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ABSTRACT

Measurements leading to the calculation of the standard thermodynamic properties for gaseous bicyclopentyl (Chemical Abstracts registry number [1636-39-1]) are reported. Experimental methods include adiabatic heat-capacity calorimetry, comparative ebulliometry, and differential-scanning calorimetry (d.s.c.). The critical temperature was determined by d.s.c. and the critical pressure and critical density were estimated. Standard molar entropies, standard molar enthalpies, and standard molar Gibbs free energies of formation are reported at selected temperatures between 298.15 K and 600 K. Formation properties were calculated with a literature value for the enthalpy of combustion in the liquid phase. All results are compared with available literature values.
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1. INTRODUCTION

Fossil fuels continue to supply greater than 85 percent of the energy needs of the United States, and their combustion accounts for greater than 90 percent of the greenhouse gas (GHG) emissions in the contiguous 48 states [
]. In a recent article in Environmental Progress, Klara and Srivastava [
] note, “The Energy Information Administration within the U.S. Department of Energy (DOE) projects U.S. consumption of coal, oil, and natural gas to increase by 40 percent and carbon emissions to rise by 33 percent over the next 20 years.” If these projections are correct, carbon sequestration then becomes very important, if GHG emissions are to be contained. One can visualize some means of carbon sequestration when considering reduction of CO2(g) emissions from power plants and other industrial entities. Klara and Srivastava [2] list five such technologies (separation and capture; geological sequestration; terrestrial sequestration; oceanic sequestration; and novel sequestration systems) that are being pursued within the DOE’s Office of Fossil Energy’s (FE) carbon sequestration effort. However, when total U.S. carbon emission sources are considered, 33 percent of the total arises from transportation. It is difficult to envision any of the five technologies listed above resulting in significant carbon sequestration in the transportation sector. Implementation of technologies resulting in capture of the CO2(g) would, in turn, lower fuel efficiency with the excess weight of the capture system accounting for most of the decrease.


Decreasing the GHG emissions in the transportation sector can be accomplished by increased engine efficiency, lighter materials for vehicle construction, etc., and by fuel changes. This series of papers of which this is Part 1 considers the latter. Modern gasolines have aromatic contents in the range of 25 to 35 volume percent. Diesel fuels have similar aromatic contents made up of one, two, and even three-ring systems (alkylbenzenes, alkylnapththalenes and alkylphenanthrenes). Increasing the content of napthenes (saturated rings) in these fuels via hydrogenation of the aromatic systems would result in products with an increased energy of combustion: “Designer Gasoline” and “Designer Diesel Fuel.” These “designer” fuels would have increased miles per unit of CO2(g) production. In addition studies by CARB (California Air Resources Board) [
] have shown that reduction of aromatics in gasoline engines leads to a cooler-burning engine with less benzene and NOx formation and engine deposits. Similarly, reducing diesel aromatics from 30 percent to 10 percent reduces NOx formation by greater than 5 percent. Reductions in polyaromatic hydrocarbon (PAH) content results in significant decreases in particulate (soot) content. Also, toxic PAH emissions in the exhaust are directly related to the amount of PAH in the fuel [
].

This series of papers details thermodynamic property measurements on molecular entities that form the foundation from which the corresponding properties can be derived for other structurally related compounds present in an existing or hypothetical fuel. For example, this paper reports properties for bicyclopentyl, and a “structurally related compound” would be any containing the cyclopentyl substructure. To expand the example further, the reported experimental critical temperature could be used in combination with any of the estimation techniques listed in Chapter 2 of reference 
 (The Properties of Gases and Liquids ) to derive a correction factor for five-membered-rings for that particular scheme. At a higher level, the improved estimation technique may then be used to develop pseudo-critical temperatures for naphthenic fractions containing cyclopentyl entities. Critical temperatures form the basis for nearly all prediction and correlation methods for temperature dependent properties. As most petroleum naphthenic fractions are comprised extensively of compounds constructed of 5- and 6-membered ring systems, the importance of the cyclopentyl group is clear.
This paper includes details of the measurements leading to the determination of the standard thermodynamic properties for bicyclopentyl in the condensed and gaseous states. An earlier paper [
] reported measurements made by rotating-bomb combustion calorimetry. Measurements reported here include those made by adiabatic heat-capacity calorimetry, comparative ebulliometry, and differential-scanning calorimetry. Thermodynamic properties in the ideal gaseous state are derived. All measured or derived property values are compared with those reported in the literature.

2. EXPERIMENTAL

MATERIALS

The sample of bicyclopentyl was synthesized as part of the American Petroleum Institute Research Project 58 at Carnegie-Mellon University. Prior to loading into the measurement cell, the sample was degassed through a series of freeze-pump-thaw cycles. The mole-fraction purity (x = 0.9998) of 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 the determination of the enthalpy of combustion published previously by this research group [6].

The water used as a reference material in the ebulliometric vapor-pressure measurements was deionized and distilled from potassium permanganate. The benzene used as the other reference material for the ebulliometric measurements was obtained from the American Petroleum Institute (API) as Standard Reference Material No. 21OX-5s. Prior to its use, it was dried by vacuum transfer through Linde 3A molecular sieves. Gas-liquid chromatographic analysis (g.l.c.) of the benzene sample failed to show any impurity peaks.
PHYSICAL CONSTANTS AND STANDARDS

Molar values are reported in terms of M = 138.255 g.mol‑1 bicyclopentyl, and the gas constant R = 8.314472 J.K‑1.mol‑1 adopted in 1998 by CODATA [
]. 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). Temperatures were measured in terms of IPTS‑48 for temperatures between T = 90 K and T = 400 K and in terms of a provisional scale of the National Bureau of Standards between 11 K and 90 K[
], and were converted approximately to ITPS‑68 [
] with published temperature increments. Further conversion to ITS-90 was not justified because of the uncertainties involved. 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 [
]. The calorimeter characteristics and sealing conditions are given in table 1. 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 0.07 percent near 11.5 K. The sizes of the other two corrections are indicated in table 1.


The essential features of the ebulliometric equipment and procedures are described in the literature [
, 
]. The ebulliometers were used to reflux the bicyclopentyl with standards of known vapor pressure under a common atmosphere of He(g). The boiling and condensation temperatures of the two substances were determined, and the vapor pressure of the bicyclopentyl sample was derived from the condensation temperature of the standard. In the pressure region 19.9 kPa to 270 kPa, water was used as the standard, and the pressures were derived from the internationally accepted equation of state for ordinary water revised to ITS-90 [
]. In the pressure region 9.6 kPa to 19.9 kPa, benzene was used as the standard. The critically assessed vapor pressures used as standard values for benzene have been reported [
].

The precision in the temperature measurements for the ebulliometric vapor-pressure studies was 0.001 K. Uncertainties in the pressures are adequately described by:


(p) = (0.001 K){(dpref/dT)2 + (dpx/dT)2}0.5,
(1)

where pref is the vapor pressure of the reference substance and px is the vapor pressure of the sample under study. Values of dpref/dT for the reference substances were calculated from vapor pressures of the reference materials (benzene and water).


Heat capacities for the liquid phase from 300 K to 600 K and the critical temperature Tc were determined with a differential-scanning calorimeter (d.s.c.).  Measurements were made with a Perkin-Elmer DSC-7, and the experimental methods were described previously [
, 
].
3. RESULTS

ADIABATIC HEAT-CAPACITY CALORIMETRY

Crystallization and Melting Studies. Crystallization of bicyclopentyl was initiated by slow cooling (approximately 2 mK.s‑1) of the liquid sample. After initial crystallization, the sample was reheated and maintained under adiabatic conditions in the partially melting state (5 percent to 10 percent liquid) for approximately 2 hours, followed by cooling at an effective rate of 2 mK.s‑1 to crystallize the remaining liquid. 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 [
]. The sample was allowed to equilibrate for 8 to 16 hours between heats. The observed temperatures at the end of the equilibration period are listed in table 2 with the corresponding fractions melted. No evidence for the presence of solid-soluble impurities was found. Published procedures [17] were used to derive the mole fraction purity x and Ttp. The results are summarized in table 2.

Phase Transformations and Enthalpy Measurements. Two solid-to-solid phase transitions were detected in addition to the crystal-to-liquid transition. Figure 1 shows the complete heat-capacity results obtained in this research including all phase transition temperatures. Details of measurements in the solid-to-solid transition regions are shown in figures 2 and 3. 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 showed good repeatability. Cooling rates used for phase conversion ranged between approximately 0.05 and 0.1 mK(s-1. 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 not in the vicinity of the phase-transition temperatures. As the triple-point temperature (Ttp = 237.82 K) was approached, the equilibration times increased gradually from less than 1 h near 200 K to approximately 12 h near 234 K. This increase in equilibration times as the triple-point temperature is approached is typical for organic compounds of high purity.
Measurements in the region of the cr(II) to cr(I) transition are shown in figure 2. Equilibration times increased dramatically to several days in the transition region. The maximum value shown on the Figure 2 (Csat,m/R ( 29.2 in measurement series 16) was used to estimate Ttrs. = 171.5 ( 0.7 K. The very long equilibration times involved in series 16 made corrections for heat leaks very uncertain. Consequently, results from this series were not averaged with the value of the enthalpy of transition determined with a single heat input in series 18. 
Measurements in the region of the cr(III) to cr(II) transition are shown in figure 3. Equilibration times increased to approximately 12 h near the estimated transition temperature Ttrs = (128.4 ( 3) K. Based on the shape of the heat-capacity curve, the cr(III)-to-cr(II) transition appears to be glass-like in nature. Consequently, the thermodynamic functions derived for this compound may not be relative to the completely ordered crystals at 0 K. There are no other property measurements in the literature to support or disprove this conjecture. 
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 0.015(Csat,m, as indicated in table 1. The temperature increments were small enough to obviate the need for corrections for nonlinear variation of Csat,m with temperature except near the transition temperatures. The estimated uncertainties in the heat-capacity measurements range from approximately 5 percent at 5 K, to 0.5 percent at 10 K, and improve gradually to better than 0.1 percent above 30 K. Heat capacities were extrapolated to T→0 with a Debye function fitted by least squares to heat capacities below T = 20 K. The Debye characteristic temperature and the number of degrees of freedom were adjusted in the fit.
Table 5 lists two-phase heat capacities 
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 for bicyclopentyl measured by d.s.c. for three cell fillings. Slow decomposition of the sample above approximately T = 600 K precluded reliable heat-capacity measurements in this region. However, sample decomposition was sufficiently slow to allow a rapid heating method [
, 
] to be used to determine the temperature of conversion from the two-phase (liquid + gas) to the one-phase (fluid) region for a series of filling densities of the hermetically sealed d.s.c. cells. The conversion temperature is indicated by a sudden decrease in heat capacity when the phase boundary is crossed during heating. The heating rate used was 0.33 K(s-1. The filling densities and phase boundary temperatures are listed in table 6 and are shown in figure 4. The critical temperature (690 ( 2) K corresponds to the maximum in the temperature against filling-density curve.

The Wagner equation [
], as formulated by Ambrose, et al. [
], was used to represent the experimental vapor pressures listed in table 7:


ln(p/pc) = (1/Tr){A(1–Tr) + B(1–Tr)1.5 + C(1–Tr)2.5 + D(1–Tr)5},
(2)

where Tr = T/Tc. The fitting procedure has been described [16]. The critical temperature determined in this research (Tc = 690 K) was used in the fit. The critical pressure pc = 3300 kPa was selected with Waring’s criterion for Tr = 0.85 [
]. Application of this criterion has been discussed by Steele [16]. The fitted parameters of the Wagner equation are listed in table 8.

Molar enthalpies of vaporization 
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Hm were derived from the Wagner-equation fit with the Clapeyron equation:


dp/dT = 
[image: image3.wmf]g

l

Hm / (T(
[image: image4.wmf]g

l

Vm),
(3)

where 
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Vm is the increase in molar volume from the liquid to the real vapor. The Wagner-equation fit was used to calculate dp/dT. Estimates of liquid-phase volumes were made with the extended corresponding states equation of Riedel [
], as formulated by Hales and Townsend [
]:

/c = 1.0 + 0.85(1.0 – Tr) + (1.6916 + 0.9846)(1.0 – Tr)1/3 ,
(4)

where Tc is the value measured in this research (690 K) and the acentric factor  was determined from the fitted vapor-pressure curve. The chosen critical density (c = 273.6 kg(m-3) was selected to optimize agreement between experimental densities reported in the literature [
] and those calculated with equation 4. The values reported by API [25] for the temperature range 273 K to 373 K are in excellent agreement (within 0.05 percent) of values calculated with equation 4 using the selected parameters. 
For calculation of enthalpies of vaporization with the Clapeyron equation (equation 3), vapor-phase volumes were calculated with the virial equation of state truncated at the third virial coefficient. Second virial coefficients were estimated with the corresponding-states equation of Pitzer and Curl [
], and third virial coefficients were estimated with the corresponding-states method of Orbey and Vera [
]. The Bartlesville Thermodynamics Group has successfully applied this formulation for third virial coefficients in analyses of the thermodynamic properties of a range of compounds in recent years. The list of compounds for which this approach has been validated includes benzene and methylbenzene, the xylenes, 2-methylaniline, pyridine, the methyl pyridines, and the dimethylpyridines. References to particular journal articles were listed previously [
]. Third virial coefficients are required for accurate calculation of the volume of gas for pressures greater than 0.1 MPa. Uncertainties in the virial coefficients are assumed to be 10 percent. Derived enthalpies of vaporization are reported in table 9. For p > 0.1 MPa, the uncertainties in the virial coefficients are the dominant contributions to the uncertainties in the derived molar enthalpies of vaporization.

Vaporization of the sample did not have a significant effect on the d.s.c. heat capacities reported in table 5. Decomposition occurred before the difference between Csat,m and 

 became discernable. A polynomial was fit to the liquid phase heat capacities measured by d.s.c. Values of Csat,m determined with adiabatic calorimetry in this research for the temperature range 300 < (T/K) < 389 were included and weighted by a factor of 100 greater than the d.s.c. values. These were included to ensure a smooth junction between the values determined with the two methods.

Condensed-phase molar entropies and molar enthalpies relative to that of the crystals at T(0 for the solid and liquid phases under vapor saturation pressure are listed in table 10. These were derived by integration of the smoothed molar heat capacities, corrected for pre-melting, together with the molar entropy and molar enthalpy of fusion. The molar 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. Pre-melting corrections were made using standard methods [17] for solid-insoluble impurities and the mole-fraction impurity value shown in table 1.


Standard molar enthalpies and standard molar entropies in the ideal-gas state for bicyclopentyl at selected temperatures for the gas at p = 101.325 kPa were calculated with values in tables 9 and 10 and are listed in columns 2 and 4 of table 11. The derived standard molar enthalpies and standard entropies for bicyclopentyl in the ideal-gas state were combined with the standard molar enthalpy of formation for the liquid phase reported by Good and Lee [6] to calculate the standard molar enthalpies, standard molar entropies, and standard molar Gibbs free energies of formation listed in columns 6, 7, and 8, respectively, of table 11. Standard molar enthalpies and standard molar entropies H2(equilibrium, g), and C(graphite) were calculated with parameters from JANAF tables [
]. All uncertainties in table 11 represent one standard deviation, and do not include uncertainties in the properties of the elements. 

4. DISCUSSION

A search of the literature located few significant thermochemical or thermophysical property measurements on bicyclopentyl. Most reports were limited to measurement of a boiling temperature at reduced pressure obtained during synthesis or purification of the compound or a density value at a single temperature for the liquid phase. As noted earlier, API personnel measured densities for the liquid phase of bicyclopentyl between 273.2 K and 372.1 K [25]. Results were given in tabular form and the method of measurement was not specified. These results were used in the present research to aid estimation of c in equation 4. The reported densities were shown to be in excellent accord with the corresponding states correlation of Riedel as formulated by Hales and Townsend (equation 4).

API [25] also reported boiling temperatures for a series of pressures expressed in units of mm/Hg ranging from 20 mm/Hg (2.7 kPa) to 100 mm/Hg (13.3 kPa). Deviations from the vapor-pressure values of this research (calculated with equation 2 and parameters in table 8) are all less than 0.3 kPa, which is probably near the uncertainty of the values reported by API. The experimental difficulties involved in measurement of accurate vapor pressures are much greater than those involved in the measurement of densities for the liquid phase at atmospheric pressure. Consequently, the good accord observed for the density values and poor agreement for the vapor-pressure results is not surprising.
As discussed previously by Good and Lee [6], the enthalpy of combustion for bicyclopentyl was measured also by Kozina et al.[
] in 1961. The purity of the sample used by Kozina et al. (99.63 percent) was much lower than that used by Good and Lee [6] {(99.96 ( 0.03) percent determined by API}. The sample used in the adiabatic calorimetric study reported here was part of the same sample batch used by Good and Lee, and the high purity reported by API is confirmed here (99.98 mole percent, as listed in table 2). The agreement between the values for the enthalpy of combustion for bicyclopentyl reported by Good and Lee [6] and Kozina et al.[30] is good, when the purity differences are considered. The results of Good and Lee are clearly preferred and were used here for calculation of the enthalpies and Gibbs energies of formation listed for bicyclopentyl (table 11).
Gudzinowicz et al. [
] measured heat capacities for bicyclopentyl in the liquid phase for the temperatures 313 K, 373 K, and 423 K as part of a contract for the U. S. Air Force. The authors used a differential heating method with water and diphenyl ether as standards. The values reported by Gudzinowicz et al. [31] are 6 to 11 percent lower than those of the present research. This difference is substantially larger than the 2 per uncertainty claimed by the authors.
The critical temperature estimated with the group-contribution method of Joback [
] (688 K) is in excellent agreement with the value measured in this research; (690 ( 2) K. However, the estimate for the critical pressure pc is 10 percent lower than the value derived in the present research. The uncertainty in the pc value derived in the present research is approximately 1 to 2 percent.
The authors acknowledge the efforts of many members of the Bartlesville Thermodynamics Group in the production of this paper. The experimental adiabatic calorimetry measurements reported here were made by Herman L. Finke, John F. Messerly, and Sam S. Todd in 1964. W. D. (Bill) Good completed the energy of combustion work in the mid-1960s and reported the results as part of a collection of high-energy fuels property measurements in reference 6. A. (Andy) Nguyen and Michael M. Strube were responsible for the comparative ebulliometry measurements in 1984. The d.s.c. measurements were completed by WVS at the Physical Properties Research Facility, University of Tennessee in 2003. The d.s.c. measurements were 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. The manuscript preparation at Oak Ridge National Laboratory was completed under DOE Contract Number DE-AC05-00OR22725 with ORNL, which is managed and operated by UT-Battelle, LLC. Additional 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.

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(Tmax) is the ratio of the heat capacity of the full calorimeter to that of the empty at the highest temperature of the measurements; rmin is the lowest observed value for the ratio of the heat capacity of the full calorimeter to that of the empty; (C/C)max is the maximum vaporization correction; and xpre is the mole-fraction impurity used for premelting corrections.
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TABLE 2. Melting-study summaries for bicyclopentyl: 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


0.2626
237.798


0.5062
237.812


0.7010
237.816


0.8958
237.819

Ttp = 237.83 K

x = 0.0002

 TABLE 3. Molar enthalpy measurements for bicyclopentyl



Ti
Tf
Ttrs
totUm c
trsHm d

N a
h b













K
K
K
kJ.mol-1
kJ.mol-1
cr(III) to cr (II)


9
1
122.562
130.933
128.4
0.930
-0.008


16
1
103.41
129.676

2.738
-0.011


17
1
125.133
131.107

0.683
0.005


18
1
123.085
136.54

1.560
0.015







Average:
0.000

Single-phase measurements in cr (II)


18
1
136.462
164.981
-
3.646
0.009

cr(II) to cr (I)


16
5
164.791
178.26
171.5
2.124
0.259 e

18
1
164.903
179.546

2.288
0.257







Average:
0.257

Single-phase measurements in cr (I)


18
1
179.433
210.727
-
4.766
0.004


22
1
177.909
229.055

8.174
0.019

cr(I) to liquid


4
1
222.937
246.831
237.82
18.046
13.397


22
1
228.907
245.994

16.795
13.395


19
6
234.694
245.054

15.513
13.388 e






Average:
13.396

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
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 bicyclopentyl 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(III)


6
11.497
0.491
1.623
7
49.260
6.620
4.754


7
11.803
0.523
1.511
7
54.234
7.289
5.194


6
13.172
0.697
1.703
5
54.241
7.291
5.136


7
13.365
0.725
1.635
5
59.447
7.890
5.278


6
14.831
0.932
1.693
5
65.018
8.512
5.869


7
14.993
0.956
1.649
5
71.125
9.111
6.348


7
16.643
1.213
1.669
5
77.808
9.705
7.019


6
16.692
1.226
2.074
5
84.902
10.276
7.170


7
18.462
1.518
1.982
17
90.401
10.700
7.139


6
18.633
1.548
1.836
5
92.150
10.825
7.328


7
20.509
1.871
2.115
8
95.167
11.032
7.135


6
20.706
1.907
2.336
17
97.645
11.211
7.355


7
22.723
2.263
2.313
8
102.397
11.528
7.338


6
22.993
2.322
2.254
17
105.102
11.722
7.561


7
25.097
2.718
2.435
17
112.838
12.274
7.982


6
25.316
2.752
2.400
16
116.543 c
12.539
26.266


7
27.672
3.177
2.713
18
118.127
12.650
10.014


7
30.511
3.686
2.979
9
118.168
12.696
8.797


7
33.622
4.238
3.246
17
120.990
12.916
8.346


7
37.094
4.826
3.698
9
126.748 c
13.360
8.372


7
40.838
5.433
3.789
17
128.120 c
13.745
5.974


7
44.807
5.989
4.152
18
129.813 c
13.940
13.455

cr(II)


11
133.458
14.198
9.274
16
152.106
15.415
8.828


17
133.782
14.273
5.767
16
160.679
16.085
8.490


16
134.119
14.241
8.900
13
160.785
16.051
10.406


10
135.201
14.241
8.578
16
166.891 c
16.693
4.200


17
139.413
14.554
5.644
16
170.044 c
18.635
2.263


12
142.475
14.763
9.034
16
171.529 c
29.161
1.628

TABLE 4. Continued.


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


16
143.123
14.785
9.173
18
172.225 c
18.791
14.643


13
151.253
15.351
8.709
15
174.355 c
19.829
6.856

cr(I)


16
173.123 c
17.478
2.356
2
194.167
18.181
8.003


22
173.815
16.547
8.211
2
202.371
18.966
8.446


16
176.200 c
16.987
4.119
3
210.528
19.796
8.145


1
178.128
16.810
7.751
19
215.217
20.302
8.284


15
181.671
17.169
7.848
3
218.828
20.767
8.535


16
182.422
17.248
8.679
19
223.280
21.353
7.960


1
186.122
17.490
8.257
19
230.925
22.512
7.651


16
190.408
17.807
8.435

liquid


20
235.702
25.184
6.441
21
303.623
29.077
8.399


20
242.857
25.519
8.096
21
312.363
29.669
9.084


20
251.348
25.937
8.904
21
321.765
30.325
9.728


4
251.375
25.931
9.106
21
331.397
31.001
9.545


4
260.383
26.413
8.954
21
340.785
31.666
9.368


20
260.401
26.411
9.229
21
350.445
32.367
9.962


20
269.989
26.955
9.975
21
360.306
33.077
9.776


20
279.847
27.527
9.797
21
369.984
33.800
9.601


20
289.966
28.173
10.474
21
379.479
34.503
9.428


20
300.322
28.851
10.270
21
388.815
35.236
9.261

a
Adiabatic series number.

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

c
The value determined for this temperature was used in the determination of a transition enthalpy listed in table 3.

TABLE 5. Measured two-phase (liquid + vapor) heat capacities 

 for bicyclopentyl; m is the mass of sample, V(cell) is the volume of the d.s.c. cell at T = 298.15 K after sealing (R = 8.314472 J.K-1.mol-1)


T/K










V(cell)/cm3
0.05219
0.05217
0.05219


m/g
0.008775
0.012876
0.017576


315.0
29.91
29.84
29.83


335.0
30.98
31.05
31.18


355.0
32.52
32.63
32.49


375.0
34.14
34.33
34.18


395.0
35.74
35.73
35.86


415.0
37.93
37.59
37.57


435.0
39.22
39.23
39.19


455.0
40.99
40.74
40.99


475.0
43.01
42.62
42.39


495.0
44.82
44.23
44.19


515.0
46.77
46.01
45.92


535.0
47.92
47.75
47.58


555.0
50.03
49.58
48.84


575.0
52.18
51.17
50.22


595.0
53.63
52.76
51.88


615.0
55.92
54.37
53.44


635.0
57.65
55.88
54.64

TABLE 6.
Densities and temperatures used to define the two-phase coexistence curve near Tc.


/ (kg.m-3)
T/K


114.4
662.5


171.2
682.8


244.4
689.8


311.0
689.6


347.2
687.3


366.0
685.1
TABLE 7.
Summary of vapor-pressure results for bicyclopentyl: water or benzene refers to the material used as the standard in the reference ebulliometer; T is the condensation temperature of the bicyclopentyl; the pressure p was calculated from the condensation temperature of the reference substance; p is the difference of the value of pressure, calculated with equation (2) and the parameters listed in table 8, from the observed value of pressure;  is the propagated error calculated from equations 1; T is the difference between the boiling and condensation temperatures (Tboil –Tcond) for bicyclopentyl in the ebulliometer


Method


















benzene
383.997
9.5897
-0.0020
0.0012
0.006


benzene
387.466
10.893
0.000
0.001
0.005


benzene
390.950
12.345
0.000
0.001
0.004


benzene
394.449
13.960
0.001
0.002
0.004


benzene
397.958
15.752
0.002
0.002
0.004


benzene
401.486
17.737
0.001
0.002
0.005


benzene
405.025
19.933
0.003
0.002
0.005


water
405.030
19.933
0.000
0.002
0.005


water
412.152
25.023
0.000
0.003
0.004


water
419.334
31.177
-0.002
0.003
0.002


water
426.571
38.565
-0.004
0.004
0.005


water
433.867
47.375
-0.010
0.005
0.003


water
441.216
57.817
-0.010
0.006
-0.006


water
448.612
70.120
0.010
0.006
0.001


water
456.080
84.533
0.008
0.008
-0.001


water
463.607
101.325
0.001
0.009
0.000


water
471.190
120.79
0.00
0.01
-0.002


water
478.830
143.25
0.00
0.01
0.000


water
486.526
169.02
0.00
0.01
-0.003


water
494.283
198.49
0.00
0.01
-0.003


water
502.094
232.02
0.01
0.02
-0.003


water
509.967
270.02
-0.02
0.02
-0.005

TABLE 8.
Parameters for the Wagner vapor pressure equation (equation 2), critical constants, and acentric factor


A
-7.899376


B
2.431486


C
-3.139115


D
-3.160347


Tc = 690 K a
pc = 3300 kPa b
c = 273.6 kg.m-3 c
 = 0.3232 d
a Measured in this research.
b Estimated based upon the Waring criterion [22].
c Estimated based upon fits of the Riedel equation as modified by Hales and Townsend [24].
d Calculated from the fitted vapor-pressure curve.

TABLE 9. Enthalpies of vaporization 

Hm for bicyclopentyl obtained from the Wagner and Clapeyron equations


T / K


Hm / (kJ.mol-1)
T / K


Hm / (kJ.mol-1)
T / K


Hm / (kJ.mol-1)

298.15
a
50.36 ± 0.11
400.0

44.08 ± 0.08
520.0
a
35.84 ± 0.39

300.0
a
50.24 ± 0.10
420.0

42.86 ± 0.11
540.0
a
34.14 ± 0.48

320.0
a
48.96 ± 0.08
440.0

41.60 ± 0.14
560.0
a
32.31 ± 0.57

340.0
a
47.71 ± 0.07
460.0

40.28 ± 0.18
580.0
a
30.31 ± 0.69

360.0
a
46.49 ± 0.07
480.0

38.90 ± 0.24
600.0
a
28.14 ± 0.81

380.0
a
45.29 ± 0.07
500.0

37.42 ± 0.31
a
Values at this temperature were calculated with extrapolated vapor pressures determined from the fitted parameters of the Wagner equation (equation 2).

TABLE 10. Molar thermodynamic functions at vapor-saturation pressure a,b
(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

[image: image6.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) 
cr(III)

10.00
c
0.328
0.083
0.110
80.00

9.887
4.947
8.325


20.00

1.783
0.536
0.739
90.00

10.668
5.540
9.536


30.00

3.595
1.256
1.807
100.00

11.373
6.088
10.696


40.00

5.300
2.058
3.079
110.00

12.061
6.599
11.812


50.00

6.724
2.850
4.416
120.00

12.821
7.085
12.894


60.00

7.956
3.603
5.756
128.40

13.498
7.483
13.784


70.00

9.006
4.302
7.064
cr(II)


128.40

13.925
7.483
13.784
160.00

16.011
8.947
17.053


130.00

14.010
7.563
13.957
170.00

16.848
9.387
18.049


140.00

14.592
8.043
15.016
171.50

16.981
9.453
18.197


150.00

15.259
8.502
16.045
cr(I)


171.50

16.396
9.633
18.377
210.00

19.738
11.155
21.999


180.00

17.002
9.966
19.184
220.00

20.856
11.571
22.942


190.00

17.810
10.357
20.125
230.00

22.075
12.000
23.896


200.00

18.722
10.752
21.061
237.82

23.098
12.348
24.651

liquid


237.82

25.279
19.123
31.426
380.00

34.545
23.037
45.120


240.00

25.380
19.180
31.657
400.00

36.044
23.651
46.931


250.00

25.869
19.437
32.703
420.00

37.531
24.277
48.726


260.00

26.391
19.695
33.727
440.00

39.027
24.913
50.506


270.00

26.954
19.953
34.734
460.00

40.517
25.559
52.274


280.00

27.539
20.213
35.725
480.00

41.987
26.213
54.029


290.00

28.175
20.477
36.702
500.00

43.427
26.873
55.773


298.15

28.708
20.694
37.490
520.00

44.823
27.537
57.503


300.00

28.831
20.744
37.668
540.00

46.164
28.202
59.220


320.00

30.201
21.292
39.572
560.00

47.445
28.867
60.923


340.00

31.611
21.858
41.445
580.00

48.675
29.529
62.609


360.00

33.057
22.440
43.293
600.00

49.884
30.187
64.280

a To avoid round-off errors in subsequent calculations, property values listed in this table are reported with one digit more than is justified by the experimental uncertainty.

b Based on the shape of the heat-capacity curve, the cr(III)-to-cr(II) transition appears to be glass-like in nature. Consequently, the thermodynamic functions derived for this compound may not be relative to the completely ordered crystals at 0 K.

c Values at this temperature were calculated with graphically extrapolated heat capacities.

TABLE 11. Standard molar thermodynamic properties in the ideal-gas state at p = p° = 101.325 kPa for bicyclopentyl (R = 8.314472 J.K-1.mol-1) a










b





 
c










298.15
d
41.01 ± 0.05
0.00
51.12 ± 0.06
0.00
-52.02 ± 0.21
-97.12 ± 0.06
45.10 ± 0.21


300.00
d
40.89 ± 0.05
0.00
51.25 ± 0.06
0.00
-51.83 ± 0.20
-97.25 ± 0.06
45.42 ± 0.20


320.00
d
39.70 ± 0.04
0.01
52.66 ± 0.05
0.00
-49.85 ± 0.19
-98.55 ± 0.05
48.70 ± 0.19


340.00
d
38.74 ± 0.03
0.01
54.08 ± 0.05
0.01
-48.06 ± 0.18
-99.73 ± 0.05
51.67 ± 0.18


360.00
d
37.99 ± 0.03
0.02
55.52 ± 0.05
0.01
-46.43 ± 0.17
-100.79 ± 0.05
54.37 ± 0.17


380.00
d
37.40 ± 0.03
0.03
56.97 ± 0.05
0.02
-44.92 ± 0.16
-101.76 ± 0.05
56.84 ± 0.16


400.00

36.96 ± 0.03
0.05
58.43 ± 0.05
0.04
-43.52 ± 0.15
-102.62 ± 0.05
59.10 ± 0.16


420.00

36.63 ± 0.04
0.08
59.90 ± 0.06
0.06
-42.22 ± 0.15
-103.41 ± 0.06
61.19 ± 0.15


440.00

36.40 ± 0.06
0.11
61.37 ± 0.07
0.08
-41.00 ± 0.15
-104.12 ± 0.07
63.13 ± 0.15


460.00

36.25 ± 0.07
0.16
62.84 ± 0.09
0.12
-39.85 ± 0.15
-104.77 ± 0.09
64.92 ± 0.16


480.00

36.17 ± 0.09
0.21
64.30 ± 0.11
0.16
-38.77 ± 0.16
-105.36 ± 0.11
66.59 ± 0.17


500.00

36.16 ± 0.11
0.28
65.77 ± 0.13
0.21
-37.74 ± 0.16
-105.89 ± 0.13
68.15 ± 0.18


520.00
d
36.19 ± 0.14
0.36
67.22 ± 0.15
0.26
-36.78 ± 0.18
-106.38 ± 0.15
69.61 ± 0.19


540.00
d
36.26 ± 0.16
0.46
68.67 ± 0.17
0.33
-35.86 ± 0.19
-106.83 ± 0.17
70.97 ± 0.21


560.00
d
36.37 ± 0.18
0.57
70.11 ± 0.20
0.41
-34.98 ± 0.21
-107.23 ± 0.20
72.25 ± 0.22


580.00
d
36.50 ± 0.21
0.69
71.53 ± 0.22
0.51
-34.16 ± 0.23
-107.61 ± 0.22
73.45 ± 0.24


600.00
d
36.65 ± 0.23
0.83
72.94 ± 0.25
0.61
-33.38 ± 0.25
-107.96 ± 0.25
74.58 ± 0.26

a
Based on the shape of the heat-capacity curve, the cr(III)-to-cr(II) transition appears to be glass-like in nature. Consequently, the thermodynamic functions derived for this compound may not be relative to the completely ordered crystals at 0 K.
b
Gas-imperfection correction included in the standard molar enthalpy for the ideal gas. The standard molar enthalpy of the ideal gas is calculated relative to that of the crystals at T(0.

c
Gas-imperfection correction included in the standard molar entropy of the ideal gas.

d
Values at this temperature were calculated with extrapolated vapor pressures calculated from the fitted parameters of the Wagner equation.

Figure Captions

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

Figure 2. Average heat capacities Csat,m in the cr(III)-to-cr(II) transition region. ◊, series 1; x, series 13; ▲, series 15; ○ series 16; (, series 18; ■ series 22.
Figure 3. Average heat capacities Csat,m in the cr(II)-to-cr(I) transition region. ■, series 8; (, series 9; □, series 10; ▲, series 11; +, series 12; x, series 13; ○ series 16; ♦, series 17; (, series 18. The vertical line indicates the phase transition temperature. The bold curve represents the smoothed heat capacities of table 10.
Figure 4. Phase boundary near the critical temperature for bicyclopentyl; (, the experimental temperature of conversion from the two-phase region to the fluid phase determined by d.s.c. (listed in table 6); ○, the critical temperature Tc and critical density c derived in this research. The crosses indicate the approximate experimental uncertainty.
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