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ABSTRACT

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

1. INTRODUCTION

Benzophenone has been recommended by ICTAC (The International Confederation for Thermal Analysis and Calorimetry) as a standard reference material for the measurement of sublimation enthalpies subHm.(1) The recommended subHm values are based upon nine studies from the literature, seven of which involve calculation of subHm from vapor-pressure values with the Clapeyron equation. The literature subHm values listed by ICTAC span a range of approximately 5 kJ.mol‑1 with an average value near 93 kJ.mol‑1 near temperature T = 298 K. Benzophenone supercools readily by more than 50 K to near 270 K. Consequently, it has been suggested as a reference material for the measurement of vapor pressures at low pressures, allowing measurements to be made in both the solid and liquid phases in the same temperature range.(1) The recommendation of benzophenone as a reference material was made with reservations, which involved a reported tendency for benzophenone to form a metastable solid phase.(1) No evidence for a metastable solid phase was found in the present work.

Vapor pressures calculated with “third-law” methods can provide a stringent check of values measured directly. This has been demonstrated by this research group in previous publications.(cf., 2 and 3) Such calculations require accurate standard entropies as a function of temperature for all phases, which prior to the present work, were not available for the condensed phases of benzophenone.

This paper reports standard entropies for the condensed phases of benzophenone determined with adiabatic “heat-capacity” calorimetry for the temperature range 5 < (T / K) < 440 K. The triple-point temperature and enthalpy of fusion are reported, and all results are compared with literature values. Application of the results to the problem of validation of vapor-pressure values at low pressures will be published separately.

2. EXPERIMENTAL

MATERIALS

A commercial sample of benzophenone was purified as follows. Crude benzophenone (500 g) was eluted through a tri-layer of acidic, neutral, and basic alumina contained in a Soxhlet apparatus using diethyl ether under argon as the solvent. The eluate was diluted with n‑hexane to a total volume of 2.4 l and cooled to 280 K over a period of 2 h. The resulting crystals were filtered and washed thoroughly with n‑hexane, dried under vacuum, placed in ampoules, and sealed under vacuum. All subsequent sample transfers were done under vacuum or in an inert (nitrogen or helium) atmosphere.


The mole-fraction purity (x = 0.99984) for the sample was determined by fractional melting as part of the adiabatic calorimetric studies. The high purity of the sample was corroborated by the small differences between the boiling and condensation temperatures observed in previously published ebulliometric vapor-pressure studies for the same sample.(4)
PHYSICAL CONSTANTS AND STANDARDS

Molar values are reported in terms of M = 182.2218 g.mol-1 benzophenone, and the gas constant R = 8.314472 J.K-1.mol-1 adopted by CODATA in 1998.(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 0.1 percent near 6 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 benzophenone was initiated by cooling (approximately 15 mK.s‑1) the liquid sample. Generally, nucleation occurred approximately 60 K below the triple-point temperature. However, on two occasions nucleation did not occur and a glass was formed. For those two cases nucleation occurred when the glass was reheated above the glass-transition temperature. 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 a cessation of spontaneous warming. The sample warmed for approximately 25 h following the partial remelting. 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 200 K to within 2 K of the triple-point temperature (Ttp = 321.197 K), where it was held for a minimum of 15 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 sample purity 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 300-s intervals for 1.0 to 1.5 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 3 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 determined by adiabatic calorimetry are listed in table 4. Values in table 4 were corrected for effects of sample vaporization into the gas space of the calorimeter, but were not adjusted for premelting. 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 80 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 by extrapolation of a plot of Csat,m/T against T2 for results below 10 K. 


For heat-capacity measurements in the liquid phase, equilibrium was reached in less than 1 h. The extensive supercooling (60 K) of the benzophenone sample allowed heat-capacity measurements for the liquid phase to 270 K (Ttp = 321.197 K). Equilibration times for the crystal phase were all less than 1 h for temperatures more than 40 K below the triple-point temperature. As the triple-point temperature was approached, the equilibration times increased gradually to approximately 6 h near 315 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 benzophenone 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 impurity value shown in table 1.


Figure 1 shows the experimental saturation heat capacities Csat,m for benzophenone plotted as a function of temperature. Premelting corrections were applied to these values. The heat-capacity value for T = 312.733 K, which is closest to the triple-point temperature (321.197 K), entailed the largest premelting correction; 1.26 percent. 

4. DISCUSSION

COMPARISON OF RESULTS WITH LITERATURE VALUES

The most extensive study of heat capacities and enthalpies for benzophenone was published in 1983 by de Kruif et al.(11) The measurements by de Kruif et al. spanned the temperature range 81.6 < (T/K) < 346.6, and included measurements in the supercooled liquid region; (280.8 < (T/K) < 321.2). The quality of the sample used by de Kruif et al. (99.53 mole percent) was much lower than that used here (99.984 mole percent). It is likely that most of the observed differences between the results of the two studies can be attributed to this large difference in purity.

De Kruif et al. observed a gradual increase in the impurity level based on measurements of the melting process, and concluded that their sample was, “not completely stable at the melting temperature.”(11) No evidence for sample decomposition at any temperature was observed in the present research. In research by our group reported earlier,(4) vapor pressures for benzophenone were measured to temperatures near T = 623 K without evidence for decomposition. Also, the critical temperature for benzophenone (830 K) was determined with differential scanning calorimetry.(4) The decomposition observed by de Kruif et al. must be attributed to a reaction between their primary sample and an unidentified impurity.

Sabbah et al.(1) (ICTAC) stated that the use of benzophenone as a reference material has been “questioned” because of a reported tendency to form a metastable solid phase. This concern is based primarily upon the work of de Kruif et al.(11) No evidence for a metastable solid phase was observed in the present research.

Figure 2 shows the percentage deviation of the heat-capacity values reported by de Kruif et al.(11) from those of this research. Deviations in the solid state are typically near 0.5 percent except near the temperature extremes of the reported values. De Kruif et al. did not apply premelting corrections to their experimental results. Consequently, due to the low purity of their sample, deviations from the present values exceed 100 percent as the triple-point temperature is approached, and are not shown in figure 2. Percentage deviations for the liquid phase are also large and range from 0.6 to near 1 percent.

The enthalpy of fusion for benzophenone has been reported by several researchers in the literature. These are listed in table 6 together with the value measured in this research. None of the literature values are in accord with the results of this research. The uncertainty estimates given by the authors for the literature values are invariably too small and probably represent the precision of their results rather than the accuracy.

The authors acknowledge Professor E. J. “Pete” Eisenbraun and his research group at Oklahoma State University for preparation of the sample, and 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.

Benzophenone


 EMBED Word.Picture.8  



m / g
49.190


Vi(298.15 K) / cm3
59.06


Tcal / K
297


pcal / kPa
4.56


r(Tmax)
3.3


rmin
1.8


102.(C/C)max
0.067


xpre
0.00016

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

Benzophenone

0.153
321.147


0.253
321.167


0.402
321.178


0.602
321.184


0.801
321.187

Ttp = 321.197 K

x = 0.00016
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
Benzophenone

Single-phase measurements in cr


7
1
62.586
122.364

5.046
0.001

7
1
122.378
227.090

14.160
0.000

7
1
227.101
316.515

18.142
0.003
cr to liquid


2
2
317.859
322.957
321.197
19.925
18.605

3
6
315.914
323.901

20.659
18.597 e

7
2
316.460
323.497

20.418
18.606

average
18.606
Single-phase measurements in liquid


10
1
269.145
387.097

35.743
-0.001

10
1
387.090
441.623

18.800
-0.002
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


6
5.975
0.104
0.620
4
74.749
8.818
6.772

6
6.754
0.152
1.006
4
81.884
9.395
7.485

6
7.767
0.225
0.992
4
89.941
10.008
8.619

6
8.756
0.317
0.987
4
99.018
10.670
9.424

6
9.771
0.430
1.025
4
108.618
11.371
9.627

6
10.860
0.563
1.135
4
118.317
12.059
9.654

6
12.059
0.722
1.259
4
128.063
12.750
9.828

6
13.380
0.917
1.381
4
137.900
13.453
9.838

6
14.845
1.144
1.546
4
147.811
14.167
9.977

6
16.469
1.413
1.700
4
157.776
14.909
9.943

6
18.271
1.719
1.904
4
167.765
15.658
10.027

6
20.273
2.060
2.101
4
177.805
16.427
10.044

6
22.479
2.445
2.306
4
187.868
17.214
10.067

6
24.900
2.861
2.530
4
197.972
18.030
10.093

6
27.568
3.316
2.805
4
208.071
18.860
10.100

6
30.518
3.796
3.094
4
218.194
19.708
10.134

6
33.782
4.306
3.436
4
228.327
20.563
10.126

6
37.419
4.843
3.839
4
238.451
21.442
10.117

6
41.497
5.393
4.316
4
248.560
22.328
10.115

6
46.028
5.983
4.744
4
258.671
23.231
10.116

6
51.057
6.557
5.312
2
265.639
23.834
11.824

5
52.372
6.706
3.761
4
268.788
24.122
10.125

5
56.468
7.132
4.403
2
277.519
24.903
11.926

6
56.636
7.145
5.846
4
278.860
25.009
10.139

4
57.276
7.213
4.104
2
289.499
26.008
12.024

5
61.194
7.617
5.029
4
290.036
26.055
12.280

4
62.073
7.712
5.473
2
301.613
27.131
12.124

6
62.830
7.777
6.540
4
306.179
27.603
20.222

5
66.927
8.146
6.414
3
307.848
27.760
16.123

4
68.085
8.238
6.539
2
312.733
28.337
9.953

5
73.505
8.715
6.725





liquid


9
271.421
33.258
5.152
8
330.697
36.569
9.803

9
277.981
33.593
7.933
9
331.745
36.629
14.691

8
285.222
33.979
5.083
2
334.423
36.790
7.814

9
288.102
34.142
12.270
9
344.931
37.404
11.604

8
291.761
34.345
7.985
9
358.402
38.201
15.276

8
300.807
34.836
10.098
9
373.573
39.098
15.064

9
301.814
34.894
15.132
9
388.990
40.004
15.786

8
310.891
35.418
9.996
9
404.589
40.914
15.574

9
316.881
35.763
14.907
9
418.697
41.723
12.675

8
320.843
35.996
9.898
9
429.948
42.351
9.871

2
326.737
36.338
7.557
9
439.745
42.913
9.793

7
327.277
36.372
7.554





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

0.061
0.015
0.020
140.00

13.603
7.643
14.613

10.00

0.457
0.119
0.160
160.00

15.075
8.479
16.524

20.00

2.014
0.655
0.923
180.00

16.597
9.296
18.387

30.00

3.714
1.395
2.065
200.00

18.195
10.105
20.218

40.00

5.196
2.166
3.343
220.00

19.858
10.916
22.029

50.00

6.438
2.901
4.641
240.00

21.575
11.732
23.830

60.00

7.497
3.580
5.910
260.00

23.343
12.557
25.627

70.00

8.416
4.207
7.137
280.00

25.107
13.390
27.421

80.00

9.245
4.785
8.315
298.15

26.777
14.155
29.050

90.00

10.012
5.324
9.449
300.00

26.940
14.233
29.216

100.00

10.743
5.830
10.542
320.00 b

28.582
15.079
31.008

120.00

12.179
6.769
12.629
321.197 b

28.676
15.130
31.115
liquid

273.15

33.346
19.888
32.473
340.00

37.117
22.897
40.162

280.00

33.700
20.222
33.303
360.00

38.296
23.719
42.317

298.15

34.692
21.072
35.450
380.00

39.477
24.518
44.419

300.00

34.794
21.157
35.665
400.00

40.648
25.295
46.473

320.00

35.947
22.045
37.947
420.00

41.795
26.054
48.485

321.197

36.017
22.097
38.082
440.00

42.924
26.795
50.455
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

Source
fusHm
{fusHm(lit) - fusHm(this research)}
Purity a
This research
18.606 ± 0.018

99.984
De Kruif et al.(11)
18.194 ± 0.050
-0.412
99.53

Breuer and Eysel(12)
19.30 ± 0.44
0.69
98

Rastogi et al.(13)
16.9 ± 0.2
-1.7
unknown

BASF Laboratory(14)
17.9
-0.7
unknown

a Percentage molar purity reported by the authors.

Figure Captions

Figure 1. Molar heat capacities at saturation pressure Csat,m for benzophenone measured in this research. The vertical line indicates the triple-point temperature.
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Figure 2. Deviation plot for condensed phase heat capacities measured by de Kruif et al.(11) from those of this research.    , crystal phase;    , liquid phase.

FIGURE 1


FIGURE 2












































a Contribution number 389 from the Bartlesville Thermodynamics Group.


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