mim][PFg] in the range (5 to 550) K are shown in Figure
1. The experimental heat capacities obtained by adiabatic
calorimetry are presented in Table 1. The temperature
intervals for measurements of the values of C,, are close
to the differences between the mean temperatures of two
consecutive experiments in the series of measurements.
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Table 1. Experimental Molar Heat Capacities Csm at Vapor-Saturation Pressure for 1-Butyl-3-methylimidazolium
Hexafluorophosphate (R = 8.314 472 J-K~1-mol1)

OUK GCsm/R OIK Csm/R OUOK Csw/R OUIK Csm/R OUK Csw/R OUK Csm/R OUK Csm/R OHUK Csm/R
Series 1 Liquid
290.53 48.62 293.21 48.86 296.25 48.99 299.28 49.27 302.31 49.50 305.32 49.66 308.31 49.87 311.31 50.07
Series 2 Supercooled Liquid
279.27 47.78 282.28 48.02
Series 2 Liquid
285.27 48.24 291.29 48.65 294.38 48.92 297.45 49.19 300.51 49.29 303.56 49.53 306.66 49.79 309.81 50.03
288.25 48.46
Series 3 Glass
100.78 20.15 112.28 21.68 123.71 23.24 136.20 24.91 148.93 26.57 162.53 28.46 176.04 30.43 188.97 34.28
103.17 20.45 114.54 22.03 126.20 23.55 138.67 25.23 151.70 26.96 165.29 28.84 177.26 30.64 191.70 38.82
105.51 20.79 116.84 22.33 128.66 23.86 141.19 2554 154.44 27.29 168.02 29.24 180.15 31.11 194.24 4221
107.81 21.10 119.11 22.63 131.16 24.21 14375 25.89 157.14 27.67 170.72 29.63 183.09 31.74
110.06 21.40 121.35 2291 133.70 2455 146.28 26.21 159.81 28.05 173.39 30.03 186.06 32.83
Series 3 Supercooled Liquids
196.80 42.76 199.36 42.87 201.91 43.04 20458 43.19 207.37 43.31 210.22 43.47 213.13 43.71
Series 4 Crystal
100.28 18.47 120.60 20.85 142.43 23.53 162.92 26.20 183.56 29.01 203.07 31.80 226.59 34.96 250.71 38.12
102.77 18.77 123.41 21.20 145.07 23.87 165.46 26.53 186.06 29.38 205.82 32.16 229.55 35.31 253.70 38.60
105.21 19.06 126.17 21.52 147.68 24.19 168.07 26.89 188.53 29.73 208.72 32.53 23258 35.74 256.67 38.96
107.60 19.34 128.89 21.87 150.26 2455 170.71 27.23 190.98 30.05 211.76 32.99 23559 36.13 259.68 39.38
110.13 19.62 131.56 22.20 152.80 24.86 173.34 27.61 193.42 30.41 21478 33.40 23856 36.51 262.73 39.91
112.77 19.94 134.28 22.52 155.32 2521 17593 27.99 194.81 30.61 217.77 33.79 24158 36.93 265.76 40.33
115.37 20.22 137.03 22.87 157.81 2554 17850 28.31 197.49 31.00 220.73 34.20 244.65 37.38 268.75 41.13
117.92 20.53 139.75 23.21 160.34 25.84 181.04 28.66 200.29 31.37 223.67 3457 247.69 37.71
Series 5 Supercooled Liquids
238.61 45.16 243.49 4543 248.49 4569 253.43 46.04 258.86 46.43 264.77 46.72 270.75 47.25 277.07 47.65
240.98 45.27 246.00 45.60 250.97 45.93 256.03 46.20 261.82 46.59 267.70 46.98 273.92 47.44 280.22 47.84
Series 6 Glass
5.09 0.2464 8.21 0.8368 12.81 2169 20.17 4586 31.43 8.001 4944 1199 7041 1564 9542 19.30
5.36  0.2809 8.61 0.9348 1336 2351 21.05 4.886 3295 8.427 51.38 1235 72.69 1597 97.92 19.67
5,59 0.3159 9.00 1.038 1399 2550 22.07 5233 3452 8834 5334 1271 75.03 16.31 100.38 20.03
5.85 0.3604 941 1.153 1465 2768 23.08 5539 36.17 9.232 5543 13.08 77.42 16.65
6.14 0.4102 9.82 1.258 1535 3.000 24.15 5902 37.88 9.596 57.60 1346 79.89 17.09
6.47 0.4617 10.27 1.400 16.07 3.229 2525 6.232 39.66 10.04 59.75 13.82 8245 17.38
6.82 0.5357 10.76 1.532 16.81 3.473 26.28 6.567 41.55 10.45 61.89 14.17 8493 17.76
7.15 0.5945 11.23 1.685 17.63 3.745 27.38 6.886 43.54 10.86 64.01 14.62 87.39 18.08
749 0.6731 11.74 1.828 1850 4.033 28.63 7.228 4553 11.22 66.11 1490 89.83 18.49
7.84 0.7547 12.29 2.002 19.36 4321 2999 7.622 47.48 11.61 68.19 15.30 92.25 18.89
Series 7 Crystal
5.13 0.1281 8.28 05286 1292 1.694 2045 4.177 3151 7595 48.00 11.29 68.68 1452 93.26 17.59
5.41 0.1480 8.66 0.6001 13.56 1.891 21.38 4.478 3297 7.982 4981 1159 71.13 1480 9587 17.93
5.67 0.1690 9.07 0.6903 1420 2.076 2232 4.787 3447 8359 5162 1195 73.64 1513 98.65 18.24
5.97 0.1955 949 0.7792 1485 2292 2331 5120 36.07 8.749 5348 1225 76.05 1547 101.35 18.63
6.29 0.2318 9.92 0.8842 1551 2497 2437 5479 37.71 9.155 5549 1256 78.39 15.73
6.60 0.2723 10.35 0.9856 16.24 2.739 2551 5833 39.38 9539 5762 1286 80.75 16.06
6.91 0.3086 10.75 1.083 17.00 2987 26.64 6.161 41.07 9.918 59.71 13.22 83.19 16.36
7.23 0.3601 11.18 1.208 17.78 3.244 2783 6.525 42.76 10.28 6189 1351 85.74 16.68
7.58 0.4131 11.74 1.358 18.66 3.548 29.06 6.899 44.47 10.63 64.13 13.84 88.31 17.01
7.92 0.4628 1232 1.512 1954 3.861 30.21 7.235 46.22 10.99 66.36 14.21 90.82 17.29

It was found that when liquid [Csmim][PF¢] was cooled
from (290 to 300) K at a rate of (0.02 to 0.03) K-s™ it was
supercooled to temperatures well below the temperature
of fusion, eventually forming a glassy state that was stable
at a temperature of 100 K. A spontaneous crystallization
of the supercooled liquid was observed when the glassy
sample was heated to temperatures greater than 213 K.
Thus, to obtain a completely crystalline sample in the
calorimeter, a liquid sample was cooled from (290 to 300)
K to 100 K, then it was heated to (260—262) K and was
held at this temperature for (3—4) h until the spontaneous
evolution of heat due to crystallization had ceased to be
observed. Heat capacity of [C;mim][PFg] in the supercooled
liquid state up to 213 K was measured immediately after

the transition from the glass into the supercooled liquid
(Table 1, series 3). The heat capacity of the supercooled
liquid in a range of temperatures from (238 to 283) K was
measured in two series of experiments (Table 1, series 2
and 5) after preliminary cooling of the liquid down to 278
K (series 2) and 237 K (series 5). Measurements of the heat
capacities for the supercooled liquid at temperatures from
(213 to 238) K were impossible since the heating of the
sample during the calorimetric experiment induced crystal-
lization of the metastable phase. Thus, heat capacities of
the supercooled liquid between (213 and 238) K were
obtained by an interpolation procedure; they are shown in
Figure 1 with a solid line.
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Table 2. Determination of the Molar Enthalpy of Melting
for 1-Butyl-3-methylimidazolium Hexafluorophosphate

Tstar/ K Tend/K Q/J-mol~ta AqHp 3 mol 1
264.01 288.56 28352 19618
264.02 284.98 26894 19602
264.13 289.55 28668 19575
264.01 287.66 27972 19601
263.48 287.25 27993 19610

A, He0=(19601 + 20)°

aQ is the energy needed for heating of the compound from Tstart
to Tena. The enthalpy of melting was calculated from the expression
ApHy0= Q — /1 Cpom(cr) dT — fTe"d Cpm(lig) dT, where
Cpm(cr) and Cp, m(Ilq) Are the molar heat capacntles of crystal and
liquid calculated by the equations Cpm(cr)/(J-K~1-mol~1) = 30.313
+ 1.1456(T/K) and Cpm(lig)/(J-K 1-mol~1) = 304.0 + 8.855 x
107%(T/K) + 8.807 x 10~*4(T/K)2, which were obtained from the
experimental heat capacities in the ranges (232 to 266) K for
crystal and (197 to 310) K for liquid. ® Average value.

Table 3. Results of Fractional-Melting Experiments (f Is
the Melting Fraction at Temperature T)

series 1 series 2
T/IK f T/IK f
282.89 0.2486 282.57 0.1598
283.09 0.3687 283.14 0.3986
283.21 0.5025 283.29 0.6519
283.27 0.6378 283.32 0.7770
283.34 0.9158

The temperature of fusion T, = (283.51 + 0.01) K and
the mole-fraction purity x = (0.9956 + 0.0001) of [C4mim]-
[PF¢] were obtained from fractional melting experiments,
presented in Table 3. The melted fractions f were deter-
mined after subtraction of the regular part of the heat
capacity. The experimental points were fitted in terms of
the van't Hoff equation

RT; 1
T= Tfus - :AfusH?n (l - X)] ? -

(283.51 + 0.01) — (0.1514 + 0.0045) % )

where Ty is the temperature of fusion. The enthalpy of
fusion of [Csmim][PFe]
AqsHr, (283.51 K) = (19.60 £ 0.02) kJ-mol !

was determined in the series of independent single-step
experiments, presented in Table 2. Its estimated uncer-
tainty accounts for just those sources that arise from the
calorimetric measurements, not those from any sample
impurities. In each experiment, the sample was heated
from a temperature difference of (19—20) K below the
melting point to a temperature difference of (1—6) K above
the melting point.

The experimental Cy(T) curve, Figure 1, obtained by
differential scanning calorimetry shows a small anomaly
in the range (394—412) K with a maximum in the peak at
T = 400 K, as shown in the heat flux curve (Figure 1, ref
5) of the companion manuscript. An enthalpy increment
of 0.25 J-g1 (0.071 kJ-mol~?) for this peak was calculated
by integration of the excess heat capacity of the compound
in this temperature range. The observed endothermic
anomaly can probably be attributed to hydrolysis of the
[PF¢] ion by the residual H,O in the sample. Apparently,
only a small quantity of H,O actually reacted, since the
inside walls of the calorimeter were not damaged by
evolving HF. More than 1500 experimental heat capacity

values (with a temperature step of [0.1—0.2] K) for [Csmim]-
[PFg] in the ranges (300 to 394) K and (412 to 550 K) were
fitted by the polynomial

C,/(3-K™*+g™!) = 0.4028 + 4.525 x 10 *(T/K) —
3.561 x 10 §(T/K)? (3)

The maximum deviation of the experimental points from
the smoothed curve was less than 0.6%, and the mean
deviation was 0.22%.

To extrapolate the heat capacities of crystalline and
glassy [Csmim][PF¢] to T < 5 K, the Debye approximation

C,.m = 3RD(®,1T)

was used, where [@Qp[was the Debye characteristic tem-
perature (62.7 K for the crystal and 49.5 K for the glass),
which was obtained from least-squares fits of the experi-
mental heat capacities in the regions (5.13—6.29) K for the
crystal and (5.09—6.47) K for the glass.

Smoothed values of the molar heat capacity and the
derived thermodynamic functions for [Cymim][PFg] in the
condensed state are presented in Table 4 in the range (5—
550 K). The derived thermodynamic functions of the liquid
at 298.15 K were

= (408.7 + 1.6) J-K *mol™*
AL Se =(493.1 4+ 2.2) J-K tmol*
0 m - . .

Ay HS, = (269.4 + 1.2) J-K *-mol !

= (223.7 £ 2.5) J-K *mol .

The temperature corresponding to the mean value of the
heat capacity in the glass transition interval from (180 to
197) K (Figure 1) was taken to be the glass transition
temperature Ty = (190.6 £ 0.1) K. Its estimated uncer-
tainty is that of a single experimental measurement
without considering possible effects of sample aging. The
heat capacity jump at the glass transition

A Cp= A C, = (81.6 + 1.8) J-K *mol *
was determined from the difference between the heat
capacities of the supercooled liquid and glass, when both
are extrapolated to T4. The residual (zero-point) entropy
Sg (g1, T—0) = (14.6 + 3.0) J-K *-mol*
and enthalpy
H: (g1, T—0) =

of the glassy [Csmim][PF¢] were determined from

(10.64 + 0.44) kJ-mol *

Sh(glT—0) =
Ts Cp(glliq) — Cpler) - Ags HR
- [ = a7+ —— @)
HAL(g1,T—0) =
Trus T o
= 1= (Cp(gllig) — Cp(er)) dT' + Agg Hp, (5)

where Cy(gl,liq) is the heat capacity of glass and super-
cooled liquid and Cy(cr) is the heat capacity of the crystal.
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Table 4. Molar Thermodynamic Functions of 1-Butyl-3-methylimidazolium Hexafluorophosphate (R = 8.314 472

J-K-1-mol-1)
TIK Cpm/R Ag HE/RT Ag HE/R @2/R TIK Cpm/R Ag HS/RT Ag HE/R ®:/R
Crystal
5 0.1211 0.02959 0.03909 0.009622 130 21.99 12.63 24.45 11.82
10 0.9005 0.2321 0.3101 0.07794 140 23.23 13.34 26.13 12.78
15 2.335 0.6833 0.9333 0.2500 150 24.50 14.05 27.77 13.73
20 4.010 1.303 1.832 0.5285 160 25.81 14.74 29.39 14.65
25 5.671 2.013 2.907 0.8946 170 27.15 15.43 31.00 15.57
30 7.168 2.750 4.076 1.327 180 28.53 16.12 32.59 16.47
35 8.499 3.478 5.283 1.805 190 29.92 16.81 34.17 17.36
40 9.679 4.181 6.497 2.316 200 31.36 17.50 35.74 18.24
45 10.73 4.851 7.698 2.847 210 32.74 18.19 37.31 19.11
50 11.66 5.486 8.877 3.392 220 34.08 18.89 38.86 19.97
60 13.25 6.651 11.15 4.497 230 35.39 19.58 40.40 20.83
70 14.67 7.697 13.30 5.602 240 36.71 20.26 41.94 21.68
80 15.96 8.650 15.34 6.693 250 38.09 20.95 43.46 22.52
90 17.19 9.531 17.29 7.763 260 39.47 21.63 44.98 23.35
100 18.43 10.36 19.17 8.811 270 (40.85)2 22.32 46.50 24.18
110 19.62 11.15 20.98 9.835 280 (42.22)a 23.01 48.01 25.01
120 20.79 11.90 22.74 10.84 283.51 (42.71)2 23.25 48.54 25.29
Liquid
283.51 48.09 31.56 56.85 25.29 400 56.15 37.60 74.77 37.17
290 48.56 31.94 57.95 26.01 420 57.25 38.51 77.54 39.03
298.15 49.15 32.40 59.30 26.90 440 58.25 39.38 80.23 40.84
300 49.29 32.50 59.61 27.10 460 59.15 40.22 82.84 42.61
310 50.02 33.06 61.23 28.18 480 59.96 41.03 85.37 44.34
320 50.79 33.60 62.84 29.24 500 60.67 41.80 87.83 46.03
340 52.28 34.65 65.96 31.31 520 61.28 42.54 90.23 47.69
360 53.67 35.67 68.99 33.32 540 61.79 43.24 92.55 49.31
380 54.96 36.65 71.92 35.27 550 62.01 43.58 93.68 50.10
Glass
5 0.2341 0.05953 0.07902 0.01948 90 18.53 10.14 18.77 8.628
10 1.314 0.3838 0.5272 0.1435 100 19.97 11.05 20.80 9.745
15 2.880 0.9492 1.349 0.3999 110 21.40 11.93 22.77 10.84
20 4,535 1.638 2.404 0.7655 120 22.74 12.77 24.69 11.91
25 6.161 2.383 3.594 1.211 130 24.06 13.59 26.56 12.97
30 7.626 3.137 4.849 1.712 140 25.38 14.39 28.39 14.01
35 8.938 3.874 6.125 2.251 150 26.72 15.16 30.19 15.02
40 10.09 4581 7.395 2.815 160 28.09 15.93 31.96 16.03
45 11.12 5.250 8.644 3.393 170 29.55 16.69 33.70 17.02
50 12.10 5.886 9.866 3.980 180 31.04 17.44 35.43 17.99
60 13.90 7.074 12.23 5.159 190 32.53 18.20 37.15 18.95
70 15.54 8.167 14.50 6.333 190.6 32.62 18.24 37.26 19.01
80 17.06 0.185 16.68 7.491
Supercooled liquid
190.6 42.44 18.24 37.26 19.01 250 45.84 24.38 49.19 24.81
200 42.93 19.39 39.31 19.92 260 46.49 25.22 51.00 25.78
210 43.47 20.53 41.42 20.89 270 47.16 26.02 52.77 26.75
220 (44.03) 21.58 43.45 21.87 280 47.85 26.79 54.50 27.71
230 (44.61)° 22.57 45.42 22.85 283.51 48.09 27.05 55.09 28.05
240 45.22 23.50 47.33 23.83

a Extrapolated values. ° Interpolated values.

Table 5. Density of Liquid 1-Butyl-3-methylimidazolium
Hexafluorophosphate

TIK plg-cm—3 T/IK plg-cm—3
298.23 1.36595 322.33 1.34602
302.89 1.36205 327.16 1.34202
307.90 1.35794 344.23 1.32803
312.67 1.35399 348.93 1.32435
317.58 1.34992 353.47 1.32069

The experimental values of the density of liquid [C;mim]-
[PF¢] (Table 5) were fitted by a simple polynomial

d/(g-cm ) = 1.36603 — 8.346 x 10 *(T/K — 298.15) +
2.61 x 10 /(T/K — 298.15)* (6)

The densities of liquid [C;mim][PFs] are compared, in
Figure 2, with previously reported densities.’’~1° Though
our results differ systematically from published measure-
ments by amounts that exceed our uncertainty, the present

data fall in the midrange between the published data
shown in Figure 2. Broadly speaking, they are 0.6% less
than those by Suarez et al.?® and 0.4% larger than those
by Gu and Brennecke.” The densities reported by Dzyuba
and Bartsch'® do not follow the same trend as the other
three data sets and deviate from this work by an amount
from (—0.1 to 0.3)%. The observed differences could be
attributed to varying levels of impurities, primarily H,O
and ClI—, that were present in the samples used in this work
and the published studies. Unfortunately, finding a trend
has been hindered because not all authors report an
analysis of impurities in their samples. However, Gu and
Brennecke did report impurities of 3 ppm (mass) Cl- and
0.0015 mass fraction H,O (~0.023 mol fraction) in their
sample. While this report of impurities is consistent with
the observation that their densities are about 0.4% lower
than this work, a systematic study at different concentra-
tions would be helpful to establish this as fact.
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Figure 2. Temperature dependence of density of [Csmim][PFe]:
+, Suarez et al.;'° ®, Gu and Brennecke;!” &, Dzyuba et al.;18 O,
this work.
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Figure 3. Temperature dependence of the thermal expansion
coefficient for low molecular mass organic liquids and [Csmim]-
[PFe]: O, [Camim][PFg], this work; @, [Csmim][PFe];1” A, octade-
cane;?° O, butylbenzene;2° a, cyclohexyl butyrate;?! x, 1-methyl
imidazole;'” W, diethyl phthalate;?2 4, bromobenzene;2324 &,
tetrachloroethene.?®

Discussion

In the following discussion, we compare the thermody-
namic properties of [Csmim][PFs] with those of molecular
liquids of similar molecular mass and also with ionic
crystals.

Density of Liquid [Camim][PFg]. The reported density
of liquid [Csmim][PFg] is much higher than that of ordinary
organic liquids that do not hydrogen bond or contain heavy
atoms (ClI, Br, I, etc.) in the molecules. The behavior of the
thermal expansion coefficient

w=3 (Y
PV \oT)p

for liquid [Csmim][PF¢] differs significantly from that of
ordinary organic liquids, as shown in Figure 3. Values of
o, for [Camim][PFs] decrease slightly (approximately 1%)

with temperature in the range from (298 to 353) K. Other
liquids in the comparison, except 1-methyl imidazole, show
values of a, that increase with temperature by approxi-
mately 10% over the investigated temperature range.

Thermodynamic Parameters of Fusion and the
Glass Transition of [Csmim][PFg]. Table 6 presents a
comparison of key thermodynamic parameters of both the
fusion and the glass transition for a series of organic liquid
substances with comparable molecular mass and [Csmim]-
[PFe]. From these comparisons, we may conclude that:

1. The ratio of the temperature of fusion to the temper-
ature of the glass transition Tgs/Tg, entropy of fusion AgsS°,
and residual entropy Sy, (T—0) [Camim][PF¢] are compa-
rable to those for the organic substances.

2. The ratio S°(T—0)/AqsS° for [Csmim][PF¢] (0.21) is
anomalously low. It is 30% smaller than an average value
for the molecular substances (0.30) compared in Table 6.
This fact suggests that glassy [Csmim][PFe¢] is more ordered
than the molecular glasses in the comparison.

3. The jump in absolute heat capacity at the glass
transition Aé, Cy(Ty) has a normal value when compared
with the organic liquids. However, the relative jump in heat
capacity given by

AG Cy(Ty)
C,al.T,)

has a value of 0.30 for [Csmim][PF¢], which is significantly
lower (between 38% and 66%) than the analogous values
(ranging from 0.48 to 0.88) for the molecular substances.

At temperatures where the glassy state exists, the D
parameter3 that characterizes the fragility of liquid can
be calculated with

D = {(T,/T,) — 1}/0.0255 = 14.8

where Tp, = 138.5 K is the Kauzmann temperature, at
which the configurational entropy of liquid is equal to zero.
The value of Tp was obtained from an analysis of the
temperature dependence of the configurational entropy
Scontig OF liquid [Csmim][PFg], which was calculated with
the relationship

T {Cp(1) —Cycn)}
Sconfig(T) = ApsS + Trs % T
where Cy(l) is the heat capacity of the liquid and Cpy(cr) is
that of the crystal. The heat capacity of the liquid below
Ty was extrapolated based on the experimental heat
capacities of liquid [Csmim][PF¢] in the temperature range
from (197 to 310) K. It was noted that [Csmim][PF¢] falls
somewhere in the middle of Angell’s classification scheme.3*

Heat Capacities of Crystalline and Liquid [C;mim]-
[PF¢]. We compared specific heat capacities of crystalline
and liquid [Ciamim][PF¢] with those of some molecular
crystals and liquids. The results are shown in Figure 4.
The specific heat capacity and its temperature dependence
for [Csmim][PFg] differ significantly from those for the
molecular liquids. In the temperature range from (50 to
380) K, the specific heat capacity of all the molecular
liquids considered is larger than that of [Cimim][PF¢],
although the C, = f(T) curves for these substances have
quite different shapes.

The feature that distinguishes crystalline [Csmim][PFg]
is that its specific heat capacity below 50 K decreases at a
rate considerably slower than that for the specific heat
capacities of the molecular crystals (Figure 4). A possible
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Table 6. Thermodynamic Parameters of Fusion and Glass Transition for Some Molecular Organic Compounds and

[C4Mim] [P Fe]

Thus ArusS Ty T, Ay Ce(Ty) Ay Ce(Ty) S°(T —0) S°(T —0)
compound [ref] K J-K~1t-mol-1 K Ttus J-K~t-mol-1 Ce(gl, Tg) J-K~1-mol—1 J-K~1-mol—1

2-methylpentane [26] 119.6 52.4 78.9 0.66 67.4 0.88 17.7 0.34
3-bromopentane [27] 167.3 50.2 107.4 0.64 76.4 0.78 16.4 0.33
cyclohexyl formate [28] 201.3 52.1 140.0 0.70 87.9 0.84 13.2 0.25
cyclohexyl acetate [28] 224.6 59.2 151.8 0.68 87.1 0.69 16.0 0.27
methyl m-toluate [29] 270.6 63.3 166.5 0.62 78.2 0.57 22.4 0.35
isopropylbenzene [30] 177.1 41.4 126.0  0.71 75.2 0.73 12.0 0.29
cyclohexyl butyrate [28] 219.6 75.5 145.2 0.66 115.2 0.66 22.1 0.29
cyclohexyl valerate [28] 222.4 82.4 145.8 0.66 126.1 0.67 24.9 0.30
dimethyl phthalate [10] 2742 61.8 190.3  0.69 92.2 0.50 16.8 0.27
diethyl phthalate [31] 269.9 66.7 180.8 0.67 115.0 0.53 23.0 0.34
benzophenone [32] 321.0 56.7 218.0 0.68 86.1 0.52

o-terphenyl [33] 329.3 52.2 242.4  0.74 109.2 0.48

mean value 0.68 0.30
[Camim][PFe] 283.5 69.1 190.6 0.67 81.6 0.30 14.6 0.21

{(Gp[X]-Cp) 1 Cp} 1100

10 20 30 40 50
0 50 100 150 200 250 300 350
T/K

Figure 4. Relative deviation (%) of specific heat capacities of
crystals and liquids of some molecular organic substances (Cp[X])
from specific heat capacities of crystalline and liquid [Csamim][PFe]
(Cp). O, [Camim][PF¢], this work; A, octadecane;® O, butyl ben-
zene;3% A, cyclohexyl butyrate;2® W, diethylphthalate;3! vertical
lines designate the temperatures of fusion of corresponding
substances.

explanation for this anomaly is related to the relatively low
characteristic Debye temperature (6p = 62.7 K) for [Cymim]-
[PF¢]. The quantity 6p depends on mechanical properties
of the crystal and provides some evidence of relatively low
packing density of ions in its lattice. Though crystalline
cyclohexyl butyrate?8 has a close, but slightly higher, Debye
temperature (0p = 71.3 K), the temperature dependence
of its specific heat capacity differs significantly from that
for [Camim][PFe].

A second possible explanation of this anomaly is that,
at temperatures below 40 K, the electronic contribution to
the specific heat capacity may be unusually large when
compared with the lattice contribution.

In a second comparison, shown in Figure 5, we compare
the specific heat capacities of crystalline [Csmim][PF¢] with
those of ionic crystals, specifically hydroxylammonium
salts.3” It is clear that, at temperatures below 50 K, the
rate of decrease of the specific heat capacity of [C4mim]-
[PFg] is considerably smaller than that of the ionic crystals.
This could be explained by an unusually large electronic

{(C,IX]-C;)/ C,} 100

0 50 100 150

T/K

Figure 5. Relative deviation (%) of specific heat capacities of the
crystals of hydroxylammonium salts (Cp[X])3” from specific heat
capacity of crystalline [Camim][PFg]: O, [Camim][PFg], this work;
‘, (NHon)'Hcl; Q, (NHzOH)z'HzSO4; A, (NHon)3'H3PO4.

200 250

contribution to the heat capacity of [Csmim][PF¢] at tem-
peratures below 40 K. Published work on the ionic crystal
pyridinium hexafluorophosphate® ([PyH][PF¢]), which is
similar in structure to [C;mim][PF;], shows that its specific
heat capacity (T < 40 K) decreases at an even slower rate
(Figure 6).

The anomalous thermal behavior of [Cymim][PFg] below
50 K would lead to relatively large errors in an extrapola-
tion of C, from temperatures near 100 K to 0 K. Such
extrapolations are often done by using a comparative
method, in this case by using molecular compounds for
comparison. Before the measurements (T < 100 K) reported
here were completed, we extrapolated® the heat capacity
of the [Csmim][PFg] crystal by using published data for
pentadecanolactonel® (PDL) as a guide, to give an estimate
for the entropy at 100 K of

(S%oo(Cr) — SECr))estim = 139 J. K *:mol ™!
a value that is 13% lower than our present recommendation

(S300(Cr) = S§(Cr))exp = 159.4 J.K™*+mol
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{(C,IX]-C,)/Cp} 100
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Figure 6. Relative deviations (%) of specific heat capacity of the
crystal of pyridinium hexafluorophosphate®® (Cy[X]) from specific
heat capacity of crystalline [Csmim][PFg]. O, [Csamim][PF¢]; @,
[PyH][PFe].
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Figure 7. Relative deviation (%) of specific heat capacities of low
molecular mass glasses (Cp[X]) from C, of glassy [Csamim][PFe]:
O, [Camim][PFg], this work; a, cyclohexyl butyrate;2® W, diethyl
phthalate.3!

In the earlier work, we used estimated entropies at 25
°C and applied a thermodynamic relationship for ideal
gases to estimate a value for the vapor pressure at this
temperature. When we use the new value for A,,S°(298.15
K) =175.3 J-K1-mol~, and a new value A,,p,H°(298.15 K)
= 145 kJ-mol~? reported by Morrow and Maginn,3® ob-
tained by a molecular dynamics simulation, we obtain Pgyt
~ 10711 Pa at a temperature of 298.15 K.

Heat Capacity of Glassy [Csamim][PFs]. The specific
heat capacities of glassy [Csmim][PF¢], diethyl phthalate3!
and cyclohexyl butyrate?® are compared in Figure 7. It was
no surprise that the observed trend is the same as that of
the crystalline substances. The specific heat capacity of
glassy [Csamim][PF¢] decreases at a rate considerably slower

90-T .
80 .
70 .
60 .
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30

20

{(Cplgll - Cpler]) / Cpler] } -100

_10 1 1 1 1 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180 200
T/K
Figure 8. Relative difference of the heat capacities of glass Cp-
[gl] and crystal Cp[cr]: O, [Camim][PF¢], this work; a, cyclohexyl
butyrate,?® B, diethyl phthalate.3! Data below T4 are shown.

than that of the molecular substances at temperatures
below 50 K. In Figure 8, we compare the differences of heat
capacities of glass and the crystal, given by

Cy(gl) — Cy(cr) 100 (%)
Cp(cr)
which shows a similar behavior at temperatures as low as
20 K, but a divergence below this temperature. At tem-
peratures T < 20 K, the specific heat capacity for glassy
[Camim][PFs] decreases with temperature at a rate much
slower than that of its crystalline form.

In summary, the salient features of thermodynamic
properties of [C;mim][PFg] are

1. Compared to molecular substances, smaller specific
heat capacity of crystal, glass, and liquid at temperatures
above 50 K.

2. Anomalously slow decrease with temperature of the
specific heat capacity of crystalline and glassy [Camim][PF¢]
in a range below 50 K.
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