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ABSTRACT

Heat capacities and enthalpy increments between the temperatures T ≈ 5 K and T ≈ 380 K were measured with adiabatic calorimetry for pyrazine. The triple-point temperature, enthalpy of fusion, heat capacities, and derived thermodynamic functions are reported for the solid and liquid phases. Three solid-to-solid phase transitions were observed, and the transition temperatures and enthalpies are reported. All results are compared with literature values. The adiabatic calorimetric results reported here provide key quantities required for thermodynamic consistency analyses, which can provide needed validations for calculational techniques (ab initio, semi-empirical, statistical, group contribution, etc.). Such validations are currently lacking for polyazines, such as pyrazine.
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1. INTRODUCTION

Standard entropies and standard enthalpies of formation in the ideal-gas state have been reported for pyrazine based upon a variety of methods including density functional theory (DFT),(1,2) Gaussian-3 (G3),(3) semi-empirical MNDO, AM1, and PM3 calculations,(4) spectroscopy/statistical mechanics,(5,6) and group contribution methods.(6-8) A key issue common to all of these methods is assessment of the accuracy of the derived values, particularly when the available experimental literature is “admittedly sparse,” as noted by Skancke and Liebman(1) in their DFT study.


Unsubstituted aromatic ring systems represent a family of compounds, which can provide particularly stringent tests for a wide variety of thermodynamic property determinations because of their structural simplicity, which allows extensive thermodynamic consistency checks to be performed reliably. The rigid nature of these molecules together with the absence of rotational barriers greatly eases problems associated with statistical calculation of properties. Extensive and successful thermodynamic consistency analyses have been reported by this research group for pyridine,(9) methyl pyridines,(10,11) benzene,(12) and methylbenzenes.(12-14)

The enthalpy of combustion of pyrazine crystal was reported by Tjebbes.(15) Recently, Steele et al.(16) (this research group) reported vapor pressures determined with comparative ebulliometry, saturation liquid phase densities, heat capacities determined with differential scanning calorimetry (DSC), and the critical temperature and critical density, determined also with DSC. The adiabatic calorimetric experimental results reported here provide the final key quantities required for completion of thermodynamic consistency analyses similar to those reported for the pyridines and benzenes, which can begin to provide needed validations for calculational techniques (DFT, G3, group contribution, etc.). These validations are currently lacking for polyazines, such as pyrazine.

This paper reports heat capacities, enthalpy increments, and entropies for the condensed phases of pyrazine derived with results from adiabatic calorimetry for the temperature range 5 < (T / K) < 380 K. The triple-point temperature and enthalpy of fusion plus transformation temperatures and enthalpies for three solid-to-solid phase transitions are reported. All results are compared with key literature values. Combination of the present results with those of published experimental studies to provide standard entropies, enthalpies of formation, and Gibbs energies of formation for the gas phase will be published separately together with extensive thermodynamic consistency tests. Comparisons with properties derived with theoretical and statistical calculations will be made at that time.

2. EXPERIMENTAL

MATERIALS

Commercial pyrazine was purchased from the Aldrich Chemical Company. The sample was further purified by fractional distillation with a spinning-band column. Gas-liquid chromatographic analysis indicated a purity greater than 0.9995 mole fraction. The mole-fraction purity (x = 0.99985) for the sample was determined by fractional melting as part of the adiabatic heat-capacity calorimetric studies reported here. The sample used in this research is the same as that used in studies published previously by this research group.(16)
PHYSICAL CONSTANTS AND STANDARDS

Molar values are reported in terms of M = 80.089 g.mol‑1 pyrazine, and the gas constant R = 8.314472 J.K‑1.mol‑1 adopted in 1998 by CODATA.(17) The platinum resistance thermometers used in these measurements were calibrated by comparison with standard thermometers whose constants were determined at the National Bureau of Standards (NBS), now the National Institute of Standards and Technology (NIST). All temperatures were measured in terms of IPTS‑68(18) and were converted approximately to ITS-90 with published temperature increments.(19) The platinum resistance thermometer used in the adiabatic heat-capacity studies was calibrated below 13.81 K with the method of McCrackin and Chang.(20) Measurements of mass, time, electrical resistance, and potential difference were made in terms of standards traceable to calibrations at NIST. 

APPARATUS AND PROCEDURES

Heat-capacity and enthalpy measurements were made with an adiabatic calorimetric system described previously.(21) The calorimeter characteristics and sealing conditions are given in table 1. Energy measurement procedures were the same as those described for studies on quinoline.(21) Thermometer resistances were measured with self-balancing, alternating-current resistance bridges (H. Tinsley & Co. Ltd.; Models 5840C and 5840D), which were calibrated with standard resistors specifically designed for use with alternating current. Energies were measured to a precision of 0.01 percent, and temperatures were measured to a precision of 0.0001 K. The energy increments to the filled platinum calorimeter were corrected for enthalpy changes in the empty calorimeter vessel, for the helium exchange gas, and for vaporization of the sample into the free space of the sealed vessel. The maximum correction to the measured energy for the helium exchange gas was 0.5 percent near 5 K. The sizes of the other two corrections are indicated in table 1.

2. RESULTS

ADIABATIC HEAT-CAPACITY CALORIMETRY

Crystallization and Melting Studies. Crystallization of pyrazine was initiated by slow cooling (approximately 15 mK.s‑1) of the liquid sample. The sample supercooled approximately 2.5 K. Complete crystallization was ensured by maintaining the sample under adiabatic conditions in the partially melted state (10 percent to 20 percent liquid) until ordering of the crystals was complete, as evidenced by the absence of spontaneous warming of the sample. Slight spontaneous warming continued for approximately 6 h following the initial partial melting. The sample was held for 24 h in the partially melted state to ensure that all warming had ceased. The sample was then cooled at an effective rate of 12 mK.s‑1 to crystallize the remaining liquid. Finally, the sample was thermally cycled from approximately 250 K to within 2 K of the triple-point temperature (Ttp = 325.445 K), where it was held for a minimum of 16 h to provide further tempering. All of the solid-phase measurements were performed upon crystals pre-treated in this manner.


The triple-point temperature Ttp and the mole fraction purity x were determined by measurement of the equilibrium melting temperatures T(F) as a function of fraction F of the sample in the liquid state.(22) Equilibrium melting temperatures were determined by measuring temperatures at intervals of approximately 240 s for 1 h to 2  h after an energy input and extrapolating to infinite time by assuming an exponential decay toward the equilibrium value. The observed temperatures at the end of the equilibration period were invariably within 2 mK of the calculated equilibrium temperatures for F values listed in table 2. No evidence for the presence of solid-soluble impurities was found. Published procedures(22) were used to derive the mole fraction purity x and Ttp. The results are summarized in table 2.

Phase Transformations and Enthalpy Measurements. Three solid-to-solid phase transitions were detected. Figure 1 shows the complete heat-capacity results obtained in this research including all phase transition temperatures. Figure 2 shows the results for three separate cooling curves from the partially-melting state (approximately 325 K) to near 290 K. The cooling curves were obtained by monitoring the temperature after deactivation of the adiabatic shields with liquid nitrogen in the cryogenic tanks of the apparatus. The results are plotted as the rate of temperature change as a function of temperature. The highly reproducible conversions of cr(I) to cr(II) and cr(II) to cr(III) are indicated in figure 2. The first-order phase transition near 300 K occurred with almost no supercooling. The conversion of cr(I) to cr(II) is not apparent in a simple plot of temperature against time. The third solid-to-solid conversion (a small “lambda” transition) occurred at 95.7 K, and was detected initially as an excess heat capacity during the normal sequence of measurements. This third transformation was also highly reproducible.

Experimental molar enthalpy results are summarized in table 3. The table includes both transition enthalpies and single-phase measurements, which serve as checks on the integration of the heat-capacity results. All phase transition enthalpies were determined at least three times with excellent reproducibility. Corrections for premelting caused by impurities were made in these evaluations. Results with the same series number in tables 3 and 4 were taken without interruption of adiabatic conditions.


Equilibrium was reached in less than 1 h for all measurements in the liquid phase and for measurements in the solid phase below 280 K, including the transition region near 95.7 K. As the triple-point temperature (Ttp = 325.445 K) was approached, the equilibration times were much longer and varied considerably. Between 290 K and the first-order phase change near 300.53 K, equilibration times were approximately 6 h. In the partially-transformed state (very near 300.53 K), the equilibration times were near 24 h. Adequate measurements were completed to determine Ttrs = 300.53 K, but detailed measurements in the transition region were not attempted. 

Results obtained near 300.53 K are shown in figure 3. One heat-capacity value for series 1 is not shown in the figure. This measurement, which was used to define Ttrs, yielded an average heat capacity greater than 6 x 105 J.K.mol-1 between T = 300.523 K and T = 300.528 K, as listed in table 4.

Equilibration times within phases cr(II) and cr(I) were typically between 8 and 12 h. All measurement results in the region of the cr(II)-to-cr(I) conversion are shown in figure 4. The results of series 1 were used to estimate the phase transition temperature; Ttrs = 309.8 ± 0.1 K. Although not first-order, the transition is complete within a range of less than 0.9 K.

Heat-capacity results in the region of the cr(IV) to cr(III) transition are shown in figure 5. “Normal” equilibration times (i.e., less than 1 h) were observed in this region, and excellent reproducibility was achieved, as listed in table 3. No attempt was made to estimate an “excess” heat capacity or entropy in this region. The “transition enthalpy” listed in table 3 (0 kJ/mol) was calculated relative to the heat-capacity curve shown in figure 5, which is based on the smoothed values listed in table 5.


The experimental molar heat capacities under vapor saturation pressure Csat,m are listed in table 4. Values in table 4 were corrected for effects of sample vaporization into the free space of the calorimeter vessel. The maximum vaporization correction was only 0.00032.Csat,m, as indicated in table 1. The temperature increments were small enough to obviate the need for corrections for non-linear variation of Csat,m with temperature except near the transition temperatures. The precision of the heat-capacity measurements ranged from approximately 2 percent at 5 K, to 0.5 percent at 10 K, and improved gradually to better than 0.1 percent above 30 K. Heat capacities were extrapolated to T→0 with a plot of Csat,m/T against T2 for results below 10 K.

THERMODYNAMIC PROPERTIES IN THE CONDENSED STATE

Entropies and enthalpies for the solid and liquid phases of pyrazine under vapor saturation pressure relative to that of the crystals at T→0 are listed in table 5. The tabulated values were derived by integration of the smoothed heat capacities corrected for premelting, together with the entropies and enthalpies of transition. The heat capacities were smoothed with cubic-spline functions by least-squares fits to six points at a time and by requiring continuity in value, slope, and curvature at the junction of successive cubic functions. Due to limitations in the spline-function procedure, some acceptable values from table 4 were not included in the fit, while in other regions graphical values were introduced to ensure that the second derivative of the heat capacity with respect to temperature was a smooth function of temperature. Premelting corrections were made by means of methods(22) for solid-insoluble impurities with the mole-fraction impurities value shown in table 1. The experimental saturation heat capacities Csat,m for pyrazine plotted in figure 1 were corrected for premelting.

3. DISCUSSION

COMPARISON OF RESULTS WITH LITERATURE VALUES

Studies of heat capacity and enthalpy increments with adiabatic calorimetry have not been reported previously for pyrazine. Pyrazine has been studied calorimetrically with differential scanning calorimetry by Steele et al.(16) (this research group), Boyd et al.,(23) Bougeard et al.,(24) and Schettino et al.(25) All phase transition temperatures and enthalpies from these sources are compared with those of the present research in table 6. The qualitative agreement is good in all cases. Deviations from the present results are in accord with uncertainties expected for differential scanning calorimetry and the relative ease of transformation between the successive phases.


Steele et al.(16) reported heat capacities determined with differential scanning calorimetry for pyrazine for temperatures between 268 K and the critical temperature (Tc = 627 K). These are in excellent agreement (within 0.01.Csat,m) with those of the present research in the temperature region of overlap. Results of the present research will be combined with earlier work(15,16) in a future publication to provide standard entropies, enthalpies of formation, and Gibbs energies of formation for the crystalline, liquid, and ideal-gas states for a broad range of temperatures. Comparisons with results obtained with other calculational methods will be made at that time.

The authors acknowledge the assistance of Aaron Rau in vapor-transfer of materials prior to the calorimetric measurements. The experimental work was funded by the Office of Fossil Energy of the U.S. Department of Energy (DOE) within the Processing and Downstream Operations section of the Advanced Oil Recovery (AOR) program. Experiments were completed at NIPER/BDM-Oklahoma under the BDM Oklahoma contract with DOE for Management and Operations of the National Oil and Related Programs (NORP), Contract Number DE-AC22-94C91008. Preparation of the manuscript was completed at the National Institute of Standards and Technology of the U.S. Department of Commerce in Boulder, Colorado, and was supported by the National Petroleum Technology Office of DOE, Interagency Agreement number DE-AI26-02NT15338.
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TABLE 1.
Calorimeter and sample characteristics for adiabatic heat-capacity calorimetry studies: m is the sample mass; Vi is the internal volume of the calorimeter; Tcal is the temperature of the calorimeter when sealed; pcal is the pressure of the helium and sample when sealed; r is the ratio of the heat capacity of the full calorimeter to that of the empty; Tmax is the highest temperature of the measurements; and (C/C)max is the maximum vaporization correction; xpre is the mole-fraction impurity used for premelting corrections.

Pyrazine
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m / g
46.522


Vi(298.15 K) / cm3
59.06


Tcal / K
299


pcal / kPa
8.52


r(Tmax)
3.1


rmin
2.0

102.(C/C)max
0.032


xpre
0.00015

TABLE 2. 
Melting-study summaries: F is the fraction melted at observed temperature T(F); Ttp is the triple-point temperature; x is the mole-fraction impurity


F
T(F)/K

Pyrazine


0.203
325.404

0.404
325.426

0.604
325.432

0.804
325.435
Ttp = 325.445 K

x = 0.00015
TABLE 3.
Molar enthalpy measurements




Ti
Tf
Ttrs
totUm c
trsHm d

N a
h b













K
K
K
kJ.mol-1
kJ.mol-1
Pyrazine

cr(IV) to cr (III)


3
1
93.640
101.838
95.7
0.390
0.000

4
1
95.342
97.549

0.104
0.000

7
1
95.080
95.713

0.030
0.000






average
0.000

Single-phase measurements in cr (III)


7
1
114.731
219.491

6.630
0.000

7
1
219.484
295.193

6.703
0.001

8
1
281.716
297.983

1.617
0.000
cr(III) to cr (II)


1
3
296.253
302.526
300.53
1.738
1.088

2
1
298.127
301.806

1.470
1.088

8
1
298.068
301.807

1.477
1.088

9
1
298.308
301.981

1.471
1.088






average
1.088

cr(II) to cr (I)


1
1
308.798
310.824
309.8
0.270
0.046

2
2
308.986
310.779

0.244
0.046

8
2
309.112
309.949

0.134
0.041
e

9
1
308.840
311.692

0.362
0.046






average
0.046

crystalline to liquid


1
2
322.108
328.174
325.445
15.535
14.782

2
5
321.995
328.717

15.622
14.783

9
2
322.476
326.572

15.277
14.783







average
14.782

TABLE 3.
Molar enthalpy measurements (continued)




Ti
Tf
Ttrs
totUm c
trsHm d

N a
h b













K
K
K
kJ.mol-1
kJ.mol-1
Single-phase measurements in liquid


11
1
339.972
388.703

6.971
0.000
a
Adiabatic series number.

b
Number of heating increments.
c
totUm is the molar energy input from the initial temperature Ti to the final temperature Tf.

d
trsHm is the net molar enthalpy of transition (or melting) at the transition temperature Ttrs or the excess enthalpy relative to the heat-capacity curve described in the text for single-phase measurements.

e
The phase transition temperature was determined with this series of measurements. This determination involved long equilibration times resulting in relatively large uncertainties in heat leaks. Therefore, this value was not included in the average.

TABLE 4. Experimental molar heat capacities for pyrazine at vapor-saturation pressure (R = 8.314472 J.K-1.mol-1)


N a
<T>/K
Csat,m/R b
T/K
N a
<T>/K
Csat,m/R b
T/K

cr(IV)


5
5.842
0.027
0.889
5
58.385
4.268
6.055

5
6.791
0.041
0.963
4
60.938
4.399
5.344

5
7.770
0.059
0.985
4
66.633
4.680
6.040

5
8.783
0.085
1.014
4
72.929
4.947
6.546

5
9.810
0.119
1.024
4
78.670
5.167
4.934

5
10.902
0.162
1.148
4
82.782
5.313
3.286

5
12.106
0.221
1.273
3
83.503
5.337
6.523

5
13.438
0.300
1.386
4
85.502
5.407
2.153

5
14.893
0.403
1.520
4
87.683
5.479
2.170

5
16.507
0.532
1.716
4
89.864
5.551
2.189

5
18.325
0.698
1.917
3
90.203
5.560
6.871

5
20.359
0.899
2.153
7
91.342
5.597
1.144

5
22.634
1.142
2.392
4
92.054
5.621
2.189

5
25.155
1.421
2.649
6
92.429
5.633
1.131

5
27.960
1.736
2.960
7
92.506
5.635
1.136

5
31.084
2.079
3.287
7
93.438
5.659
0.723

5
34.548
2.443
3.640
7
94.120
5.679
0.637

5
38.392
2.818
4.048
4
94.246
5.683
2.191

5
42.660
3.195
4.488
7
94.761
5.697
0.635

5
47.386
3.564
4.964
7
95.396
5.705
0.633
c

5
52.612
3.921
5.488
4
96.446
5.684
2.207
c

4
55.937
4.126
4.651
3
97.739
5.721
8.198
c
cr(III)


7
96.032
5.664
0.634
3
195.209
8.416
10.013

7
96.687
5.676
0.632
3
205.223
8.739
10.005

7
98.092
5.714
2.175
3
216.201
9.109
11.952

4
98.647
5.729
2.194
3
228.165
9.528
11.980

4
100.852
5.780
2.180
3
240.167
9.965
12.030

7
102.132
5.823
5.901
3
252.185
10.424
12.014
TABLE 4. Continued.


N a
<T>/K
Csat,m/R b
T/K
N a
<T>/K
Csat,m/R b
T/K


4
104.598
5.891
5.308
3
264.132
10.887
12.009

3
106.259
5.937
8.833
3
276.142
11.388
12.002

7
108.970
6.006
7.762
2
284.424
11.733
7.974

4
111.144
6.068
7.778
3
288.168
11.893
11.986

3
115.495
6.182
9.631
2
293.270
12.119
9.625

3
125.226
6.436
9.827
1
293.770
12.139
4.884

3
135.138
6.696
9.991
1
298.388
26.707
4.270
c

3
145.142
6.960
9.909
2
299.966
48.094
3.679
c

3
155.108
7.232
10.018
9
300.144
48.190
3.673
c

3
165.136
7.513
10.036
1
300.525
7700
0.005
c

3
175.168
7.803
10.027
1
301.527
28.109
1.998
c

3
185.193
8.103
10.018
cr(II)


2
302.832
12.904
2.004
8
309.351
15.811
0.479
c

1
304.087
12.972
3.090
2
309.580
17.810
1.189
c

8
304.417
12.997
4.997
8
309.743
19.681
0.413
c

9
305.412
13.076
6.797
1
309.811
16.078
2.026
c

2
306.421
13.120
5.131
9
310.266
15.293
2.852
c

1
307.219
13.161
3.162
2
310.472
13.461
0.614
c

8
308.131
13.208
1.924
cr(I)


8
310.408
13.398
0.532
2
317.041
13.905
9.888

2
311.439
13.426
1.332
9
317.103
13.954
10.785

1
311.954
13.452
2.271
1
317.666
13.863
3.064

1
314.612
13.603
3.072
1
320.665
14.484
2.981

8
316.658
13.931
11.973





liquid


9
329.522
16.333
5.908
10
361.197
17.120
13.684

1
332.099
16.399
7.863
10
374.800
17.475
13.517

1
339.961
16.587
7.874
10
386.334
17.785
9.553

10
347.914
16.784
12.857
a
Adiabatic series number.

b
Average heat capacity for a temperature increment of T with a mean temperature <T>.

c
This measurement result was used in the determination of the enthalpy of transition listed in table 3.

TABLE 5. Molar thermodynamic functions at vapor-saturation pressure a 

(R = 8.314472 J.K-1.mol-1)


 EQ \F( T ,K) 
Csat,m / R
 EQ \F(D\O\al(T,0 )H\O\AC(,m),RT) 
 EQ \F(D\O\al(T,0 )S\O\AC(,m),R) 
 EQ \F( T ,K) 
Csat,m / R
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 EQ \F(D\O\al(T,0 )H\O\AC(,m),RT) 
 EQ \F(D\O\al(T,0 )S\O\AC(,m),R) 
cr(IV)


5.00

0.016
0.004
0.005
60.00

4.351
1.966
3.068

10.00

0.126
0.032
0.042
70.00

4.827
2.342
3.776

20.00

0.862
0.235
0.318
80.00

5.215
2.677
4.447

30.00

1.961
0.625
0.873
90.00

5.556
2.978
5.081

40.00

2.965
1.089
1.579
95.70
b
5.724
3.137
5.427

50.00

3.749
1.546
2.329






cr(III)


95.70
b
5.656
3.137
5.427
210.00

8.897
5.352
10.929

100.00

5.762
3.248
5.678
220.00

9.239
5.521
11.351

110.00

6.036
3.489
6.240
230.00

9.592
5.690
11.769

120.00

6.300
3.712
6.777
240.00

9.957
5.861
12.185

130.00

6.561
3.921
7.291
250.00

10.336
6.032
12.599

140.00

6.824
4.119
7.787
260.00

10.721
6.205
13.012

150.00

7.092
4.308
8.267
270.00

11.125
6.380
13.424

160.00

7.368
4.491
8.733
280.00

11.540
6.556
13.836

170.00

7.652
4.668
9.189
290.00

11.960
6.736
14.249

180.00

7.946
4.842
9.634
298.15

12.310
6.883
14.585

190.00

8.252
5.014
10.072
300.00
b
12.390
6.917
14.661

200.00

8.568
5.183
10.503
300.53
b
12.413
6.927
14.683
cr(II)


300.53
b
12.745
7.362
15.119
306.00

13.044
7.461
15.351

302.00

12.825
7.388
15.181
308.00

13.153
7.497
15.436

304.00

12.934
7.424
15.266
309.80
b
13.251
7.531
15.513
cr(I)


309.80
b
13.284
7.548
15.531
320.00

13.686
7.738
15.968

310.00
b
13.292
7.552
15.540
325.00
b
13.899
7.831
16.182

315.00

13.481
7.645
15.754
325.445
b
13.919
7.839
16.201
TABLE 5. Continued.


 EQ \F( T ,K) 
Csat,m / R
 EQ \F(D\O\al(T,0 )H\O\AC(,m),RT) 
 EQ \F(D\O\al(T,0 )S\O\AC(,m),R) 
 EQ \F( T ,K) 
Csat,m / R

[image: image2.wmf]

 EQ \F(D\O\al(T,0 )H\O\AC(,m),RT) 
 EQ \F(D\O\al(T,0 )S\O\AC(,m),R) 
liquid


325.445
b
16.234
13.302
21.664
360.00

17.089
13.624
23.344

330.00

16.346
13.343
21.890
370.00

17.348
13.721
23.816

340.00

16.590
13.435
22.382
380.00

17.613
13.820
24.282

350.00

16.836
13.529
22.866
a
To avoid round-off errors in subsequent calculations, values listed in this table are reported with one digit more than is justified by the experimental uncertainty.
b
Values at this temperature were calculated with graphically extrapolated heat capacities.

TABLE 6. Comparisons with literature transition temperatures and enthalpies a


trsHm
Ttrs

Phase




Source
transition
kJ.mol-1
K
This research
cr(III)-to-cr(II)
1.088 ± 0.001
300.53 ± 0.02

Steele et al.(16)

0.9 ± 0.1
300.5 ± (0.5)

Bougeard et al.(24)

0.954 ± (0.2)
301.7 ± (1)

Boyd et al.(23)

0.970 ± 0.007
300.9 ± (0.5)

Schettino et al.(25)

1.10 ± 0.04
302 ± (1)

This research
cr(II)-to-cr(I)
0.046 ± 0.001
309.8 ± 0.1

Bougeard et al.(24)

0.063 ± (0.03)
309.7 ± (0.5)

Boyd et al.(23)

0.060 ± 0.010
310 ± (1)

This research
cr(I)-to-liquid
14.78 ± 0.01
325.44 ± 0.02

Steele et al.(16)

14.7 ± 0.3
325.5 ± (0.5)

Bougeard et al.(24)

12.95 ± (2)
324 ± (1)

a
Uncertainties enclosed in brackets were estimated here based upon the method used (differential scanning calorimetry) and graphs provided in the original source.

.

Figure Captions

Figure 1. Molar heat capacities at saturation pressure Csat,m for pyrazine measured in this research. The vertical lines indicate phase transition temperatures.

Figure 2. Rate of cooling against temperature for three independent data series.

Figure 3. Average heat capacities Csat,m in the cr(III)-to-cr(II) transition region. □, series 1; ◊, series 2; ○ series 3, ♦, series 8; ■ series 9. The vertical line indicates the phase transition temperature. The bold curve represents the smoothed heat capacities of table 5.
Figure 4. Average heat capacities Csat,m in the cr(II)-to-cr(I) transition region. □, series 1; ◊, series 2; ♦, series 8; ■ series 9. The vertical line indicates the phase transition temperature. The bold curve represents the smoothed heat capacities of table 5.
Figure 5. Average heat capacities Csat,m in the cr(IV)-to-cr(III) transition region. □, series 6; ○ series 3, ∆ series 4; ♦, series 7. The vertical line indicates the phase transition temperature. The bold curve represents the smoothed heat capacities of table 5.
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a Contribution of the National Institute of Standards and Technology; not subject to copyright in the United States. Contribution number 391 from the Bartlesville Thermodynamics Group. The list of publications 1-390 has been published; J. Chem. Eng. Data, 2002, 47, 629-642. Products or companies named are solely for specification of experimental description and neither constitute nor imply endorsement by NIST or by the US government.


b To whom correspondence should be addressed. E-mail address: chirico@boulder.nist.gov.
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