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Heat capacities of 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [C6mim][NTf2] have been
measured with a new adiabatic calorimeter in a range of temperatures of (5 to 370) K. The substance was found
to form glass withTg ) 184.3 K and∆gl

l Cs,m ) (170.7( 2.8) J‚K-1‚mol-1. At different modes of crystallization
[C6mim][NTf2] forms at least three crystals, the heat capacities of which differ up to 2 % in thetemperature
range of (220 to 250) K but coincide within 0.1 % in the temperature range of (80 to 220) K. Triple-point
temperature for all the crystals isT0 ) (272.03( 0.01) K, but the enthalpies of fusion are somewhat different.
Thermodynamic properties for [C6mim][NTf2] are calculated based on the obtained data.

Introduction

Recently a number of publications dealing with properties
of room temperature ionic liquids (IL) has been growing
exponentially because of unique properties of ILs for chemistry
and chemical technology.1 Earlier we found that ability of
1-alkyl-3-methylimidazolium bromides to crystallize and vitrify
strongly depend on the length of the alkyl chain.2 An anomaly
was reported for [C2mim]Br atT ) 13 K.2 Specific heat capacity
for [C4mim][PF6] in the range ofT < 30 K should also be
considered as anomalously high as compared with most mo-
lecular organic crystals.3 During heat capacity measurements
for [C6mim][NTf2] in the condensed state, it was found that
this compound forms different crystal phases in a range of
temperatures of (220 to 260) K.

According to IACT/IUPAC Project 2002-005-1-100, [C6mim]-
[NTf2] is assumed to be a reference compound for physico-
chemical properties of ILs.4 Therefore, in this work particular
attention has been given to calibration and checking of an
adiabatic calorimeter.

Experimental Section

A sample of [C6mim][NTf2] was synthesized by Dr. Mark
Muldoon from the University of Notre Dame. Purity of the
sample was determined from1H and19F spectroscopy to be>
99.5 %. Water content of 5 ppm was found by the Fisher
titration.

Heat capacities in the condensed state in a range of temper-
atures from (5 to 370) K and enthalpy of fusion for [C6mim]-
[NTf2] were measured in a TAU-10 vacuum adiabatic calorim-
eter (Termis, Moscow).5,6 A scheme of the calorimetric unit of
the calorimeter is presented in Figure 1.

A sample was loaded into a container. The container was a
thin-walled titanium cylinder with internal volume of≈ 1 cm3.
A titanium cap of the container was sealed with an indium
O-ring and fixed with a brass gasket. The container was exposed
to vacuum of≈ 3 Pa for 0.5 h and then filled with helium gas
to the pressure of 5 kPa at 290 K. The container was slid into
a heating tube suspended with nylon threads inside a copper
adiabatic shield. The heater was made of 0.06 mm manganin

wire wound on the tube and coated with 0.03 mm copper foil.
Temperature was measured with a Fe/Rh resistance thermometer
(R0 ) 50 Ω) calibrated on ITS-90 by VNIIFTRI (Moscow).
The thermometer was located on an inner surface of the adiabatic
shield. The temperature difference between the tube and the
shield was measured with a differential thermocouple (Cu+
0.1 % Fe)/chromel. Eleven junctions of the thermocouple are
sited on the copper foil of the heating tube, and the other 12
are sited on the lower part of the inner surface of the shield.

* Corresponding author. Fax: +375-17-2203-916; E-mail:
shevelyova_marina@yahoo.com or kabo@bsu.by.

Figure 1. Scheme of a TAU-10 calorimeter: 1, charcoal getter; 2, vacuum
jacket; 3, removable shield lid; 4, adiabatic shield; 5, sample container; 6,
main heater of the adiabatic shield; 7, Fe/Rh resistance thermometer; 8,
heating tube; 9, nylon threads; 10, gradient heater of the adiabatic shield;
11, copper plug (vacuum tight); 12, 11-12-junction differential thermo-
couple (Cu+ 0.1 % Fe)/chromel; 13, heater of the tube; 14, gradient 3-4-
junction differential thermocouple (Cu+ 0.1 % Fe)/chromel.
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Adiabatic conditions are maintained to within( e(1‚10-3) K
with the software applying proportional integral temperature
adjustment.

Thermal anchors for electric wires were placed on the top of
the shield. When the temperature difference between the shield
and a cooling bath was high, these wires (together with a tube
carrying the shield) cause a temperature gradient along the
shield. This may lead to additional errors in measurements. To
control this gradient, an additional 3-4-junction thermocouple
between the middle and the upper parts of the shield was
applied. The temperature gradient was adjusted to zero with an
additional gradient heater.

To control the calorimeter and acquire the data, an AK-6.25
device7 was used. A “Heat” software program6 was applied for
interaction of the device with a computer. Two modes of heat
capacity measurements were possible: a constant-temperature
mode and a constant-heat mode. Both the modes can be applied
in measurements of normal heat capacity of a sample, but in
the phase-transition range where low-temperature increments
correspond to high heat inputs the second mode was used.

Heating periods of calorimetric experiments for determination
of normal heat capacity were of (60 to 150) s atT ) (5 to 40)
K, (200 to 250) s atT ) (40 to 80) K, and 400 s atT > 80 K.
Thermal relaxation time was within (80 to 160) s atT < 80 K

andg 200 s over the remaining temperature range. The periods
for drift measurement were (200 to 250) s atT < 80 K andg
300 s atT > 80 K. A temperature step of the measurements
wasg 1/10T at T < 40 K andg 2.5 K atT > 40 K.

The reliability of the calorimeter was checked in measure-
ments for reference corundum (VNIIM, St.-Petersburg, Russia)
in a range of temperatures (80 to 370) K, high-purity copper
(mass fractiong 0.99995) in a range of temperatures (6 to 370)
K, and benzoic acid (K-1 grade, mass fractiong 0.99995) in a
range of temperatures of (5 to 370) K. These substances were
recommended as reference materials for adiabatic calorimetry
by Sabbah et al.8 in the temperature ranges of (10 to 500) K, (1
to 300) K, and (10 to 350) K, respectively. Masses of the
samples and ratiosCp(sample)/Cp(sample+ cell) at several

Table 1. Sample Masses (ms) Used in Calorimetric Measurements
and Contributions of Sample Heat Capacity to the Measured Total
(Sample+ Cell) Heat Capacity [(Cp,sample/Csum)‚100] % at Selected
Temperatures

ms [(Cp,sample/Csum)‚100] %

compound g T ≈ 10 K T ≈ 50 K T ≈ 100 K T ≈ 300 K

corundum 1.9042 24 52
copper 7.6144 46 71 71 68
benzoic acid 0.8689a 36 43

0.8060b 70 49
[C6mim][NTf2] 1.1769c 84 55 44 55

0.6579d 31 40

a Measurements in the temperature range (80 to 370) K (series 1 and 2,
Table S3).b Measurements in the temperature range (5 to 78) K (series 3,
Table S3).c Measurements in the temperature range (5 to 370) K (series 1
to 11, Table 2).d Measurements in the temperature range (80 to 370) K
(series 12 to 25, Table 2).

Figure 2. Experimental heat capacities of selected reference materials: 1,
benzoic acid; 2, copper; 3, corundum (R-Al 2O3).

Figure 3. Percentage deviations of the heat capacities (Cp) of corundum
from the standard values (Cp[standard]) recommended by Ditmars et al.:11

b, this work;O, recommended by Furukawa et al.;12 4, Andrews et al.;13

], recommended by Sabbah et al.8

Figure 4. Percentage deviations of the heat capacities (Cp) of copper in
the temperature range of (6 to 70) K from the standard values (Cp[standard])
recommended by Sabbah et al.:8 b, this work;O, recommended by White
and Collocott;9 ], Stevens and Boerio-Coates.14
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temperatures are presented in Table 1. Experimental heat
capacities of corundum, copper, and benzoic acid are shown in
Tables S1 to S3 (in the Supporting Information) and in Figure
2. The rms deviations of experimental points from the smoothing
polynomial curves do not exceed 0.1 % atT > 20 K and 0.3 %
at lower temperatures.

Our results are compared with the literature values in Figures
3 to 7. The obtained results allow us to assume that relative
error in heat capacity measurements with the calorimeter does
not exceed( 0.4 % in the main temperature range of (20 to
370) K and( 1 % in the range of (10 to 20) K. Heat capacities
of copper obtained in this work in the interval (6 to 10) K differ

from those recommended by Sabbah et al.8 and White and
Collocott9 by < 1.2 %. The experimental values ofCp for
benzoic acid in the temperature range of (5 to 10) K agree with
those recommended by Rubkin et al.10 within 2 %. Hence we
conclude that the relative uncertainty of heat capacity measure-
ments in the calorimeter does not exceed( 2 % atT < 10 K.

Results and Discussion

Experimental heat capacities for [C6mim][NTf2] in the
condensed state in the range of temperatures of (5 to 370) K
are given in Table 2 and in Figure 8. In Figure 8, heat capacities
for the crystal are represented by the values for theâ crystal
from series 4 and 10. Two samples were used in the measure-

Figure 5. Percentage deviations of the heat capacities (Cp) of copper in
the temperature range of (70 to 370) K from the standard values
(Cp[standard]) recommended by Sabbah et al.8 for the temperature range
(70 to 300) K and by White and Collocott9 for the temperature range (300
to 370) K: b, this work; O, recommended by White and Collocott;9 ],
Stevens and Boerio-Coates.14

Figure 6. Percentage deviations of the heat capacities (Cp) of benzoic acid
in the temperature range (10 to 70) K from the standard values (Cp[standard])
recommended by Sabbah et al.:8 b, this work;O, recommended by Rybkin
et al.;10 ], Kobashi et al.;15 4, Tatsumi et al.16

Figure 7. Percentage deviations of the heat capacities (Cp) of benzoic acid
in the temperature range (70 to 350) K from the standard values
(Cp[standard]) recommended by Sabbah et al.:8 b, this work; O, recom-
mended by Rybkin et al.;10 ], Kobashi et al.;15 4, Tatsumi et al.16

Figure 8. Experimental heat capacities of [C6mim][NTf2] in the glassy,
crystal and liquid states at vapor-saturation pressure:], glass and
supercooled liquid (atT < Tfus); [, liquid (atT > Tfus); O, crystalâ (series
4 and 10);Tg is the glass transition temperature;Tfus is the triple point
temperature.
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Table 2. Experimental Molar Heat Capacities of [C6mim][NTf 2] in the Condensed State at Vapor-Saturation Pressure (R ) 8.314472
J‚K-1‚mol-1)

〈T〉 Cs,m
a 〈T〉 Cs,m

a 〈T〉 Cs,m
a 〈T〉 Cs,m

a 〈T〉 Cs,m
a 〈T〉 Cs,m

a 〈T〉 Cs,m
a

K R K R K R K R K R K R K R

series 1 261.29 57.57 152.23 37.87 294.50 75.39 252.84 72.41 54.55 18.73 67.335 22.09
glass 263.39 58.14 154.28 38.22 296.43 75.57 254.76 72.54 55.98 19.09 69.521 22.64

78.73 24.95 265.47 58.87 156.32 38.58 298.37 75.72 256.68 72.68 57.39 19.47 71.671 23.19
80.97 25.44 267.50 62.74 158.35 38.93 series 5 258.60 72.80 58.81 19.85 73.717 23.71
83.05 25.91 269.24 93.54 160.39 39.30 supercooled liquid series 7 60.24 20.23 75.691 24.15
85.15 26.37 liquid 162.43 39.65 250.85 72.26 supercooled liquid 61.70 20.59 77.697 24.66
87.25 26.85 273.07 77.50 164.46 40.02 252.87 72.40 232.78 71.13 63.19 20.92 79.750 25.14
89.37 27.33 274.91 73.94 166.50 40.37 254.79 72.55 234.71 71.24 64.74 21.30 81.810 25.61
91.49 27.81 276.78 74.08 168.53 40.74 256.71 72.66 236.56 71.36 66.33 21.66 83.863 26.09
93.63 28.30 series 3 170.56 41.10 258.63 72.78 238.40 71.46 67.96 22.03 series 12
95.78 28.78 crystalâ 172.58 41.47 260.55 72.91 240.25 71.60 69.60 22.39 supercooled liquid
97.93 29.27 201.65 46.83 174.61 41.83 262.48 73.05 242.09 71.70 71.20 22.75 194.39 69.11
100.09 29.75 203.97 47.27 176.64 42.20 264.40 73.19 series 8 72.74 23.12 196.16 69.21
102.25 30.23 206.28 47.72 178.66 42.55 266.32 73.29 supercooled liquid 74.22 23.45 197.85 69.30
104.42 30.72 208.59 48.16 180.68 42.93 268.25 73.45 223.68 70.61 75.68 23.77 199.54 69.38
106.60 31.19 210.89 48.60 182.69 43.30 270.17 73.58 225.60 70.73 77.19 24.10 201.23 69.46
108.78 31.67 213.18 49.04 184.71 43.67 liquid series 9 78.72 24.45 202.93 69.57
110.97 32.13 215.48 49.49 186.72 44.04 272.10 73.70 supercooled liquid 80.25 24.77 204.63 69.64
113.16 32.61 217.77 49.94 188.73 44.41 274.84 73.93 214.71 70.12 82.03 25.14 206.33 69.79
115.36 33.08 220.06 50.39 190.73 44.78 276.85 74.09 216.63 70.23 84.08 25.58 208.03 69.97
117.55 33.55 222.33 50.81 192.73 45.15 278.78 74.23 218.45 70.34 series 11 series 13
119.75 34.01 224.61 51.25 194.73 45.52 280.71 74.35 220.28 70.46 glass crystalγ, partly
121.95 34.48 226.88 51.70 196.73 45.91 282.65 74.50 series 10 5.165 0.4358 amorphous
124.15 34.92 229.15 52.13 198.72 46.29 284.58 74.64 crystalâ 5.397 0.4945 78.42 24.31
126.36 35.38 231.41 52.59 200.71 46.66 286.52 74.78 5.101 0.3013 5.712 0.5762 80.58 24.73
128.56 35.85 233.66 52.99 202.73 47.07 288.45 74.95 5.301 0.3456 6.034 0.6643 82.51 25.11
130.76 36.30 235.91 53.36 204.79 47.46 290.39 75.08 5.506 0.3948 6.399 0.7644 84.43 25.52

series 2 238.15 53.75 206.85 47.84 292.32 75.23 5.715 0.4459 6.801 0.8869 86.36 25.89
glass 240.39 54.11 208.90 48.26 294.26 75.37 5.929 0.4984 7.204 1.021 88.29 26.29

125.90 35.28 242.63 54.47 210.95 48.63 296.20 75.54 6.173 0.5633 7.609 1.155 90.23 26.70
128.01 35.71 244.86 54.82 213.00 49.02 298.14 75.66 6.346 0.6124 8.018 1.299 92.16 27.09
129.99 36.12 247.09 55.16 215.04 49.41 300.08 75.79 6.637 0.6989 8.429 1.451 94.10 27.47
131.98 36.54 249.32 55.48 217.08 49.81 302.02 76.00 7.032 0.8290 8.841 1.608 96.05 27.85
133.96 36.95 251.54 55.81 219.11 50.20 303.96 76.13 7.429 0.9607 9.254 1.770 98.00 28.23
135.94 37.35 253.84 56.15 221.14 50.58 305.90 76.23 7.829 1.104 9.668 1.937 99.94 28.61
137.93 37.76 256.16 56.56 223.18 50.96 307.84 76.41 8.233 1.255 10.083 2.106 101.90 28.96
139.91 38.17 258.38 57.04 225.20 51.36 309.78 76.55 8.638 1.412 10.607 2.329 103.85 29.34
141.89 38.57 series 4 227.23 51.75 311.72 76.71 9.045 1.577 11.242 2.603 105.81 29.71
143.87 38.98 crystalâ 229.25 52.16 313.66 76.87 9.455 1.749 11.849 2.872 107.77 30.07
145.85 39.38 78.30 24.42 231.27 52.55 315.61 77.06 9.869 1.922 12.291 3.072 109.74 30.43
147.83 39.80 80.32 24.81 233.28 52.92 317.56 77.17 10.39 2.151 12.931 3.358 111.70 30.80
149.81 40.20 82.21 25.18 235.29 53.29 319.50 77.33 11.02 2.429 13.573 3.642 113.67 31.16
151.79 40.61 84.10 25.56 237.29 53.61 321.45 77.46 11.65 2.717 14.222 3.944 115.64 31.52
153.76 41.02 86.01 25.93 239.31 53.91 323.39 77.64 12.29 3.012 14.875 4.266 117.61 31.87
155.74 41.44 87.92 26.32 241.31 54.24 325.33 77.76 12.93 3.308 15.641 4.629 119.58 32.24
157.72 41.84 89.85 26.70 243.31 54.55 327.28 77.93 13.57 3.607 16.523 5.061 121.56 32.59
159.70 42.27 91.79 27.08 245.30 54.86 329.22 78.10 14.23 3.914 17.411 5.473 123.54 32.91
161.67 42.72 93.73 27.46 247.29 55.16 331.17 78.24 14.89 4.225 18.299 5.877 125.52 33.27
163.63 43.13 95.69 27.85 249.28 55.44 333.11 78.36 15.66 4.605 19.187 6.282 127.50 33.63
165.60 43.57 97.65 28.22 251.27 55.76 335.06 78.53 16.54 5.037 20.076 6.687 129.48 33.98
167.57 44.02 99.62 28.61 253.26 56.09 337.01 78.69 17.43 5.444 21.275 7.232 131.47 34.32
169.53 44.48 101.60 28.98 255.24 56.44 338.96 78.86 18.31 5.849 22.772 7.903 133.46 34.68
171.49 44.97 103.58 29.34 257.22 56.79 340.91 79.01 19.20 6.248 24.271 8.570 135.45 35.02
173.45 45.49 105.57 29.70 259.20 57.18 342.86 79.16 20.09 6.652 25.766 9.208 137.44 35.37
175.41 46.05 107.56 30.08 261.17 57.65 344.81 79.30 21.29 7.181 27.269 9.818 139.43 35.73
177.36 46.77 109.57 30.44 263.13 58.09 346.77 79.47 22.79 7.851 28.785 10.42 141.43 36.07
179.30 47.60 111.58 30.80 265.09 58.69 348.73 79.62 24.29 8.509 30.296 11.03 143.43 36.43
181.23 48.91 113.59 31.16 268.15 83.95 350.69 79.80 25.79 9.143 31.803 11.62 145.42 36.78
183.12 51.49 115.60 31.51 liquid 352.64 79.96 27.29 9.753 33.307 12.17 147.42 37.13
184.88 59.88 117.62 31.86 274.24 73.87 354.60 80.11 28.81 10.37 34.809 12.69 149.42 37.48
186.45 68.84 119.64 32.21 277.08 74.11 356.56 80.28 30.32 10.96 36.313 13.21 151.42 37.84

liquid 121.66 32.58 279.01 74.28 358.51 80.44 31.83 11.54 37.820 13.71 153.42 38.19
188.06 68.80 123.69 32.94 280.94 74.40 360.47 80.60 33.34 12.09 39.332 14.21 155.42 38.55
189.67 68.87 125.72 33.28 282.88 74.53 362.43 80.77 34.84 12.63 41.115 14.78 157.43 38.91
191.28 68.93 127.75 33.64 284.82 74.67 364.38 80.91 36.34 13.14 43.177 15.43 159.43 39.26
192.89 69.01 129.78 33.99 286.75 74.79 366.34 81.08 37.85 13.65 45.256 16.07 161.44 39.62
194.51 69.11 131.82 34.34 288.69 74.96 368.29 81.23 39.36 14.16 47.350 16.70 163.44 39.98
196.13 69.18 133.85 34.69 290.62 75.09 series 6 40.88 14.64 49.427 17.31 165.45 40.35
197.75 69.26 135.89 35.04 292.56 75.24 supercooled liquid 42.41 15.11 51.466 17.91 167.46 40.71
199.37 69.33 137.93 35.39 294.50 75.39 239.34 71.50 43.95 15.61 53.458 18.48 169.47 41.07
201.12 69.43 139.97 35.73 296.43 75.57 241.35 71.64 45.51 16.09 55.405 19.05 171.48 41.44
203.00 69.55 142.02 36.09 298.37 75.72 243.26 71.77 47.06 16.56 57.318 19.59 173.49 41.82

crystalâ 144.06 36.44 286.75 74.79 245.18 71.89 48.60 17.03 59.224 20.08 175.51 42.20
254.94 56.25 146.11 36.80 288.69 74.96 247.09 72.04 50.13 17.45 61.152 20.56 177.52 42.57
257.07 56.67 148.15 37.15 290.62 75.09 249.01 72.15 51.62 17.89 63.133 21.05 179.53 42.95
259.18 57.10 150.19 37.52 292.56 75.24 250.93 72.27 53.10 18.29 65.192 21.57 181.55 43.34
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Table 2. (Continued)

〈T〉 Cs,m
a 〈T〉 Cs,m

a 〈T〉 Cs,m
a 〈T〉 Cs,m

a 〈T〉 Cs,m
a 〈T〉 Cs,m

a 〈T〉 Cs,m
a

K R K R K R K R K R K R K R

183.56 43.73 141.39 36.00 liquid 158.84 39.02 262.85 58.33 242.55 53.88 253.35 56.85
185.58 44.10 143.17 36.30 272.04 73.71 160.74 39.36 264.91 59.18 244.36 54.14 255.24 57.19
187.59 44.50 144.95 36.61 275.33 73.99 162.64 39.69 266.94 62.12 246.18 54.45 257.14 57.50
189.61 44.90 146.73 36.92 278.62 74.23 164.54 40.02 liquid 247.99 54.76 259.03 57.79
191.62 45.31 148.52 37.23 281.91 74.46 166.44 40.36 273.34 73.79 249.80 55.10 260.92 58.08
193.64 45.73 150.30 37.55 285.19 74.72 168.35 40.69 275.22 73.91 251.60 55.43 262.80 58.46
195.66 46.14 152.09 37.84 288.50 74.94 170.25 41.04 277.14 74.08 253.40 55.79 series 24
197.67 46.56 153.87 38.15 291.79 75.21 172.16 41.37 279.06 74.21 255.21 56.19 crystalR
199.69 46.98 155.66 38.48 295.09 75.46 174.06 41.72 series 18 257.15 56.71 131.44 34.25
201.70 47.46 157.44 38.79 298.38 75.69 175.97 42.06 supercooled liquid 259.28 57.31 133.43 34.60
203.72 47.92 159.23 39.09 301.68 75.93 177.88 42.40 200.44 69.40 261.37 58.00 135.42 34.94
205.73 48.39 161.03 39.42 304.97 76.17 179.78 42.74 202.21 69.53 263.44 58.85 137.41 35.27
207.75 48.80 162.82 39.74 308.26 76.43 181.69 43.11 203.91 69.59 265.47 60.02 139.41 35.63
209.77 49.36 164.61 40.05 311.55 76.70 183.60 43.45 205.60 69.68 series 21 141.40 35.97
211.79 49.91 166.40 40.34 314.84 76.94 185.51 43.80 207.30 69.78 supercooled liquid 143.40 36.33
213.81 50.46 168.19 40.65 318.13 77.20 187.41 44.14 208.99 70.04 204.96 69.62 145.40 36.66
215.83 51.03 169.98 41.00 321.41 77.44 189.32 44.51 series 19 206.75 69.71 147.40 37.00
217.85 51.83 171.78 41.33 324.69 77.68 191.23 44.85 crystalγ 208.56 69.82 149.39 37.36
219.87 52.42 173.57 41.67 327.98 77.97 193.14 45.21 195.46 45.65 210.38 69.94 151.40 37.71
221.89 53.29 175.37 41.98 331.27 78.25 195.05 45.56 197.39 46.00 212.20 70.02 153.41 38.06
223.91 54.29 177.16 42.30 334.56 78.50 196.97 45.92 199.23 46.34 214.02 70.14 155.41 38.42
225.93 55.36 178.96 42.62 337.85 78.79 198.88 46.28 201.07 46.70 series 22 157.42 38.77
227.95 56.31 180.76 42.95 341.19 79.06 200.79 46.65 202.91 47.04 crystalγ 159.43 39.11
229.97 56.72 182.55 43.28 344.49 79.33 202.70 47.04 204.75 47.40 210.42 48.49 161.45 39.46
232.01 56.32 184.35 43.61 347.81 79.62 204.62 47.40 206.59 47.74 212.25 48.80 163.47 39.82
234.05 55.62 186.15 43.94 351.12 79.90 206.54 47.78 208.43 48.09 214.08 49.15 165.48 40.16
236.09 55.16 187.94 44.26 354.43 80.15 208.45 48.14 210.27 48.43 215.91 49.48 167.49 40.53
238.13 55.19 189.74 44.59 357.74 80.45 210.37 48.49 212.10 48.79 217.74 49.86 169.50 40.89
240.17 55.06 191.53 44.92 361.05 80.72 212.29 48.86 213.93 49.15 219.57 50.18 171.51 41.24
242.21 55.20 193.33 45.31 364.36 80.99 214.21 49.22 215.77 49.48 221.39 50.49 173.53 41.61
244.27 55.62 195.13 45.57 367.68 81.28 216.13 49.59 217.60 49.81 223.21 50.83 175.55 41.96
246.37 55.41 196.93 45.96 series 16 218.06 49.96 219.43 50.13 225.04 51.16 177.57 42.34
248.53 51.92 198.73 46.29 crystalâ 219.98 50.31 221.25 50.47 226.86 51.47 179.59 42.70
250.66 52.94 200.52 46.61 78.55 24.45 221.90 50.65 223.08 50.79 228.69 51.77 181.61 43.07
252.68 55.82 202.31 46.98 80.51 24.83 223.83 51.03 224.91 51.09 230.50 52.05 183.62 43.46
254.69 56.18 204.11 47.32 82.33 25.20 225.75 51.43 226.73 51.43 232.31 52.35 185.65 43.81
256.72 56.67 205.91 47.61 84.15 25.57 227.68 51.76 228.55 51.75 234.13 52.60 187.67 44.19
258.74 57.11 207.71 47.99 85.98 25.93 229.61 52.15 230.37 52.02 235.95 52.84 189.69 44.57

series 14 209.51 48.36 87.80 26.29 231.54 52.50 232.19 52.30 237.76 53.07 191.71 44.94
crystalγ 211.31 48.68 89.63 26.66 233.46 52.87 234.01 52.58 239.58 53.35 193.74 45.31

78.29 24.41 213.12 49.00 91.46 27.02 235.39 53.20 235.83 52.82 241.40 53.62 195.77 45.70
80.14 24.78 214.92 49.32 93.30 27.38 237.32 53.51 237.65 53.08 243.21 53.89 197.79 46.09
81.86 25.11 216.73 49.66 95.14 27.74 239.25 53.85 239.46 53.35 245.02 54.15 199.81 46.48
83.57 25.46 218.53 50.01 96.97 28.10 241.18 54.16 241.28 53.61 246.84 54.50 201.84 46.89
85.29 25.80 220.34 50.31 98.82 28.47 243.11 54.44 243.10 53.88 248.64 54.82 203.87 47.25
87.00 26.12 222.15 50.65 100.66 28.82 245.05 54.80 244.91 54.16 250.45 55.16 205.90 47.64
88.72 26.47 223.95 50.96 102.51 29.14 246.98 55.06 246.73 54.48 252.25 55.52 207.93 48.03
90.45 26.83 225.76 51.28 104.36 29.49 248.91 55.32 248.54 54.82 254.05 55.94 209.95 48.42
92.18 27.16 227.57 51.59 106.21 29.83 250.85 55.62 250.35 55.17 255.85 56.39 211.98 48.81
93.91 27.51 229.38 51.92 108.07 30.16 252.78 55.97 252.15 55.52 257.82 56.96 214.01 49.19
95.64 27.85 231.19 52.19 109.93 30.50 254.71 56.31 253.96 55.96 259.92 57.67 216.05 49.57
97.38 28.18 233.00 52.46 111.79 30.84 series 17 series 20 262.01 58.31 218.08 49.98
99.12 28.52 234.81 52.75 113.65 31.17 crystalâ crystalγ 264.07 59.17 220.12 50.34
100.86 28.83 236.62 53.03 115.52 31.50 218.19 49.97 200.44 46.57 series 23 222.16 50.76
102.60 29.16 239.39 53.44 117.38 31.82 220.22 50.36 202.38 46.92 crystalR 224.20 51.17
104.34 29.48 241.28 53.76 119.25 32.15 222.16 50.72 204.22 47.30 212.91 49.00 226.24 51.56
106.09 29.81 243.10 54.03 121.12 32.48 224.09 51.08 206.06 47.66 214.94 49.37 228.28 52.01
107.84 30.14 244.91 54.34 122.99 32.81 226.01 51.46 207.90 48.00 216.88 49.74 230.32 52.41
109.59 30.44 246.72 54.64 124.86 33.12 227.94 51.84 209.73 48.31 218.82 50.12 232.36 52.84
111.34 30.76 248.53 54.95 126.74 33.46 229.86 52.25 211.57 48.64 220.76 50.48 234.40 53.25
113.09 31.08 250.35 55.28 128.61 33.79 231.79 52.58 213.40 49.01 222.70 50.88 236.44 53.64
114.85 31.38 252.16 55.63 130.49 34.12 233.71 52.96 215.24 49.37 224.63 51.26 238.48 54.08
116.61 31.69 253.97 56.04 132.37 34.43 235.63 53.31 217.07 49.74 226.56 51.63 240.53 54.48
118.37 31.99 liquid 134.25 34.75 237.54 53.61 218.90 50.04 228.49 52.02 242.57 54.84
120.13 32.30 274.89 73.97 136.14 35.07 239.46 53.92 220.72 50.40 230.41 52.42 244.61 55.22
121.89 32.62 276.80 74.09 138.03 35.40 241.38 54.20 222.55 50.74 232.33 52.81 246.66 55.59
123.65 32.93 278.72 74.27 139.91 35.73 243.29 54.47 224.37 51.08 234.25 53.19 248.70 55.99
125.42 33.24 280.64 74.39 141.80 36.05 245.20 54.76 226.20 51.40 236.17 53.56 250.75 56.37
127.19 33.54 282.55 74.52 143.69 36.38 247.11 55.09 228.02 51.69 238.09 53.96 252.79 56.73
128.96 33.84 284.47 74.68 145.58 36.70 249.03 55.34 229.84 51.97 240.00 54.33 254.83 57.09
130.73 34.16 286.38 74.76 147.47 37.03 250.94 55.67 231.66 52.28 241.92 54.69 256.88 57.43
132.51 34.47 288.30 74.97 149.36 37.36 252.85 55.96 233.48 52.57 243.83 55.05 258.93 57.78
134.29 34.76 series 15 151.26 37.69 254.75 56.27 235.29 52.85 245.74 55.43 260.97 58.20
136.07 35.08 supercooled liquid 153.15 38.02 256.65 56.63 237.11 53.12 247.64 55.80 260.97 58.20
137.84 35.37 266.18 73.30 155.05 38.35 258.65 57.05 238.92 53.38 249.55 56.17 263.01 58.82
139.62 35.67 268.75 73.50 156.94 38.69 260.76 57.64 240.74 53.61 251.45 56.53 265.04 59.82
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ments, sample 1 of 1.1769 g mass in series 1 to 11, and sample
2 of 0.6579 g mass in series 12 to 25. The history of calorimetric
measurements, procedures for preparation of phases, and tem-
perature ranges of the measurements are shown in Table 3.

Glass, Supercooled Liquid.Liquid [C6mim][NTf2] at cooling
from 300 K with initial rate of (0.02 to 0.03) K‚s-1 can be easily
supercooled and forms a glass phase. Heat capacities of the glass
were measured in series 1, 2, and 11 (Tables 2 and 3). De-
vitrification of the sample occurred in the temperature range of
(173 to 188) K (Figure 8).

Heat capacity of the supercooled liquid (aboveTg) was
measured from the temperatures just above the transition “glass
f supercooled liquid” to the temperatures at which a spontane-
ous crystallization occurred: 204 K for sample 1 (series 2) and
(209 to 210) K for sample 2 (series 12 and 18). At higher
temperatures, the heat capacity of the supercooled liquid was
measured in the experiment carried out just after cooling of the
liquid below Tfus (series 5 to 9, 15, and 21). On supercooling
the liquid to 231 K, the formed metastable phase is stable
enough to perform calorimetric measurements (series 5 to 7 with
repeating cooling-measuring cycles). On cooling the liquid
below 225 K (but above the glass transirion range), crystalliza-
tion of the supercooled phase occurs only after a time long
enough to carry out two to six calorimetric experiments for heat
capacity measurements (series 8, 9, and 21). Such a feature in
the thermal behavior of supercooled [C6mim][NTf2] allowed
us to measure its heat capacity almost all over the range (Tg to
Tfus) (excluding the small temperature range of (226 to 233)
K).

The temperature corresponding to the average heat capacity
of the substance in the glass transition range was assumed to
be the glass transition temperature:

The heat capacity jump at the transition “glassf supercooled
liquid” was determined as the heat capacity difference between
the supercooled liquid and the glass atTg:

Cs,m(gl; Tg) andCs,m(sup.liq; Tg) values were calculated from
the following equations:

obtained from the experimental heat capacities of the glass in
a range of temperatures of (150 to 171) K and the liquid in a
range of temperatures of (188 to 300) K, respectively.

The residual entropy and the residual enthalpy of the glassy
[C6mim][NTf2]:

were found according to the following equations:

whereCp,m(cr) and∆fusHm
o are heat capacity and enthalpy of

fusion for theR crystal (see below).
Crystal Phases.Three crystal modifications of [C6mim][NTf2]

designated asR, â, andγ (Table 3) were obtained under different
thermal conditions of crystallization. In this sequence, the heat
capacities of the crystals above 240 K decrease (Figure 9).

â Crystal. Initially, in the experiments with sample 1, theâ
crystal was obtained (series 2 to 4). After spontaneous crystal-
lization had occurred at temperatures above 204 K (series 2),
the calorimetric experiments were continued. The temperature
step was≈ 2 K if the phase in the calorimeter was stable. The
heat evolution due to crystallization manifested in high-
temperature trends was finished at 254 K. In the consequent
experiments (series 2), heat capacities of the crystal were
measured, and the crystal was melted.

Based on the results from series 2, the following procedure
was applied to obtain the crystal [C6mim][NTf2]. After the
crystallization had begun, the calorimeter with the sample was
slowly heated (average rate of 5 mK‚s-1) to T ) 255 K. This
process is designated as “crystallization of supercooled liquid
in a range of temperatures of (205 to 255) K” (series 3). The
obtained crystal was kept atT ) (255 to 256) K for 20 h. The
temperature dependence of heat capacity for theâ crystal at
temperatures above 200 K (series 3) was reproduced in a second

Table 2. (Continued)

〈T〉 Cs,m
a 〈T〉 Cs,m

a 〈T〉 Cs,m
a 〈T〉 Cs,m

a 〈T〉 Cs,m
a 〈T〉 Cs,m

a 〈T〉 Cs,m
a

K R K R K R K R K R K R K R

267.06 63.56 97.94 28.29 127.07 33.51 156.87 38.68 186.64 44.00 216.04 49.63 245.09 55.30
268.84 116.2 99.75 28.63 129.05 33.85 158.86 39.02 188.61 44.37 217.99 49.99 247.01 55.62

series 25 101.63 28.97 131.03 34.20 160.85 39.37 190.58 44.73 219.93 50.37 248.93 56.01
crystalR 103.56 29.33 133.01 34.54 162.84 39.72 192.55 45.11 221.88 50.75 250.85 56.35

78.32 24.41 105.50 29.70 135.00 34.89 164.83 40.06 194.52 45.49 223.82 51.12 252.77 56.69
80.18 24.76 107.44 30.04 136.98 35.23 166.82 40.42 196.48 45.87 225.76 51.51 254.69 57.02
81.93 25.12 109.39 30.41 138.97 35.56 168.80 40.77 198.45 46.25 227.70 51.92 256.87 57.49
83.68 25.46 111.34 30.75 140.96 35.91 170.80 41.12 200.41 46.60 229.64 52.29 259.39 57.98
85.43 25.80 113.29 31.10 142.95 36.25 172.78 41.48 202.37 47.01 231.57 52.69 261.89 58.65
87.20 26.16 115.25 31.46 144.94 36.59 174.77 41.84 204.32 47.38 233.52 53.09 264.38 59.79
88.97 26.52 117.22 31.80 146.92 36.94 176.75 42.19 206.28 47.76 235.45 53.47 266.87 64.10
90.75 26.87 119.18 32.14 148.91 37.29 178.73 42.55 208.23 48.13 237.38 53.87 268.93 131.2
92.54 27.23 121.15 32.49 150.91 37.64 180.71 42.91 210.19 48.50 239.31 54.25
94.33 27.58 123.12 32.83 152.90 37.99 182.69 43.26 212.14 48.88 241.24 54.62
96.14 27.93 125.10 33.18 154.88 38.32 184.66 43.63 214.09 49.26 243.16 54.95

a Average heat capacity at the mean temperature of an experiment.

Tg ) (184.3( 0.1) K

∆gl
l Cs,m = ∆gl

l Cp,m ) Cs,m(sup.liq;Tg) - Cs,m(gl; Tg) )

(170.7( 2.8) J‚K-1‚mol-1

Cs,m(gl) ) {243.8- 0.4568‚(T/K) + 7.081‚10-3‚

(T/K)2} J‚K-1‚mol-1 (1)

Cs,m(sup.liq; liq)) {547.7- 0.1153‚(T/K) + 1.305‚10-3‚

(T/K)2} J‚K-1‚mol-1, (2)

Sm
o (gl, T f 0) ) (24.1( 4.1) J‚K-1‚mol-1

Hm
o (gl, T f 0) ) (12.21( 0.59) kJ‚mol-1

Sm
o (gl, T f 0) )

∆fusHm
o

Tfus
- ∫T)0

Tfus Cp,m(gl,liq) - Cp,m(cr)

T′ dT′
(3)

Hm
o (gl, T f 0) ) ∆fusHm

o - ∫T)0

Tfus
[Cp,m(gl,liq) - Cp,m(cr)] dT′

(4)
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Table 3. Description of the Series of Calorimetric Experiments for [C6mim][NTf 2] in the Condensed State with Indication of the Phases and
Temperature Ranges of Heat Capacity Measurements

preparation procedure heat capacity measurements

series 1. formation 2. annealing, heating 3. cooling phases temp range

Sample 1 (ms ) 1.1769 g)
1 cooling of liquid from 300 K to 77 K glass (79 to 131) K
2 cooling of glass (after series 1) from 132 K to 125 K

at a rate of
0.01 K‚s-1

glass 126 K toTg

supercooled liquid Tg to 203 K
crystal 255 K toTfus

liquid Tfus to 277 K
3 crystallization of supercooled liquid in

temperature range of (205 to
255) K

20 h at (255 to 256) K to 201 K at a rate of
(0.02 to 0.01)
K‚s-1

crystalâ (202 to 258) K

4 cooling of crystalâ (after series 3) from 259 K to 77 K crystalâ 78 K toTfus

liquid Tfus to 298 K
5 cooling of liquid from 300 K to 250 K

at a rate of (0.03
to 0.02) K‚s-1

supercooled liquid 251 K toTfus

liquid Tfus to 368 K
6 cooling of liquid from 370 K to 238 K

at a rate of
(0.04 to 0.02)
K‚s-1

supercooled liquid 239 to 259 K

7 cooling of supercooled liquid (after
series 6)

from 260 K to 231 K
at a rate of 0.02
K‚s-1

supercooled liquid 233 to 242 K

8 cooling of supercooled liquid (after
series 7)

from 243 K to 223 K
at a rate of
0.02 K‚s-1

supercooled liquid 224 to 226 K

9 cooling of liquid from 290 K to 214 K
at a rate of (0.03
to 0.02) K‚s-1

supercooled liquid 215 to 220 K

10 (like in series 3) crystallization of
supercooled liquid in
temperature range of (205
to 255) K

20 h at (255 to 256) K to 77 K (nitrogen bath)
and then to 4.8 K
(helium bath)

crystalâ 5 to 84 K

11 (like in series 1) cooling of liquid from 300 K to 77 K
(nitrogen bath)
and then to 4.8
K (helium bath)

glass 5 to 84 K

Sample 2 (ms ) 0.6579 g)
12 heating of glass from 78 K to 193 K supercooled liquid 194 to 208 K
13 crystallization of supercooled liquid in

temperature range of (209
to 235) K

20 h at (235 to 236) K to 77 K crystalγ, partly
amorphous

78 to 259 K

14 cooling of crystalγ (after series 13) from 260 K to 77 K crystalγ 78 K toTfus

liquid Tfus to 288 K
15 cooling of liquid (after series 14) from 290 K to 265 K

at a rate of
(0.03 to 0.02)
K‚s-1

supercooled liquid 266 K- Tfus

liquid Tfus to 368 K
16 crystallization of supercooled liquid in

temperature range of (210
to 255) K

45 h at (255 to 257) K to 77 K crystalâ 78 to 255 K

17 crystalâ (after series 16) 18 h at (255 to 256) K to 217 K at a rate of
0.02 K‚s-1

crystalâ 218 K toTfus

liquid Tfus to 279 K
18 heating of glass from 100 K to 199 K supercooled liquid 200 to 209 K
19 crystallization of supercooled liquid in

temperature range of (210
to 235) K

18 h at (235 to 236) K,
then heating to
254 K at a rate
of 0.005 K‚s-1

to 194 K at a rate of
0.02 K‚s-1

crystalγ 195 to 254 K

20 crystalγ (after series 19) 10 h at 255 K to 199 K at a rate of
0.02 K‚s-1

crystalγ 200 toTfus

21 cooling of liquid (after series 20) from 275 K to 204 K
at a rate of
(0.03 to 0.02)
K‚s-1

supercooled liquid 205 to 214 K

22 crystallization of supercooled liquid in
temperature range of (214
to 236) K

68 h at (236 to 238) K,
then heating to
256 K at a rate
of 0.005 K‚s-1

to 209 K at a rate of
0.02 K‚s-1

crystalγ 210 to 264 K

23 crystalγ (after series 22) 5 h at 265 K to 250 K at a rate of
0.002 K‚s-1,
then to 212 K
at a rate of
0.02 K‚s-1

crystalR 213 to 263 K

24 crystallization of supercooled liquid in
temperature range of (210
to 269) K

10 h at 269 K to 250 K at a rate of
0.001 K‚s-1,
then to 130 K
at a rate of
0.02 K‚s-1

crystalR 131 toTfus

25 crystallization of supercooled liquid in
temperature range of (210
to 269) K

18 h at 269 K to 250 K at a rate of
0.001 K‚s-1,
then to 77 K

crystalR 78 toTfus
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pass through this region after heating the crystal to 260 K (series
4). The experimental heat capacities from series 3 and 4 agree
to within 0.1 %.

A similar procedure was applied to obtain theâ crystal for
sample 2 (series 16). An additional keeping of theâ crystal at
the temperatures of (255 to 256) K for 18 h had no significant
effect on the heat capacity of the crystal (Figure 10). Heat
capacities from series 16 and 17 agree to within 0.15 %.
Deviations of the heat capacities of theâ crystal for different
samples does not exceed 0.25 % above 200 K and 0.1 % atT
) (80 to 200) K. These are comparable with reproducibility of
the results with this calorimeter.

γ Crystal. Above 200 K an anomaly with a weak maximum
near (230 to 240) K occurs in the temperature dependence of
the heat capacity for theâ crystal (Figures 8 and 9). The second
pass in the range (series 3 and 4, Figure 10) does not affect this
anomaly and heat capacities of theâ crystal. To explore the
nature of this anomaly, the crystallization process was carried
out in such a way that the maximum temperature did not exceed
(235 to 236) K. To prevent overheating caused by the crystal-
lization, sample 2 with the lower mass was used in series 12 to
25 (Tables 2 and 3).

In series 13 when the crystallization process started at
temperatures above 209 K, the calorimeter with the sample was
slowly (average rate 5 mK‚s-1) heated toT ≈ 220 K at which
point the quick crystallization started. The following increase

Figure 9. Heat capacities of different crystal phases of [C6mim][NTf2]
above 220 K: 0, crystalR (series 24, sample 2);O, crystalâ (series 4,
sample 1);y, crystalâ (series 17, sample 2);1, crystalγ (series 20, sample
2). Inset: Percentage deviations of the heat capacities (Cp) of different crystal
phases from the valuesCp[line] obtained by equationCp/(J‚K-1‚mol-1) )
86.35+ 1.508‚(T/K).

Figure 10. Percentage deviations of the heat capacities of theâ crystal
from the smoothed polinomial functions in the temperature range of (200
to 260) K: +, series 2 (sample 1);b, series 3 (sample 1);O, series 4 (sample
1); x, series 16 (sample 2);y, series 17 (sample 2).

Figure 11. Time dependence of temperature drifts of the calorimeter during
formation of the crystal phases of [C6mim][NTf2]: ×, γ crystal, partly
amorphous (series 13, annealing at (235 to 236) K);x, â crystal (series 16,
annealing at (255 to 257) K);2, γ crystal (series 22, annealing at (236 to
238) K).

Figure 12. Heat capacities of selected crystalline phases of [C6mim][NTf2]
at T > 200 K (sample 2):×, crystalγ, partly amorphous (series 13);4,
crystalγ (series 14);x, crystalâ (series 16).
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of the temperature of the calorimeter with the sample to (235
to 236) K was caused by the energy evolved during the
crystallization process. This procedure is called “crystallization
of supercooled liquid in a range of temperatures of (209 to 235)
K”. The sample was then annealed atT ) (235 to 236) K for
20 h until the temperature trend of the calorimeter became
constant (Figure 11). Then it was cooled to 77 K. A peak with
a maximum at 230 K (Figure 12) was observed in the
temperature dependence of the heat capacity of the obtained
crystal designated as theγ crystal, partly amorphous. The
measurements in the temperature range of (230 to 250) K were
accompanied by additional heat release due to completion of
crystallization of the sample. This was monitored by high
positive temperature trends of the calorimeter (Figure 13). At
temperatures above 250 K the temperature trends became normal

(Figure 13), and the heat capacities of the crystal phase became
close to those for theâ crystal (Figure 12).

No anomalies except that for fusion were found in the
temperature curve of the heat capacity for theγ crystal (Figure
12, series 14). Temperature trends of the calorimeter atT >
200 K are normal (Figure 13). Heat capacities of the substance
measured in series 13 and 14 differ significantly (Figure 12).

Taking into account the above-mentioned, the following
procedure was applied to get theγ crystal. After annealing atT
) (235 to 238) K, the sample was slowly heated (average rate
of 5 mK‚s-1) to T ) (254 to 256) K (series 19 and 22, Table
3). The temperature dependence of the heat capacity for theγ
crystal was reproducible after additional annealing for 10 h at
T ) 255 K (series 19 and 20, Tables 2 and 3). Differences in

Figure 13. Temperature drifts during the heat capacity measurements of
crystal phases for [C6mim][NTf2] in the temperature range of (200 to 260)
K (sample 2):×, γ crystal, partly amorphous (series 13);4, γ crystal (series
14); x, â crystal (series 16);0, R crystal (series 24).

Figure 14. Percentage deviations of the smoothed and extrapolated (above
260 K) values of the heat capacities of theâ crystal and theγ crystal from
those for theR crystal: 0, R crystal;O, â crystal;4, γ crystal.

Table 4. Determination of the Molar Enthalpy of Fusion for
[C6mim][NTf 2]

Tstart Tend Q ∆fusHm
o

series number or
way of formation,
sample numbera K K J‚mol-1 J‚mol-1

CrystalR
series 24, no. 2 256.21 273.42 36635 28062b

series 25, no. 2 256.25 272.49 36106 28123c

like in series 25, no. 2 255.81 275.68 38245 28089c

(28091( 76)d

Crystalâ
series 4, no. 1 258.36 273.64 35784 28149b

like in series 3, no. 1 258.87 275.94 36967 28159b

like in series 3, no. 1 259.70 273.85 35338 28210c

like in series 3, no. 1 258.46 272.78 35197 28137c

series 17, no. 2 255.85 272.91 36554 28182b

(28167( 36)d

Crystalγ
series 14, no. 2 255.79 274.18 37436 28255c

series 20, no. 2 254.49 273.39 37598 28294b

like in series 19, no. 2 253.35 274.04 38508 28275c

(28275( 48)d

a Sample number: no. 1 for the sample withms ) 1.1769 g; no. 2 for
the sample withms ) 0.6579 g.b From the fractional melting experiments.
c From independent single-step experiments.d Average value.

Figure 15. Results of the fractional-melting experiments for [C6mim][NTf2]:
O, series 1 for theâ crystal (sample 1);b, series 2 for theâ crystal (sample

1); 0, R crystal (sample 2);y, â crystal (sample 2);1, γ crystal (sample
2).
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heat capacities of theγ crystal from series 14, 19, 20, and 22
do not exceed 0.4 % in the range of (200 to 255) K where the
sample does not start to melt.

r Crystal. Theâ andγ crystals are stable at heating to (255
to 260) K. Additional annealing of the phases at (255 to 256)
K (series 17 for theâ crystal and series 20 for theγ crystal)
does not affect neither the temperature dependence of the heat
capacity nor the heat capacities themselves (e.g., Figures 9 and
10 for theâ crystal). Moreover, no transition from one crystal
to another occurs below 260 K.

However, heating of theγ crystal above 260 K and annealing
at T ) 265 K for 5 h (series 22 and 23) theR crystal which has
the highest heat capacities atT > 200 K was obtained (Figure
9). TheR crystal was also obtained from the supercooled liquid.
To do this the calorimeter was slowly (average rate of 5 mK‚s-1)
heated to 269 K (series 24 and 25, “crystallization of supercooled
liquid in a range of temperatures of (210 to 269) K)”, and then
it was kept at this temperature for 10 h (series 24) and 18 h
(series 25). The heat capacities of theR crystal obtained from

theγ crystal (series 23) and from the supercooled liquid (series
24 and 25) agree within 0.2 % in the range of temperatures of
(200 to 260) K.

It should be noted that the heat capacities for all the crystal
phases of [C6mim][NTf2] coincide within 0.1 % in the temper-
ature range (80 to 220) K but they are substantially different at
T > 220 K (Figures 9 and 14). This difference exceeds
experimental error.

Fusion. The enthalpy of fusion was determined for every
crystal phase both in special experiments with a continuous heat
input and from fractional-melting experiments (Table 4). Initial
Tstart and final Tend temperatures of the experiments with
continuous heat input lay out of the range of the phase transition.
The enthalpy of fusion was calculated from the equation:

Table 5. Enthalpy Increase Caused by the Heating of Crystal fromT ) 200 K to Tfus and by the Fusion of Crystal with Formation of Liquid at
Tfus ) 272.03 K

value crystalR crystalâ crystalγ

∫200
TfusCp,m(cr) dT/J‚mol-1 γ32011( 35a 31851( 38a 31743( 53a

∆fusHm
o /J‚ mol-1 28091( 76a 28167( 36a 28275( 48a

[Hm
o (liq; Tfus) - Hm

o (cr; 200 K)]/J‚mol-1 60102( 111b 60018( 74b 60018( 101ba

a Random uncertainty.b Sum of uncertainties given in the cells above.

Table 6. Results of Fractional-Melting Experiments for
[C6mim][NTf 2]a

sample 1 withms ) 1.1769 g sample 2 withms ) 0.6579 g

T/K f T/K f

crystalâ crystalR
series 1 271.362 0.1823

271.789 0.2053 271.584 0.2774
271.869 0.3274 271.701 0.3780
271.911 0.4511 271.772 0.4811
271.948 0.5748 271.820 0.5854
271.961 0.6997 271.854 0.6904
271.967 0.8246 271.884 0.7957

T0 ) (272.03( 0.02) K T0 ) (272.03( 0.01) K
x ) (0.9977( 0.0003) x ) (0.9944( 0.0002)

series 2 crystalâ
271.619 0.1267 271.210 0.1535
271.832 0.2685 271.503 0.2390
271.901 0.4161 271.651 0.3325
271.938 0.5648 271.733 0.4295
271.961 0.7145 271.788 0.5265
271.967 0.8646 271.827 0.6259

T0 ) (272.03( 0.01) K 271.856 0.7258
x ) (0.9976( 0.0001) 271.881 0.8259

T0 ) (272.03( 0.01) K
x ) (0.9942( 0.0001)

crystalγ
271.300 0.1785
271.539 0.2662
271.666 0.3601
271.742 0.4568
271.794 0.5547
271.832 0.6534
271.861 0.7525
271.883 0.8521

T0 ) (272.03( 0.01) K
x ) (0.9940( 0.0001)

a f is the melting fraction at temperatureT; T0 is the triple point of the
compound andx is the mole-fraction purity of the sample

Table 7. Molar Thermodynamic Functions of [C6mim][NTf 2] in the
Glassy and Supercooled Liquid States (R ) 8.314472 J‚K-1‚mol-1)

T Cp,m ∆0
THm

o ∆0
TSm

o Φm
o b

K R RT R R

Glass
5 0.3992 0.1024 0.1370 0.03458

10 2.072 0.6300 0.8733 0.2433
15 4.321 1.477 2.129 0.6515
20 6.650 2.484 3.696 1.212
25 8.880 3.543 5.423 1.880
30 10.91 4.604 7.223 2.620
35 12.77 5.640 9.048 3.408
40 14.42 6.636 10.86 4.226
45 15.98 7.588 12.65 5.063
50 17.49 8.503 14.41 5.910
60 20.27 10.24 17.85 7.616
70 22.77 11.85 21.17 9.317
80 25.20 13.37 24.37 11.00
90 27.47 14.81 27.47 12.66

100 29.73 16.19 30.48 14.29
110 31.93 17.52 33.42 15.90
120 34.06 18.81 36.29 17.48
130 36.13 20.06 39.10 19.03
140 38.18 21.29 41.85 20.56
150 40.24 22.48 44.55 22.07
160 42.34 23.65 47.22 23.56
170 44.60 24.82 49.85 25.03
180 48.02 26.00 52.48 26.48
184.3 55.16 26.57 53.67 27.10

Supercooled Liquid
190 68.90 27.75 55.68 27.93
200 69.38 29.82 59.22 29.41
210 69.88 31.71 62.62 30.91
220 70.42 33.46 65.88 32.42
230 (70.99)a 35.08 69.03 33.95
240 71.59 36.59 72.06 35.47
250 72.22 38.00 74.99 36.99
260 72.88 39.33 77.84 38.51
270 73.57 40.58 80.60 40.02

Liquid
272.03 73.72 40.83 81.16 40.32

a Interpolated value.b Φm
o is Φm

o ) -[Gm
o (T) - Hm

o (0)]/T )
∆0

TSm
o - ∆0

THm
o /T.
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whereQ is an energy required to heat 1 mol of substance from
Tstart to Tend; q(cr) andq(liq) are energies required to heat 1
mol of the crystal phase fromTstart to Tfus and 1 mol of the
liquid phase fromTfus to Tend, respectively.

Heat capacities of the crystal phases were extrapolated with
the equations:

obtained by the least-squares fit from experimental heat capaci-
ties in the temperature ranges (224 to 259) K (R crystal), (245
to 259) K (â crystal), and (233 to 254) K (γ crystal). The

temperature ranges were chosen in such a way to get close
(within 0.5 %) heat capacities for all the crystal phases atTfus

(Figure 14).

One may see from Table 4 that the enthalpy of fusion
increases slightly in a sequenceR f â f γ from (28.09(
0.08) kJ‚mol-1 to (28.28( 0.05) kJ‚mol-1. At the same time,
in this sequence heat capacities of the crystal phases in the range
of temperatures of (220 to 250) K decrease (Figure 9). Overall
enthalpy increments for the transition from the crystal atT )
200 K to the liquid atTfus:

coincide within experimental error for all the crystals (Table
5).

The fusion temperatures for all the crystal phases and mole
fraction of the main component in the samples under study were
determined by the fractional-melting technique. The results are
presented in Table 6. The experimental points are fitted by the
van’t Hoff equation:

Table 8. Molar Thermodynamic Functions of [C6mim][NTf 2] in the Crystalline and Liquid States (R ) 8.314472 J‚K-1‚mol-1)

T Cp,m ∆0
THm

o ∆0
TSm

o Φm
o b T Cp,m ∆0

THm
o ∆0

TSm
o Φm

o b

K R RT R R K R RT R R

Crystal
5 0.2853 0.06754 0.08929 0.02175 90 26.73 14.63 27.07 12.44

10 1.980 0.5508 0.7388 0.1880 100 28.67 15.94 29.99 14.05
15 4.289 1.406 1.970 0.5647 110 30.52 17.18 32.81 15.62
20 6.614 2.421 3.527 1.106 120 32.29 18.37 35.54 17.17
25 8.805 3.480 5.240 1.760 130 34.02 19.51 38.19 18.69
30 10.84 4.540 7.028 2.488 140 35.74 20.60 40.78 20.17
35 12.68 5.573 8.839 3.266 150 37.47 21.67 43.30 21.63
40 14.36 6.568 10.64 4.075 160 39.22 22.71 45.78 23.06
45 15.93 7.521 12.43 4.904 170 40.99 23.74 48.21 24.47
50 17.42 8.437 14.18 5.745 180 42.79 24.74 50.60 25.86
60 20.15 10.17 17.61 7.438 190 44.63 25.74 52.96 27.22
70 22.49 11.76 20.89 9.127 200 46.52 26.73 55.30 28.57
80 24.72 13.25 24.04 10.80

CrystalR
210 48.44 27.72 57.62 29.89 250 56.23 31.66 66.72 35.06
220 50.36 28.71 59.91 31.21 260 (58.00)a 32.64 68.96 36.32
230 52.36 29.69 62.20 32.50 270 (59.68)a 33.61 71.19 37.57
240 54.35 30.68 64.47 33.79 272.03 (60.00)a 33.81 71.63 37.82

Liquid
272.03 73.72 46.23 84.05 37.83 320 77.36 50.62 96.31 45.69
280 74.30 47.02 86.19 39.17 330 78.15 51.44 98.70 47.26
290 75.05 47.97 88.81 40.84 340 78.95 52.24 101.0 48.81
298.15 75.68 48.72 90.90 42.18 350 79.76 53.01 103.3 50.34
300 75.82 48.89 91.37 42.48 360 80.59 53.77 105.6 51.84
310 76.58 49.77 93.87 44.10 370 (81.43)a 54.50 107.8 53.32

Crystalâ
210 48.43 27.72 57.62 29.89 250 55.52 31.63 66.69 35.06
220 50.34 28.71 59.91 31.21 260 (57.32)a 32.58 68.90 36.32
230 52.26 29.69 62.19 32.50 270 (59.62)a 33.54 71.11 37.57
240 54.02 30.67 64.46 33.79 272.03 (60.14)a 33.74 71.56 37.82

Liquid (from Crystalâ)
272.03 73.72 46.19 84.01 37.82

Crystalγ
210 48.39 27.72 57.61 29.89 250 55.16 31.59 66.64 35.06
220 50.26 28.70 59.91 31.21 260 (57.25)a 32.53 68.85 36.31
230 51.99 29.68 62.18 32.50 270 (59.74)a 33.49 71.05 37.56
240 53.47 30.64 64.43 33.79 272.03 (60.30)a 33.69 71.50 37.81

Liquid (from Crystalγ)
272.03 73.72 46.19 84.00 37.81

a Extrapolated values.b Φm
o is Φm

o ) -[Gm
o (T) - Hm

o (0)]/T ) ∆0
TSm

o - ∆0
THm

o /T.

∆fusHm
o ) Q - ∫Tstart

Tfus
Cp,m(cr) dT - ∫Tfus

Tend
Cp,m(liq) dT )

Q - q(cr) - q(liq) (5)

Cp,m(crystalR) ) {-181.7+ 3.673‚(T/K) -

4.305‚10-3‚(T/K)2} J‚K-1‚mol-1 (6)

Cp,m(crystalâ) ) {1421.5- 8.972‚(T/K) +

20.53‚10-3‚(T/K)2} J‚K-1‚mol-1 (7)

Cp,m(crystalγ) ) {1098.9- 6.696‚(T/K) +

16.54‚10-3‚(T/K)2} J‚K-1‚mol-1 (8)

Hm
o (liq; Tfus) - Hm

o (cr; 200 K)) ∫200

Tfus
Cp,m(cr) dT + ∆fusHm

o

(9)
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whereT0 is a triple-point temperature in K;x is a mole fraction
of the main component in a sample;∆fusHm

o is an enthalpy of
fusion; f is an equilibrium fraction of melt at temperatureT. f
is equal to the energy already expended to the fusion of the
sample divided by∆fusHm

o .

The triple-point temperatures found from experiments with
the different crystal phases and samples coincide within 0.01
K (Table 6 and Figure 15). The values

were calculated from two series of fractional melting experi-
ments for sample 1.

Similar joint treatment of the fractional-melting experiments
for the different crystal phases of sample 2 lead to

Amount of impurities in sample 2 is about 2.5 times higher
than that in sample 1. This is probably due to the higher residual
humidity of the second sample. If one assumes that water is
the main impurity then the mass fraction of water in the samples
is < 0.01 % for sample 1 and 0.02 % for sample 2.

Higher amount of impurities in the second sample has no
measurable effect on the heat capacity of theâ crystal and the
liquid (Figure 10, Table 2), the fusion enthalpy of theâ crystal
(Table 4), and the triple-point temperature of the substance
(Figure 15, Table 6).

Thermodynamic Functions.The smoothed values of heat
capacities and thermodynamic functions of [C6mim][NTf2] are
presented in Table 7 for the glass and supercooled liquid states
and in Table 8 for the crystal and liquid states. It was assumed
in the calculations that differences in heat capacities of the
crystal phases are negligible below 200 K, and at this temper-
ature thermodynamic functions have the same values for all the
crystals. Above 200 K a smoothing procedure and calculation
of thermodynamic functions were applied separately for every
crystal phase (Table 8).

In the low-temperature range (T < 10 K) one may neglect
the difference betweenCs,m andCv,m. A sum of Debye (D) and
Einstein (E) contributions having 3 degrees of freedom each
was used to extrapolate heat capacity of the substance below 5
K:

The values of characteristic temperaturesΘD ) 48.5 K andΘE

) 43.5 K for the crystal andΘD ) 41.2 K andΘE ) 49.4 K
for the glass were obtained by the least-squares fitting of the
experimental heat capacities in the ranges of temperatures (5.1
to 8.6) K and (5.2 to 8.4) K, respectively. In these temperature
ranges, rms deviation of the experimental heat capacities from
the ones calculated from eq 11 is< 1 %.

Thermodynamic properties of the liquid are calculated in
reference to theR crystal (Table 8). Standard thermodynamic
functions of liquid [C6mim][NTf2] at T ) 298.15 K are equal
to
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Cp,m ) (629.2( 2.5) J‚K-1‚mol-1,

∆0
TSm

o ) (755.8( 3.2) J‚K-1‚mol-1,

∆0
THm

o /T ) (405.1( 1.8) J‚K-1‚mol-1,

Φm
o ) (350.7( 3.7) J‚K-1‚mol-1

T ) T0 - { RT0
2

∆fusHm
o

‚(1 - x)}‚1
f

(10)

T0 ) (272.03( 0.01) K, x ) (0.9976( 0.0001)

T0 ) (272.03( 0.01) K, x ) (0.9942( 0.0001)

Cs,m ≈ Cv,m ) 3RD(ΘD/T) + 3RE(ΘE/T) (11)
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