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ABSTRACT

Heat capacities and enthalpy increments between the temperatures T = 5 K and T = 440 K were measured with adiabatic calorimetry for naphthalene. The triple-point temperature, enthalpy of fusion, heat capacities, and derived thermodynamic functions are reported for the solid and liquid phases. Results are compared with selected literature values.

1. INTRODUCTION

Sublimation pressures for naphthalene are used commonly to test experimental apparatus for the measurement of enthalpies of sublimation and vapor pressures at low pressures. Naphthalene was recommended by IUPAC as a reference material for the measurement of vapor pressures below 1 kPa.(1) Recently, naphthalene was recommended by ICTAC (The International Confederation for Thermal Analysis and Calorimetry) as a standard reference material for the measurement of sublimation enthalpies subHm in the pressure range 0.1 Pa to 995 Pa over the temperature range 250 < (T/K) < 353.(2) Results reported here will be used in conjunction with other experimental and calculated physical-property information to provide an independent check of such recommended values. Calculation of vapor pressures and comparisons with literature vapor-pressure values and recommendations will be published separately.

Vapor pressures calculated with “third-law” methods can provide a stringent check of values measured directly, and the results of such an analysis were reported previously for naphthalene.(3) Such calculations require accurate standard entropies as a function of temperature for all phases. In our earlier research (1993),(3) condensed-phase standard entropies for naphthalene were taken from the results of adiabatic calorimetry published by McCullough et al.(4) in 1957. In 1993, the quality of the available naphthalene sample (mole fraction purity, x = 0.9993) did not justify a complete study with adiabatic calorimetry, and only new values for the liquid phase were measured and reported. Differences between the heat capacities reported in 1957 and 1993 were near 0.002.Csat,m, and it was unclear whether this difference was related to the sample purity or was indicative of a systematic difference between the older and more-modern results. Subsequently, a better sample of naphthalene (x = 0.9997) became available and a complete set of measurements with adiabatic calorimetry were completed. The new measurement results are reported here.

This paper reports heat capacities, enthalpy increments, and entropies derived with results from adiabatic calorimetry for the temperature range 5 < (T / K) < 440 K. The triple-point temperature and enthalpy of fusion were measured, also. All results are compared with key literature values.

2. EXPERIMENTAL

MATERIALS

Scintillation grade (x > 0.99) naphthalene was purchased from the Sigma-Aldrich Company. The commercial sample was further purified by zone refinement and fractional sublimation. The mole-fraction purity (x = 0.9997) for the sample was determined by fractional melting as part of the adiabatic heat-capacity calorimetric studies, and was corroborated with gas-liquid chromatographic analyses.

PHYSICAL CONSTANTS AND STANDARDS

Molar values are reported in terms of M = 128.1705 g.mol‑1 naphthalene, and the gas constant R = 8.314472 J.K‑1.mol‑1 adopted in 1998 by CODATA.(5) 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 we measured in terms of IPTS‑68(6) and were converted approximately to ITS-90 with published temperature increments.(7) The platinum resistance thermometer used in the adiabatic heat-capacity studies was calibrated below 13.81 K with the method of McCrackin and Chang.(8) 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.(9) The calorimeter characteristics and sealing conditions are given in table 1. Energy measurement procedures were the same as those described for studies on quinoline.(9) 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 naphthalene was initiated by slow cooling (approximately 2 mK.s‑1) of the liquid sample. The sample supercooled less than 2 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. Complete crystallization occurred rapidly, as evidenced by the absence of spontaneous warming of the sample. Spontaneous warming in the partially-melted state is caused by gradual ordering of the crystals. The sample was cooled at an effective rate of 2 mK.s‑1 to crystallize the remaining liquid. Finally, the sample was thermally cycled from approximately 280 K to within 2 K of the triple-point temperature (Ttp = 353.370 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.(10) Equilibrium melting temperatures were determined by measuring temperatures at approximately 240-s intervals for 1.0 to 1.6 h after an energy input and extrapolating to infinite time by assuming an exponential decay toward the equilibrium value. The observed temperatures at 1 h after an energy input were invariably within 4 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(10) were used to derive the mole fraction purity x and Ttp. The results are summarized in table 2.

Phase Transformations and Enthalpy Measurements. Experimental molar enthalpy results are summarized in table 3. The table includes both fusion enthalpies and single-phase measurements, which serve as checks on the integration of the heat-capacity results. 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.


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 0.0002.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. 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 less than 0.1 percent above 30 K, except in the solid phase near the triple-point temperature where equilibration times were long. Extrapolation of the heat-capacity results to T→0 was made with a plot of Csat,m/T against T2 for results below 10 K.


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. As the triple-point temperature (Ttp = 353.370 K) was approached, the equilibration times increased gradually to approximately 12 h near 350 K.

THERMODYNAMIC PROPERTIES IN THE CONDENSED STATE

Entropies and enthalpies under vapor saturation pressure relative to that of the crystals at T→0 for the solid and liquid phases of naphthalene 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 fusion. 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(10) for solid-insoluble impurities with the mole-fraction impurities value shown in table 1.


Figure 1 shows the experimental saturation heat capacities Csat,m for naphthalene plotted as a function of temperature. Premelting corrections were applied to these values. 

3. DISCUSSION

COMPARISON OF RESULTS WITH LITERATURE VALUES

Heat-capacity and enthalpy-increment studies with adiabatic calorimetry have been completed twice previously for temperatures adequately low to allow reliable extrapolation to 0 K and derivation of standard entropies. Southard and Brickwedde(11) in 1933 completed measurements for the temperatures T = 15 K to T = 295 K for a sample of unspecified purity with a claimed uncertainty near 0.001.Csat,m. In 1957, McCullough et al.(4) published results for the temperatures T = 12 K to T = 371 K, which included the crystal-to-liquid transition region. The sample used by McCullough et al. was very pure; x = 0.99985. In 1993, we reported heat-capacity values for the liquid phase together with an enthalpy of fusion and a triple-point temperature for a sample of mole fraction purity x = 0.9993. Comparisons with the present results are limited to these studies. Citations to other less-extensive studies are given with our work published in 1993.(3)
Figure 2 shows the deviations of the literature results(3,4,11) from the present smoothed values for the entire temperature range studied. It is clear that the accuracy claimed by Southard and Brickwedde (0.001.Csat,m) was overly optimistic. An uncertainty 10 times larger seems justified. For temperatures above 30 K, the agreement between the present results and those of McCullough et al.(4) is excellent, with deviations rarely exceeding 0.001.Csat,m. This is shown clearly in figure 3, where the vertical scale has been expanded relative to that in figure 2. [Heat capacities were reported by McCullough et al.(4) in terms of IPTS-48. These were converted approximately to ITS-90 with temperature increments published by the authors and published temperature-scale differences.(7,12)] Larger deviations near Ttp are expected because long equilibration times are involved. Modern temperature-control systems can accommodate long equilibration times, but such systems were not available in the 1950s, when the work of McCullough et al. was completed. McCullough et al. reported experimental heat-capacity values without premelting corrections. Premelting corrections were applied here using the impurity value and temperature increments reported by McCullough et al.(4) The adjustment for premelting was approximately 0.02.Csat,m for the heat-capacity value nearest Ttp and decreased rapidly to less than 0.001.Csat,m near 320 K.

Comparison of the results of McCullough et al.(4) with the present results at low temperatures is shown in figure 4. Significant deviations are observed for temperatures below 30 K. The origin of these deviations is not known, but they do not exceed by more than a factor of two the expected uncertainties for the older measurements in this temperature region.

Although the present results and those of McCullough et al.(4) are nominally from the same laboratory (Bartlesville, OK, U.S.A.), the results are completely independent. In the intervening years, all aspects of the adiabatic-calorimetry system had been replaced, including the cryostat, calorimeter vessel, thermometer, voltage standards, resistance standards, temperature-control system, and temperature and energy measurement systems.

Deviations of the experimental Csat,m values of the present research (table 3) from the smoothed values (table 4) are included in figures 3 and 4. The relatively large deviations below 10 K result from a loss in sensitivity of the platinum-resistance thermometer and the copper-constantan thermocouples used in the adiabatic temperature-control system. Heat capacities for the liquid phase, reported by us in 1993, are within 0.001.Csat,m of the new values reported here for the better sample.

It is common in the modern literature for reports of adiabatic calorimetric results to be given without associated temperature increments. This practice nullifies the possibility of calculating or checking premelting calculations, and greatly increases the difficulty and uncertainty in adjustments made for temperature-scale changes. 

Triple-point temperatures and enthalpies of fusion are listed in table 6. The agreement between the enthalpy-of-fusion values is remarkably good. McCullough et al.(4) derived their value of Ttp from a fractional melting study with liquid fractions f ranging from f = 0.10 to f = 0.89. A plot of 1/f against the observed temperature did not yield a straight line. Consequently, McCullough et al. chose to use only temperatures for f = 0.69 and f = 0.89 for extrapolation to 1/f = 0. It is our experience that many hours are required to obtained near-equilibrium temperatures for f values near 0.85 or greater. Observed temperatures based on shorter equilibration periods are invariably high. It is our opinion that a more reliable extrapolation is obtained with the results of McCullough et al., if the temperature values for f less than 0.5 are used for the extrapolation. Such an extrapolation yields a Ttp value 0.01 K lower than the value listed in table 6. The new plot of observed temperature against 1/f is also not quite linear, indicating either a solid-soluble impurity or a failure to reach equilibrium at the higher fractions melted. In view of the uncertainties involved, including uncertainties associated with conversion of temperatures from IPTS-48 to ITS-90, the agreement between the Ttp values given in table 6 is good.

Comparisons of standard entropies reported by McCullough et al.(4) for the condensed phases and those of this research are shown in figure 6. Absolute and percentage differences are shown. As anticipated, based upon the heat-capacity differences shown in figures 2 through 4, the entropy differences are nearly constant (0.2 J.K‑1.mol‑1) between the temperatures 30 K and Ttp. Percentage differences are approximately 0.1 percent for all temperatures above 250 K. McCullough et al.(4) stated, “Above 30 K, the accuracy uncertainty should not exceed 0.2% except near phase changes, where greater uncertainty may be caused by rapid variation of Csat with T, slow equilibration, or the presence of impurities.” All comparisons shown here are in accord with this statement.

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 funded partially by the National Institute of Standards and Technology of the U.S. Department of Commerce. The Bartlesville Thermodynamics Research Laboratory closed on November 7, 1998.
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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.
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m / g
50.040


Vi(298.15 K) / cm3
61.00


Tcal / K
300


pcal / kPa
8.36


r(Tmax)
3.3


rmin
1.8


102.(C/C)max
0.024


xpre
0.0003

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

Naphthalene

0.152
353.259


0.251
353.301


0.497
353.335


0.645
353.344


0.793
353.350

Ttp = 353.370 K

x = 0.0003

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
Naphthalene

Single-phase measurements in cr


1
1
320.394
346.603
---
4.998
0.001

5
1
126.846
231.609

10.112
-0.001

5
1
231.600
312.107

11.992
-0.001

6
1
292.332
346.800

9.840
-0.003
cr to liquid


1
6
346.624
354.075
353.370
20.504
18.987
e

2
2
347.104
353.683

20.328
18.992

6
2
346.822
353.978

20.451
18.995






average
18.993
Single-phase measurements in liquid


8
1
355.432
427.329
---
16.701
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 fusion in this case) at the transition temperature Ttrs or the excess enthalpy relative to the heat-capacity curve described in the text for single-phase measurements.

e
This value was not included in the average.

TABLE 4. Experimental molar heat capacities 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


4
5.043
0.018
1.077
5
78.075
6.157
7.270

4
6.120
0.034
0.800
5
85.750
6.551
8.076

4
7.003
0.056
0.959
5
94.015
6.957
8.450

4
7.953
0.088
0.986
5
102.954
7.397
9.396

4
8.957
0.133
1.012
3
104.970
7.493
9.009

4
9.971
0.195
1.008
5
112.447
7.866
9.556

4
11.056
0.273
1.163
3
114.049
7.944
9.146

4
12.280
0.379
1.283
5
122.030
8.343
9.608

4
13.635
0.515
1.425
3
124.186
8.452
11.123

4
15.128
0.685
1.569
3
135.614
9.050
11.728

4
16.795
0.889
1.762
3
147.372
9.682
11.783

4
18.650
1.128
1.955
3
159.224
10.348
11.917

4
20.718
1.401
2.179
3
171.258
11.050
12.113

4
23.017
1.707
2.419
3
183.463
11.786
12.246

4
25.572
2.038
2.690
3
197.395
12.666
15.584

4
28.409
2.389
2.985
3
212.983
13.683
15.591

4
31.544
2.756
3.286
3
228.580
14.742
15.600

4
35.011
3.131
3.649
3
244.185
15.841
15.608

4
38.843
3.509
4.014
3
259.800
16.973
15.622

4
43.101
3.893
4.503
3
275.429
18.155
15.636

4
47.830
4.282
4.955
1
286.722
19.022
10.803

4
53.092
4.672
5.566
1
298.532
19.965
12.796

5
53.948
4.734
4.945
2
304.434
20.446
12.596

4
58.413
5.027
5.073
1
312.680
21.145
15.394

5
59.136
5.077
5.428
2
316.998
21.518
12.427

5
64.893
5.427
6.083
2
329.247
22.643
12.006

5
71.187
5.790
6.500
2
341.170
23.909
11.808
liquid


2
357.439
26.347
7.513
7
388.609
27.810
13.526

6
358.663
26.405
9.374
7
401.993
28.439
13.300

1
358.783
26.410
9.373
7
415.181
29.056
13.086

7
362.485
26.580
11.194
7
427.298
29.609
11.179

1
369.037
26.889
11.097
8
434.984
29.962
15.340

7
374.966
27.169
13.766
a
Adiabatic series number.

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

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


5.00 b

0.018
0.004
0.006
160.00

10.393
5.766
11.141

10.00

0.196
0.044
0.057
180.00

11.574
6.345
12.432

20.00

1.306
0.370
0.495
200.00

12.832
6.931
13.716

30.00

2.578
0.899
1.271
220.00

14.152
7.527
15.001

40.00

3.617
1.454
2.161
240.00

15.540
8.136
16.291

50.00

4.448
1.972
3.060
260.00

16.985
8.761
17.592

60.00

5.128
2.443
3.933
280.00

18.496
9.402
18.905

70.00

5.723
2.870
4.769
298.15

19.921
9.999
20.111

80.00

6.258
3.261
5.569
300.00

20.070
10.060
20.234

90.00

6.761
3.622
6.335
320.00

21.763
10.738
21.583

100.00

7.254
3.960
7.073
340.00

23.484
11.437
22.954

120.00

8.240
4.591
8.482
353.370 b

24.593
11.914
23.882

140.00

9.283
5.186
9.829






liquid


353.370 b

26.165
18.379
30.346
400.00

28.345
19.413
33.721

360.00

26.465
18.525
30.835
420.00

29.276
19.861
35.126

380.00

27.406
18.968
32.291
440.00

30.193
20.309
36.509
a
Values listed in this table are reported with one digit more than is justified by the experimental uncertainty to avoid round-off errors in subsequent calculations.
b
Values at this temperature were calculated with graphically extrapolated heat capacities.

TABLE 6. Comparisons with literature enthalpies of fusion fusHm and triple-point temperatures Ttp a
Source
fusHm
Ttp
Purity b
This research
18.993 ± 0.019
353.370 ± 0.02
99.97

Chirico et al.(3)
18.99 ± 0.03
353.40 ± 0.05 c
99.93

McCullough et al.(4)
18.98 ± 0.02
353.396 ± 0.03 d
99.985
a All temperatures were converted approximately to ITS-90.

b Percentage molar purity reported by the authors.

c The relatively large uncertainty results directly from the lower purity of the sample.

d The Ttp value reported by McCullough et al. is probably high by approximately 0.01 to 0.02 K, as discussed in the text. The assigned uncertainty reflects this.

Figure Captions

Figure 1. Molar heat capacities at saturation pressure Csat,m for naphthalene measured in this research. The vertical line indicates the triple-point temperature.

Figure 2. Deviation plot for condensed phase heat capacities reported in the literature from smoothed values of this research. ♦, Southard and Brickwedde (1933);(11) ○, McCullough, et al. (1957);(4) x, Chirico et al. (1993).(3)
Figure 3. Deviation plot for condensed phase heat capacities from smoothed values of this research. ●, experimental values of this research listed in table 3; ○, McCullough, et al. (1957);(4) x, Chirico et al. (1993).(3)
Figure 4. Deviation plot for condensed phase heat capacities from smoothed values of this research at low temperatures. ○, McCullough, et al. (1957);(4) ●, experimental values of this research listed in table 3.

Figure 5. Percentage and absolute entropy differences against temperature. 
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