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Thermodynamic Properties of [Csmim][NTf ] in the Condensed State

Andrey V. Blokhin, Yauheni U. Paulechka, and Gennady J. Kabo*
Belarusian State University, Chemistry Faculty, Leningradskaya 14, 220030 Minsk, Belarus

Heat capacities of 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imideni®n][NTf,] 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 withTy = 184.3 K andA'g,Cs,mz (170.7+ 2.8) JK1-mol~L. At different modes of crystallization
[Cemim][NTf,] forms at least three crystals, the heat capacities of which diffeoud % 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 T = (272.03+ 0.01) K, but the enthalpies of fusion are somewhat different.
Thermodynamic properties for f@im][NTf,] 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 Earlier we found that ability of
1-alkyl-3-methylimidazolium bromides to crystallize and vitrify
strongly depend on the length of the alkyl ch&in anomaly
was reported for [@nim]Br at T = 13 K2 Specific heat capacity
for [C4mim][PFg] in the range ofT < 30 K should also be
considered as anomalously high as compared with most mo-
lecular organic crystais.During heat capacity measurements
for [Cemim][NTf;] 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 2002-005-1-100,4@im]-
[NTf,] is assumed to be a reference compound for physico- 14
chemical properties of IL$ Therefore, in this work particular
attention has been given to calibration and checking of an
adiabatic calorimeter. 13 § T 7

Experimental Section 12 T

A sample of [Gmim][NTf;] was synthesized by Dr. Mark
Muldoon from the University of Notre Dame. Purity of the
sample was determined frotl and°F spectroscopy to be
99.5 %. Water content of 5 ppm was found by the Fisher e
titration.

Heat capacities in the condensed state in a range of temper-Figure 1. Scheme of a TAU-10 calorimeter: 1, charcoal getter; 2, vacuum
atures from (5 to 370) K and enthalpy of fusion forsf@im]- jacket; 3, removable shield lid; 4, adiabatic shield; 5, sample container; 6,
[NTf,] were measured in a TAU-10 vacuum adiabatic calorim- main heater of the adiabatic shield; 7, Fe/Rh resistance thermometer; 8,

: 6 : : : heating tube; 9, nylon threads; 10, gradient heater of the adiabatic shield;
eter (Termis, MOSCOM' A scheme of the calorimetric unit of 11, copper plug (vacuum tight); 12, 412-junction differential thermo-

the calorimeter is presen_ted in Flgur_e 1 . couple (Cut 0.1 % Fe)/chromel; 13, heater of the tube; 14, gradierd-3
A sample was loaded into a container. The container was ajunction differential thermocouple (Ct+ 0.1 % Fe)/chromel.

thin-walled titanium cylinder with internal volume ef 1 cn. . ) .
A titanium cap of the container was sealed with an indium Wire wound on the tube and coated with 0.03 mm copper foil.

O-ring and fixed with a brass gasket. The container was exposed! emperature was measured with a Fe/Rh resistance thermometer
to vacuum of~ 3 Pa for 0.5 h and then filled with helium gas ~ (Fo = 50 ©2) calibrated on ITS-90 by VNIIFTRI (Moscow).
to the pressure of 5 kPa at 290 K. The container was slid into Th.e thermometer was Iocatgd on an inner surface of the adiabatic
a heating tube suspended with nylon threads inside a copperSh'eld- The temperature difference between the tube and the

adiabatic shield. The heater was made of 0.06 mm manganinShield was measured with a differential thermocouple (€u
0.1 % Fe)/chromel. Eleven junctions of the thermocouple are

*Corresponding  author.  Fax: +375-17-2203-916; E-mail:  Sited on the copper foil of the heating tube, and the other 12
shevelyova_marina@yahoo.com or kabo@bsu.by. are sited on the lower part of the inner surface of the shield.
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Table 1. Sample Massesnfs) Used in Calorimetric Measurements
and Contributions of Sample Heat Capacity to the Measured Total 0.20 F
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Figure 2. Experimental heat capacities of selected reference materials: 1, (& -02 d o © 4
benzoic acid; 2, copper; 3, corundum-Al,03). = . o ©
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Adiabatic conditions are maintained to within <(1-107%) K - -
with the software applying proportional integral temperature 06| 4
adjustment.
Thermal anchors for electric wires were placed on the top of 0.8 L 4 . L ' . .
0 10 20 30 40 50 60 70

the shield. When the temperature difference between the shield

and a cooling bath was high, these wires (together with a tube _ - ) i
9 9 (tog Figure 4. Percentage deviations of the heat capacit&g ¢f copper in

Ca_”y'”g the shield) cause a temperatur_e gradient along thethe temperature range of (6 to 70) K from the standard valOgistandard])
shield. This may lead to additional errors in measurements. TO racommended by Sabbah et®, this work: O, recommended by White

control this gradient, an additionat-3}l-junction thermocouple and Collocot® <, Stevens and Boerio-Coatks.
between the middle and the upper parts of the shield was
applied. The temperature gradient was adjusted to zero with anand= 200 s over the remaining temperature range. The periods
additional gradient heater. for drift measurement were (200 to 250) sTak 80 K and>
To control the calorimeter and acquire the data, an AK-6.25 300 s atT > 80 K. A temperature step of the measurements
devic€ was used. A “Heat” software progrémwas applied for was=> 1/10T atT < 40 Kand= 2.5 K atT > 40 K.
interaction of the device with a computer. Two modes of heat  The reliability of the calorimeter was checked in measure-
capacity measurements were possible: a constant-temperaturenents for reference corundum (VNIIM, St.-Petersburg, Russia)
mode and a constant-heat mode. Both the modes can be applieth a range of temperatures (80 to 370) K, high-purity copper
in measurements of normal heat capacity of a sample, but in(mass fractiore 0.99995) in a range of temperatures (6 to 370)
the phase-transition range where low-temperature incrementsK, and benzoic acid (K-1 grade, mass fractior).99995) in a
correspond to high heat inputs the second mode was used. range of temperatures of (5 to 370) K. These substances were
Heating periods of calorimetric experiments for determination recommended as reference materials for adiabatic calorimetry
of normal heat capacity were of (60 to 150) sTat (5 to 40) by Sabbah et dlin the temperature ranges of (10 to 500) K, (1
K, (200 to 250) s afl = (40 to 80) K, and 400 s af > 80 K. to 300) K, and (10 to 350) K, respectively. Masses of the
Thermal relaxation time was within (80 to 160) sTak 80 K samples and ratio€y(sample)C,(sample+ cell) at several

T/K
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Figure 5. Percentage deviations of the heat capacit@®3 ¢f copper in Figure 7. Percentage deviations of the heat capacit®} ¢f benzoic acid

the temperature range of (70 to 370) K from the standard values in the temperature range (70 to 350) K from the standard values
(Cplstandard]) recommended by Sabbah €t falr the temperature range (Cplstandard]) recommended by Sabbah ef ®.: this work; O, recom-
(70 to 300) K and by White and Collocdfor the temperature range (300  mended by Rybkin et al &, Kobashi et al’® A, Tatsumi et at®
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Figure 6. Percentage deviations of the heat capacit@¥ ¢f benzoic acid
in the temperature range (10 to 70) K from the standard valbigstéandard])
recommended by Sabbah et%®, this work;O, recommended by Rybkin

et al.20 &, Kobashi et alX5 A, Tatsumi et al®

crystal and liquid states at vapor-saturation pressufe: glass and
supercooled liquid (af < Tys); @, liquid (atT > Tys); O, crystals (series
4 and 10);Ty is the glass transition temperatuiBys is the triple point
temperature.

from those recommended by Sabbah et ahd White and

temperatures are presented in Table 1. Experimental heatCollocot? by < 1.2 %. The experimental values @, for
capacities of corundum, copper, and benzoic acid are shown inPenzoic acid in the temperature range of (5 to 10) K agree with
Tables S1 to S3 (in the Supporting Information) and in Figure those recommended by Rubkin et‘&lithin 2 %. Hence we

2. The rms deviations of experimental points from the smoothing conclude that the relative uncertainty of heat capacity measure-
polynomial curves do not exceed 0.1 %Tat 20 K and 0.3%  Ments in the calorimeter does not excee@ % atT < 10 K.

at lower temperatures.

Our results are compared with the literature values in Figures

Results and Discussion

3 to 7. The obtained results allow us to assume that relative Experimental heat capacities for g@im][NTf,] in the
error in heat capacity measurements with the calorimeter doescondensed state in the range of temperatures of (5 to 370) K
not exceedt 0.4 % in the main temperature range of (20 to are given in Table 2 and in Figure 8. In Figure 8, heat capacities
370) K and+ 1 % in the range of (10 to 20) K. Heat capacities for the crystal are represented by the values forgheystal

of copper obtained in this work in the interval (6 to 10) K differ

from series 4 and 10. Two samples were used in the measure-
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Table 2. Experimental Molar Heat Capacities of [Gmim][NTf 2] in the Condensed State at Vapor-Saturation PressureR = 8.314472

J-K~1-molY)
od Corr? 0Q Con? o0 smd og Com? oo Com? og Con? od Con?
K R K R K R K R 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 2591  269.24 9354  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 27491 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 crysta 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 17461  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 4220  264.40 73.19 series 8 72.74 23.12 196.16 69.21
102.25  30.23  206.28  47.72 178.66 4255  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 1crpstdly
121.95 34.48 226.88 51.70 196.73 4591 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 cifystal 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 23591  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 5375 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 5548 217.08  49.81 302.02 76.00 7.032 0.8290 8.841 1.608 96.05 27.85
13396 36.95 25154 5581 219.11 50.20  303.96 76.13 7.429 0.9607 9.254 1.770 98.00 28.23
13594 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 crysted 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 3291
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 24271  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 3469 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 3539 29450  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 7177 47.06 16.56 57.318 19.59 173.49 41.82
crystals 144.06 36.44 286.75 74.79 245.18 71.89 48.60 17.03 59.224 20.08 17551 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 29256  75.24  250.93 72.27 53.10 18.29 65.192  21.57 181.55 43.34



Table 2. (Continued)

Journal of Chemical and Engineering Data, Vol. 51, No. 4, 200881

To Con?® mo Cont® MO0 Cef To Con?® mo Cont® To Conf MO0 Cenf
K R K R K R K R K R R K R

18356  43.73  141.39 36.00 liquid 158.84  39.02  262.85 58.33 242,55 53.88 253.35  56.85
18558  44.10  143.17 36.30 27204 7371 16074 3936  264.91 59.18 244.36 54.14 25524  57.19
187.59 4450  144.95 36.61 27533  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 7423 16454  40.02 liquid 247.99 54.76 25903  57.79
191.62 4531 14852 37.23 281.91 7446 16644 4036  273.34 73.79 249.80 55.10 26092  58.08
19364 4573  150.30 37.55 28519 7472  168.35  40.69 27522 73.91 251.60 55.43 262.80 58.46
195.66  46.14  152.09 37.84 28850 74.94 17025 4104  277.14 74.08 253.40 55.79 series 24
197.67 4656  153.87 38.15 20179 7521 17216 4137  279.06 74.21 255.21 56.19 ocrystal
199.69  46.98  155.66 38.48 29509 7546 17406  41.72 series 18 257.15 56.71 131.44  34.25
201.70  47.46  157.44 38.79 298.38  75.69 17597  42.06  supercooled liquid 259.28 57.31 133.43  34.60
20372 47.92  159.23 39.09 301.68 7593 177.88 4240  200.44 69.40 261.37 58.00 135.42  34.94
20573 4839  161.03 39.42 30497 7617  179.78 4274  202.21 69.53 263.44 58.85 137.41 3527
207.75  48.80  162.82 39.74 30826 76.43  181.69 4311  203.91 69.59 265.47 60.02 139.41  35.63
209.77 4936  164.61 40.05 31155 7670 183.60 43.45  205.60 69.68 series 21 141.40  35.97
21179 4991  166.40 40.34 31484 7694 18551  43.80  207.30 69.78 supercooled liquid 143.40  36.33
21381 5046  168.19 40.65 318.13  77.20 18741 4414  208.99 70.04 204.96 69.62 145.40  36.66
21583 51.03  169.98 41.00 32141 7744  189.32 4451 series 19 206.75 69.71 147.40  37.00
21785 51.83 171.78 4133 32469 77.68 19123  44.85 crystal 208.56 69.82 149.39  37.36
219.87 5242 17357 41.67 32798 7797 19314 4521 19546 45.65 210.38 69.94 151.40  37.71
221.89 5329  175.37 41.98 33127 7825 19505 4556  197.39 46.00 212.20 70.02 153.41  38.06
22391 5429 177.16 42.30 33456 7850 196.97 4592  199.23 46.34 214.02 70.14 155.41  38.42
22593 5536  178.96 42,62 33785 78.79 198.88 4628  201.07 46.70 series 22 157.42  38.77
22795 5631  180.76 42.95 34119  79.06 20079  46.65  202.91 47.04 orystal  159.43  39.11
22997 5672 18255 43.28 34449 7933 20270  47.04  204.75 47.40 210.42 48.49 161.45  39.46
23201 56.32 184.35 4361 34781  79.62 204.62 47.40  206.59 47.74 212.25 48.80 163.47  39.82
23405 5562 186.15 43.94 351.12  79.90 20654  47.78  208.43 48.09 214.08 49.15 165.48  40.16
23609 5516  187.94 44.26 35443  80.15 20845 4814  210.27 48.43 215.91 49.48 167.49  40.53
23813 5519  189.74 44,59 357.74  80.45 21037 4849  212.10 48.79 217.74 49.86 169.50  40.89
24017 55.06  191.53 44.92 361.05 80.72 21229  48.86  213.93 49.15 21957 50.18 17151 41.24
24221 5520 193.33 4531 364.36 80.99 21421 4922 21577 49.48 221.39 50.49 17353  41.61
24427 5562 19513 4557 367.68 8128 21613 4959  217.60 49.81 223.21 50.83 17555  41.96
24637 5541  196.93 45.96 series 16 218.06 49.96  219.43 50.13 225.04 51.16 17757  42.34
24853 5192 198.73 46.29 crysfal 21998 5031 221.25 50.47 226.86 51.47 179.59  42.70
250.66  52.94  200.52 46.61 7855 2445 22190 50.65 223.08 50.79 228.69 51.77 181.61  43.07
25268 55.82  202.31 46.98 80.51 2483 22383 51.03 22491 51.09 230.50 52.05 183.62  43.46
25469 5618  204.11 47.32 8233 2520 22575 5143  226.73 51.43 232.31 52.35 185.65  43.81
256.72  56.67  205.91 4761 8415 2557 227.68 51.76 22855 51.75 234.13 52.60 187.67  44.19
25874 5711  207.71 47.99 8598 2593 229061 5215 230.37 52.02 235.95 52.84 189.69  44.57

series 14 209.51 48.36 87.80 2629 23154 5250  232.19 52.30 237.76 53.07 191.71  44.94

crystaly 211.31 48.68 89.63 2666 23346 5287 234.01 52.58 239.58 53.35 193.74 4531
7829 2441 21312 49.00 9146  27.02 23539 5320 23583 52.82 241.40 53.62 195.77  45.70
80.14 2478  214.92 49.32 9330  27.38 23732 5351  237.65 53.08 243.21 53.89 197.79  46.09
81.86 2511 216.73 49.66 95.14  27.74 23925 53.85  239.46 53.35 245.02 54.15 199.81  46.48
8357 2546 21853 50.01 96.97 2810 24118 54.16  241.28 53.61 246.84 54.50 201.84  46.89
8529 2580  220.34 50.31 98.82 2847 24311 5444  243.10 53.88 248.64 54.82 203.87  47.25
87.00 2612 22215 50.65 100.66  28.82 24505 54.80  244.91 54.16 250.45 55.16 205.90  47.64
88.72 2647 22395 50.96 10251 2914 24698 5506  246.73 54.48 252.25 55.52 207.93  48.03
90.45  26.83 22576 51.28 10436 2949 24891 5532 24854 54.82 254.05 55.94 209.95  48.42
9218 2716  227.57 51.59 106.21  29.83 25085 5562  250.35 55.17 255.85 56.39 211.98 4881
9391 2751 22938 51.92 108.07 3016 25278 5597  252.15 55.52 257.82 56.96 21401 49.19
95.64 2785  231.19 52.19 109.93 3050 25471 5631  253.96 55.96 259.92 57.67 216.05  49.57
97.38 2818  233.00 52.46 111.79  30.84 series 17 series 20 262.01 58.31 218.08  49.98
99.12 2852 234381 52.75 11365  31.17 cryptal crystaly 264.07 59.17 22012  50.34
100.86  28.83  236.62 53.03 11552  31.50 218.19  49.97  200.44 46.57 series 23 22216  50.76
102.60  29.16  239.39 53.44 117.38  31.82 22022 50.36  202.38 46.92 oystal 22420 5117
104.34 2948  241.28 53.76 11925 3215 22216 50.72  204.22 47.30 212.91 49.00 22624 5156
106.09 29.81  243.10 54.03 12112 3248 22409 51.08  206.06 47.66 214.94 49.37 22828  52.01
107.84 3014 24491 54.34 12299 32.81 22601 5146  207.90 48.00 216.88 49.74 23032 5241
109.59 3044  246.72 54.64 124.86 3312 227.94 51.84  209.73 4831 218.82 50.12 23236  52.84
111.34  30.76 24853 54.95 126.74 3346 22986 5225 21157 48.64 220.76 50.48 23440  53.25
113.09  31.08  250.35 55.28 12861 33.79 23179 5258  213.40 49.01 222.70 50.88 23644  53.64
11485 31.38  252.16 55.63 130.49 3412 23371 5296 21524 49.37 224.63 51.26 238.48  54.08
116.61  31.69  253.97 56.04 13237 3443 23563 5331 217.07 49.74 226.56 51.63 24053  54.48
11837  31.99 liquid 13425 3475 23754 5361  218.90 50.04 228.49 52.02 24257 5484
12013  32.30  274.89 73.97 136.14 3507 239.46 53.92  220.72 50.40 230.41 52.42 24461 5522
121.89  32.62  276.80 74.09 138.03 3540 241.38 5420 22255 50.74 232.33 52.81 246.66  55.59
12365 32.93  278.72 74.27 139.91 3573 24329 5447 22437 51.08 234.25 53.19 24870  55.99
125.42  33.24  280.64 74.39 141.80 36.05 24520 54.76  226.20 51.40 236.17 53.56 25075  56.37
127.19 3354 28255 74.52 14369 36.38  247.11 5509  228.02 51.69 238.09 53.96 25279  56.73
128.96  33.84  284.47 74.68 14558 3670  249.03 5534  229.84 51.97 240.00 54.33 25483  57.09
130.73 3416  286.38 74.76 147.47 3703 25094 5567  231.66 52.28 241.92 54.69 256.88  57.43
13251 3447  288.30 74.97 149.36  37.36 25285 5596  233.48 52.57 243.83 55.05 25893  57.78
13429  34.76 series 15 151.26  37.69 25475 5627  235.29 52.85 24574 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 26097  58.20
137.84 3537  266.18 73.30 155.05 38.35 258.65 57.05  238.92 53.38 249,55 56.17 26301  58.82
139.62 3567  268.75 73.50 156.94  38.69 260.76 57.64  240.74 53.61 251.45 56.53 26504  59.82
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Table 2. (Continued)
oo Con? oo Con? a0 Con? oo Con? 70 Cen 70 Con oo Con?

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
crystala 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.

ments, sample 1 of 1.1769 g mass in series 1 to 11, and samplet;S (sup.lig; liq)= {547.7— 0.1153(T/K) + 1.30510 *
2 0f 0.6579 g mass in series 12 to 25. The history of calorimetric (T3 3K =mol ™, ()

measurements, procedures for preparation of phases, and tem-

perature ranges of the measurements are shown in Table 3. obtained from the experimental heat capacities of the glass in

Glass, Supercooled Liquid.iquid [Csmim][NTf,] at cooling N
from 300 K with initial rate of (0.02 to 0.03) 1 can be easily a range of temperatures of (150 to 171) K and th_e liquid in a
range of temperatures of (188 to 300) K, respectively.

supercooled and forms a glass phase. Heat capacities of the glass : .
were measured in series 1, 2, and 11 (Tables 2 and 3). De'[Ceanwlﬁnr]?lflg;Jz?l entropy and the residual enthalpy of the glassy

vitrification of the sample occurred in the temperature range of
(173 to 188) K (Figure 8).

Heat capacity of the supercooled liquid (aboVg was
measured from the temperatures just above the transition “glass o .
— supercooled liquid” to the temperatures at which a spontane- Hy(gl, T— 0) = (12.21+ 0.59) kmol
ous crystallization occurred: 204 K for sample 1 (series 2) and . . ]
(209 to 210) K for sample 2 (series 12 and 18). At higher Were found according to the following equations:
temperatures, the heat capacity of the supercooled liquid was

(gl T—0)= (24.1+ 4.1) IK *mol*

measured in the experiment carried out just after cooling of the L T—0)= AyHn 1 Com(@lilia) — Cp n(cr) o
liquid below Ts,s (series 5 to 9, 15, and 21). On supercooling Sh(gl, )= Tie T=0 T
the liquid to 231 K, the formed metastable phase is stable 3

enough to perform calorimetric measurements (series 5 to 7 with N

repeating coolingmeasuring cycles). On cooling the liquid HX(gl, T—0) = A, Ho — T:'“; [Com(alliq) — Cp(cn] dT

below 225 K (but above the glass transirion range), crystalliza- 4)

tion of the supercooled phase occurs only after a time long

enough to carry out two to six calorimetric experiments for heat where Cpm(cr) and ArsHy, are heat capacity and enthalpy of

capacity measurements (series 8, 9, and 21). Such a feature ifiusion for thea crystal (see below).

the thermal behavior of supercooledsfIm][NTf,] allowed Crystal PhasesThree crystal modifications of fim][NTf;]

us to measure its heat capacity almost all over the rangt( designated as, 3, andy (Table 3) were obtained under different

Tws) (excluding the small temperature range of (226 to 233) thermal conditions of crystallization. In this sequence, the heat

K). capacities of the crystals above 240 K decrease (Figure 9).
The temperature corresponding to the average heat capacity S Crystal Initially, in the experiments with sample 1, tife

of the substance in the glass transition range was assumed t@rystal was obtained (series 2 to 4). After spontaneous crystal-

be the glass transition temperature: lization had occurred at temperatures above 204 K (series 2),
the calorimetric experiments were continued. The temperature
Ty=(184.3£0.1) K step wasv 2 K if the phase in the calorimeter was stable. The

o e heat evolution due to crystallization manifested in high-
The heat capacity jump at the transition “glasssupercooled  temperature trends was finished at 254 K. In the consequent

liquid” was determined as the heat capacity difference bet""eenexperiments (series 2), heat capacities of the crystal were

the supercooled liquid and the glassTat measured, and the crystal was melted.
| | . oy e Based on the results from series 2, the following procedure
AgCsm== AgCpm = CsnlSUp-liq;T) — Cs (gl Ty = was applied to obtain the crystal J@Im][NTf,]. After the
(170.7+ 2.8) JK *:mol* crystallization had begun, the calorimeter with the sample was

) . slowly heated (average rate of 5 n&K?') to T = 255 K. This
Csn(gl; Tg) and Cs,n(sup..llq,Tg) values were calculated from  r4cess is designated as “crystallization of supercooled liquid
the following equations: in a range of temperatures of (205 to 255) K” (series 3). The

B B 3, obtained crystal was kept at= (255 to 256) K for 20 h. The
Csnf9l) = {243.8— 0.4568(T/K) + 7.08110 temperature dependence of heat capacity forghmystal at
(T/IK)% FK mol ™ (1) temperatures above 200 K (series 3) was reproduced in a second
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Table 3. Description of the Series of Calorimetric Experiments for [Gmim][NTf 5] 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 11 = 1.1769 g)
1 cooling of liquid from 300 K to 77 K glass (79t0131) K
2 cooling of glass (after series 1) from 132 K to 125 K glass 126 K taly
at a rate of
0.01Ks™?t
supercooled liquid Tgto 203 K
crystal 255 K toTsys
liquid Trsto 277 K
3 crystallization of supercooled liquid in 20 h at (255 to 256) K to 201 K at a rate of crystalp (202 to 258) K
temperature range of (205 to (0.02t0 0.01)
255) K K-s1
4 cooling of crystals (after series 3) from 259 Kto 77 K crystal 78 K10 Tiys
liquid Trust0 298 K
5 cooling of liquid from 300 K to 250 K supercooled liquid 251 K tsys
at a rate of (0.03
t0 0.02) Ks™t
liquid Trus t0 368 K
6 cooling of liquid from 370 K to 238 K supercooled liquid 23910 259 K
at a rate of
(0.04 t0 0.02)
K-s1
7 cooling of supercooled liquid (after from 260 K to 231 K supercooled liquid 23310242 K
series 6) at a rate of 0.02
K-s1
8 cooling of supercooled liquid (after from 243 K to 223 K supercooled liquid 22410226 K
series 7) at a rate of
0.02 K:st
9 cooling of liquid from 290 K to 214 K supercooled liquid 215t0 220K
at a rate of (0.03
t0 0.02) Kes™t
10 (like in series 3) crystallization of 20 h at (255 to 256) K to 77 K (nitrogen bath) crystalfg 5t084K
supercooled liquid in and thento 4.8 K
temperature range of (205 (helium bath)
to 255) K
11 (like in series 1) cooling of liquid from 300 K to 77 K glass 5t0 84 K
(nitrogen bath)
and thento 4.8
K (helium bath)
Sample 21 = 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 20 h at (235 to 236) K to 77K crystal, partly 7810 259 K
temperature range of (209 amorphous
to 235) K
14 cooling of crystay (after series 13) from 260 Kto 77 K crystal 78 K10 Tiys
liquid Trust0 288 K
15 cooling of liquid (after series 14) from 290 K to 265 K supercooled liquid 266 K- Tiys
at a rate of
(0.03t0 0.02)
K-s™1
liquid Tius to 368 K
16 crystallization of supercooled liquid in 45 h at (255 to 257) K to 77 K crystgl 78 to 255 K
temperature range of (210
to 255) K
17 crystals (after series 16) 18 h at (255 to 256) K to 217 K 611t arate of crystaljg 218 KtoTiys
0.02 K's~
liquid Tiusto 279 K
18 heating of glass from 100 K to 199 K supercooled liquid 200 to 209 K
19 crystallization of supercooled liquid in 18 h at (235 to 236) K, to 194 K at a rate of crystaly 195 to 254 K
temperature range of (210 then heating to 0.02 K-st
to 235) K 254 K at a rate
of 0.005 Kes™t
20 crystaly (after series 19) 10 hat 255 K to 199 K alt a rate of crystaly 200 t0Trys
0.02 K-s™
21 cooling of liquid (after series 20) from 275 K to 204 K supercooled liquid 205t0 214 K
at a rate of
(0.03t0 0.02)
K-s1
22 crystallization of supercooled liquid in 68 h at (236 to 238) K, to 209 K at a rate of crystaly 210to 264 K
temperature range of (214 then heating to 0.02 K-st
to 236) K 256 K at a rate
of 0.005 kst
23 crystaly (after series 22) 5hat 265 K to 250 K at a rate of crystala 21310 263 K
0.002 Ks71,
then to 212 K
at a rate of
0.02 K:st
24 crystallization of supercooled liquid in 10 hat 269 K to 250 K at a rate of crystala 131 toTius
temperature range of (210 0.001 ks™1,
to 269) K thento 130 K
at a rate of
0.02 Kes™t
25 crystallization of supercooled liquid in 18 hat 269 K to 250 K at a rate of crystala 78 t0Trys
temperature range of (210 0.001 Ks™1,
to 269) K thento 77 K
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above 220 K:0, crystala (series 24, sample 2J, crystalf (series 4, amorphous (series 13, annealing at (235 to 236)K)3 crystal (series 16,
sample 1), crystalff (series 17, sample 2y, crystaly (series 20, sample  4pnealing at (255 to 257) K, y crystal (series 22, annealing at (236 to
2). Inset: Percentage deviations of the heat capacEigof different crystal 238) K).
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atT > 200 K (sample 2):x, crystaly, partly amorphous (series 13},

Figure 10. Percentage deviations of the heat capacities offitheystal crystaly (series 14)@, crystal (series 16).

from the smoothed polinomial functions in the temperature range of (200

to 260) K: +, series 2 (sample 1, series 3 (sample 1), series 4 (sample _ .
1); &, series 16 (sample 2, series 17 (sample 2). y Crystal Above 200 K an anomaly with a weak maximum

near (230 to 240) K occurs in the temperature dependence of
pass through this region after heating the crystal to 260 K (seriesthe heat capacity for the crystal (Figures 8 and 9). The second -
4). The experimental heat capacities from series 3 and 4 agreePass in the range (series 3 and 4, Figure 10) does not affect this

to within 0.1 %. anomaly and heat capacities of tHecrystal. To explore the
A similar procedure was applied to obtain thecrystal for nature of this anomaly, the crystallization process was carried
sample 2 (series 16). An additional keeping of fherystal at out in such a way that the maximum temperature did not exceed

the temperatures of (255 to 256) K for 18 h had no significant (235 to 236) K. To prevent overheating caused by the crystal-
effect on the heat capacity of the crystal (Figure 10). Heat lization, sample 2 with the lower mass was used in series 12 to
capacities from series 16 and 17 agree to within 0.15 %. 25 (Tables 2 and 3).

Deviations of the heat capacities of tRecrystal for different In series 13 when the crystallization process started at
samples does not exceed 0.25 % above 200 K and 0.1 P6 at temperatures above 209 K, the calorimeter with the sample was
= (80 to 200) K. These are comparable with reproducibility of slowly (average rate 5 mi™1) heated tdol ~ 220 K at which

the results with this calorimeter. point the quick crystallization started. The following increase
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Table 4. Determination of the Molar Enthalpy of Fusion for
0.10 - x [Cemim][NTF 2]
0.09 - Tstart Tend Q Afueron
series number or
0.08 - way of formation,
0.07 sample numbér K K J-mol~t Jmol~t
~ X Crystalo
2 0.06 - series 24, no. 2 256.21 273.42 36635 28062
é series 25, no. 2 256.25 272.49 36106 28123
= 0.05 | x like in series 25,n0.2  255.81 275.68 38245 28089
° (28091+ 76y
|
g 004 Crystalg
2 series 4, no. 1 258.36 273.64 35784 28149
0.03 - likeinseries3,no.1  258.87 27594 36967 28259
x like in series 3, no. 1 259.70 273.85 35338 28210
0.02 - likein series 3,no. 1  258.46 272.78 35197 2837
0.01 X series 17, no. 2 255.85 27291 36554 28182 .
01 (281674 36
goooooood AT B A e g
0.00 S@@,@ﬁ,@@@?&%@;%gg?x % x % 25 _ Crystaly
T A erios 20, n0. 2440 27330 37508 2800a
series 20, no. . .
200 210 220 2T3/0K 240 250 260 like in series 19, no. 2  253.35 274.04 38508 28275
(282754 48y

Figure 13. Temperature drifts during the heat capacity measurements of
crystal phases for [€nim][NTf] in the temperature range of (200 to 260)

K (sample 2): x, y crystal, partly amorphous (series 13),y crystal (series
14); @, 5 crystal (series 16), o crystal (series 24).

aSample number: no. 1 for the sample with = 1.1769 g; no. 2 for
the sample withms = 0.6579 g.? From the fractional melting experiments.
¢ From independent single-step experimeftsverage value.
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Figure 14. Percentage deviations of the smoothed and extrapolated (above Figyre 15. Results of the fractional-melting experiments fopf@n][NTF]:
260 K) values of the heat capacities of fherystal and the’ crystal from 0, series 1 for the crystal (sample 1)®, series 2 for the crystal (sample
those for thea crystal: O, a crystal; O, f crystal; A, y crystal. 1); O,  crystal (sample 2)®, B crystal (sample 2)y, y crystal (sample

2).
of the temperature of the calorimeter with the sample to (235
to 236) K was caused by the energy evolved during the (Figure 13), and the heat capacities of the crystal phase became
crystallization process. This procedure is called “crystallization close to those for thg crystal (Figure 12).
of supercooled liquid in a range of temperatures of (209 to 235) No anomalies except that for fusion were found in the
K”. The sample was then annealedTat= (235 to 236) K for temperature curve of the heat capacity for therystal (Figure
20 h until the temperature trend of the calorimeter became 12, series 14). Temperature trends of the calorimetdr at
constant (Figure 11). Then it was cooled to 77 K. A peak with 200 K are normal (Figure 13). Heat capacities of the substance
a maximum at 230 K (Figure 12) was observed in the measured in series 13 and 14 differ significantly (Figure 12).
temperature dependence of the heat capacity of the obtained Taking into account the above-mentioned, the following
crystal designated as the crystal, partly amorphous. The procedure was applied to get therystal. After annealing at
measurements in the temperature range of (230 to 250) K were= (235 to 238) K the sample was slowly heated (average rate
accompanied by additional heat release due to completion ofof 5 mK-s™1) to T = (254 to 256) K (series 19 and 22, Table
crystallization of the sample. This was monitored by high 3). The temperature dependence of the heat capacity fgr the
positive temperature trends of the calorimeter (Figure 13). At crystal was reproducible after additional annealing for 10 h at
temperatures above 250 K the temperature trends became normal = 255 K (series 19 and 20, Tables 2 and 3). Differences in
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Table 5. Enthalpy Increase Caused by the Heating of Crystal fromT = 200 K to Ty and by the Fusion of Crystal with Formation of Liquid at
Trs = 272.03 K

value crystab crystalf crystaly
f;g(s)cp,m(cr) dT/3mol™t 32011+ 352 31851+ 38 31743+ 532
A HS IS mol™* 28091+ 762 28167+ 36* 28275+ 48&
[HO (li; T — He (cr; 200 K)]/Jmol’l 60102+ 111° 60018+ 74° 60018+ 1012
m ! u m !

aRandom uncertainty. Sum of uncertainties given in the cells above.

Table 6. Results of Fractional-Melting Experiments for Table 7. Molar Thermodynamic Functions of [Csmim][NTf 7] in the
[Cemim][NTf 52 Glassy and Supercooled Liquid StatesR = 8.314472 3K 1-mol~1)
sample 1 withms=1.1769 g sample 2 witms=0.6579 ¢ T Com AGHS, AS, @b
TIK f T/IK f K R RT R R
crystalf crystalo Glass
series 1 271.362 0.1823 5 0.3992 0.1024 0.1370 0.03458
271.789 0.2053 271.584 0.2774 10 2.072 0.6300 0.8733 0.2433
271.869 0.3274 271.701 0.3780 15 4.321 1.477 2.129 0.6515
271.911 0.4511 271.772 0.4811 20 6.650 2.484 3.696 1.212
271.948 0.5748 271.820 0.5854 25 8.880 3.543 5.423 1.880
271.961 0.6997 271.854 0.6904 30 10.91 4.604 7.223 2.620
271.967 0.8246 271.884 0.7957 35 12.77 5.640 9.048 3.408
To=(272.03+£ 0.02) K To=(272.03+ 0.01) K 40 14.42 6.636 10.86 4.226
x = (0.9977+ 0.0003) x = (0.9944+ 0.0002) 45 15.98 7.588 12.65 5.063
series 2 crystgb 50 17.49 8.503 14.41 5.910
271.619 0.1267 271.210 0.1535 60 20.27 10.24 17.85 7.616
271.832 0.2685 271.503 0.2390 70 22.77 11.85 21.17 9.317
271.901 0.4161 271.651 0.3325 80 25.20 13.37 24.37 11.00
271.938 0.5648 271.733 0.4295 90 27.47 14.81 27.47 12.66
271.961 0.7145 271.788 0.5265 100 29.73 16.19 30.48 14.29
271.967 0.8646 271.827 0.6259 110 31.93 17.52 33.42 15.90
To=(272.03£ 0.01) K 271.856 0.7258 120 34.06 18.81 36.29 17.48
x = (0.99764+ 0.0001) 271.881 0.8259 130 36.13 20.06 39.10 19.03
To=(272.03+ 0.01) K 140 38.18 21.29 41.85 20.56
x = (0.9942+ 0.0001) 150 40.24 22.48 44.55 22.07
crystaly 160 42.34 23.65 47.22 23.56
271.300 0.1785 170 44.60 24.82 49.85 25.03
271.539 0.2662 180 48.02 26.00 52.48 26.48
271.666 0.3601 184.3 55.16 26.57 53.67 27.10
2r1.742 0.4568 Supercooled Liquid
g;i;gg 82231 190 68.90 27.75 55.68 27.93
271861 0.7525 200 69.38 29.82 59.22 29.41
571.883 0.8521 210 69.88 31.71 62.62 30.91
T, = 220 70.42 33.46 65.88 32.42
0= (272.03+ 0.01) K
x = (0.9940+ 0.0001) 230 (70.99 35.08 69.03 33.95
240 71.59 36.59 72.06 35.47
afis the melti_ng fraction at temperatgil’e To is the triple point of the 228 ;ggé gggg ;‘7122 gggi
compound and is the mole-fraction purity of the sample 270 7357 4058 80.60 40.02
. . Liquid
heat capacities of the crystal from series 14, 19, 20, and 22 27203 73.72 40.83 81.16 40.32

do not exceed 0.4 % in the range of (200 to 255) K where the

sample does not start to melt. 2nterpolated value? @, is @7 = —[Gy(T) — HpOT =
a Crystal The andy crystals are stable at heating to (255 A,"Sy — AgHp/T.
to 260) K. Additional annealing of the phases at (255 to 256)
K (series 17 for thes crystal and series 20 for the crystal) they crystal (series 23) and from the supercooled liquid (series
does not affect neither the temperature dependence of the hea24 and 25) agree within 0.2 % in the range of temperatures of
capacity nor the heat capacities themselves (e.g., Figures 9 and200 to 260) K.
10 for thef crystal). Moreover, no transition from one crystal It should be noted that the heat capacities for all the crystal
to another occurs below 260 K. phases of [@nim][NTf_] coincide within 0.1 % in the temper-
However, heating of the crystal above 260 K and annealing ~ ature range (80 to 220) K but they are substantially different at
atT = 265 K for 5 h (series 22 and 23) tecrystal whichhas T > 220 K (Figures 9 and 14). This difference exceeds
the highest heat capacitiest 200 K was obtained (Figure ~ experimental error.
9). Thea crystal was also obtained from the supercooled liquid.  Fusion. The enthalpy of fusion was determined for every
To do this the calorimeter was slowly (average rate of 5snK crystal phase both in special experiments with a continuous heat
heated to 269 K (series 24 and 25, “crystallization of supercooled input and from fractional-melting experiments (Table 4). Initial
liquid in a range of temperatures of (210 to 269) K)”, and then Tsat and final Teng temperatures of the experiments with
it was kept at this temperature for 10 h (series 24) and 18 h continuous heat input lay out of the range of the phase transition.
(series 25). The heat capacities of therystal obtained from The enthalpy of fusion was calculated from the equation:
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Table 8. Molar Thermodynamic Functions of [Cemim][NTf ;] in the Crystalline and Liquid States (R = 8.314472 3K ~1-mol~1)

T Gom AgH:, Assh on° T Gom AgHy, AoSh P
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 2421 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
Crystala
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 (5800) 32.64 68.96 36.32
230 52.36 29.69 62.20 32.50 270 (59%8) 33.61 71.19 37.57
240 54.35 30.68 64.47 33.79 272.03 (60200) 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 (8143) 54.50 107.8 53.32
Crystalf
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 (5732) 32.58 68.90 36.32
230 52.26 29.69 62.19 32.50 270 (59%2) 33.54 71.11 37.57
240 54.02 30.67 64.46 33.79 272.03 (60214) 33.74 71.56 37.82
Liquid (from Crystalf)
272.03 73.72 46.19 84.01 37.82
Crystaly
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 (5725) 32.53 68.85 36.31
230 51.99 29.68 62.18 32.50 270 (59%4) 33.49 71.05 37.56
240 53.47 30.64 64.43 33.79 272.03 (60330) 33.69 71.50 37.81
Liquid (from Crystaly)
272.03 73.72 46.19 84.00 37.81

2 Extrapolated valued. @, is ®f, = —[G(T) — Hy(0)/T = AgSp, — AgHY/T.

A T _ Tend . _ temperature ranges were chosen in such a way to get close
A HY = C,(cr)dr C, (lig) dT =
st = Q frsta“ pin(C) /;fus prl) (within 0.5 %) heat capacities for all the crystal phase%;at
Q — g(cr) — q(lig) (5) (Figure 14).
whereQ is an energy required to heat 1 mol of substance from ©Oné may see from Table 4 that the enthalpy of fusion

Teart 10 Tend q(cr) andq(liq) are energies required to heat 1 increases slightly in a sequenoe—  — y from (28.09+
mol of the crystal phase frofisar to Trus and 1 mol of the  0.08) kimol™ to (28.284 0.05) kJmol™. At the same time,

liquid phase fromTy,s to Teng respectively. in this sequence heat capacities of the crystal phases in the range
Heat capacities of the crystal phases were extrapolated withof temperatures of (220 to 250) K decrease (Figure 9). Overall
the equations: enthalpy increments for the transition from the crystal at

200 K to the liquid afTs,s
Cpm(crystala) = {—181.74 3.673(T/K) —

4.30510°(T/K)%} K *mol™* (6) HS (lig; Ty — HG(cri 200 K)= [ G, (cr) dT + Ag,HS,

C, m(crystalp) = {1421.5— 8.972(T/K) + ©)

-3 2 -1 -1
20.5310 *(T/K)7} JK=mol = (7) coincide within experimental error for all the crystals (Table
C,n(Crystaly) = {1098.9— 6.696(T/K) + 5).

16.5410 % (T/K)2 FK “mol™* (8) The fusion temperatures for all the crystal phases and mole

fraction of the main component in the samples under study were

obtained by the least-squares fit from experimental heat capaci-determined by the fractional-melting technique. The results are

ties in the temperature ranges (224 to 259)Kc(ystal), (245 presented in Table 6. The experimental points are fitted by the
to 259) K (8 crystal), and (233 to 254) Ky(crystal). The van't Hoff equation:
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RT,?
AfusH?n

Cpm = (629.2+ 2.5) JK mol *,
AJS, = (755.8+ 3.2) 3K "mol ™,
AGHY/T = (405.1+ 1.8) IK mol ™,
@2 = (350.74 3.7) IK “:mol™*

T=T,- (=R} (10)

whereTy is a triple-point temperature in Kis a mole fraction

of the main component in a sampl&j,sH?, is an enthalpy of
fusion; f is an equilibrium fraction of melt at temperattife f

is equal to the energy already expended to the fusion of the
sample divided byAqsHS, The authors deeply appreciate Dr. J. Magee for initiation and
continuous support of this work and Dr. M. Muldoon for the
synethsis of [@nim][NTf].
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