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E_:ECUTIVE SUMMARY

Recent events have highlighted yet again the fragility of the continuity of supplies of

Persian Gulf crude oil to U.S. refineries. Successive "oil crunches" have initiated

discussion of ways to decrease the U.S.A.'s dependence on so valuable a resource from

such a volatile area of the world. Political considerations, such as the possibility of an

Americas Free Market encompassing the whole American continent (similar to the

European Economic Community), could entail more extensive use of "local" oil supplies.

However, much of the "local" supplies are classified as heavy petroleums; e.g.,

California Wilmington, Mexican Mayan, and Venezuelan Cerro Negro and Boscan. These

heavy crudes each contain more heteroatoms (nitrogen in particular), more aromatics

and less long-chain saturated hydrocarbons thar_Arabian light crude,
I

Even without the political considerations, the picture of crude oil refining in the

U.S.A. has changed considerably in the last ten years. The world supply of petroleum

crude, and light petroleum crude in particular, continues to decline. The density and,

hence, complexity of refinery feedstockshave increased markedly in the last decade. The

average API gravity of the crude oil run to stills in the United States dropped from

approximately 34.2 in 1978 to 32.0 in 1989. That drop in API gravity has been

accompanied by an equivalent increase in the amount of petroleum coke exported by the

United States. When the cost of the oil imported and the price obtained for the coke are

compared, it accounts for approximately one billion dollars of the trade balance

deficit per year. The need for new technological advances in the processing of heavy

petroleum is evident.

Catalytic hydrodesulfurization (HDS) is a key step in upgrading processes for

conversion of light petroleum to economically viable products. Due to the increased

nitrogen content of heavy petroleums relative to light crudes, and the presence of

oxygen-containing compounds not prevalent in light crudes, catalytic

hydrodenitrogenation (HDN) and hydrodeoxygenation (HDO) are key steps in their

refining. Present HDN and HDO technologycan be summarizedas being HDS technology

with a "much increased severity." Organic nitrogen and oxygen are commonly removed

via reaction at 300 to 400 °C and 50 to 150 atm. of hydrogen. Under these severe

conditions, hydrogen is consumed not only in breaking carbon-nitrogen and carbon-

oxygen bonds but also in saturating aromatic components in the feed. Hydrogen

consumption in excess of 1500 scf/bbl (standard cubic feet per barrel) is common in

such hydrotreating situations, while the amount theoretically required for selective

heteroatom removal is only about 600 scf/bbl. Hence, the saving in expensive

hydrogen could be enormous if a process for denitrogenation and deoxygenation without

iii



saturation of the aromatic rings in the feedstock could be developed. In addition the

presence of both nitrogen- and oxygen-containing compounds is detrimental in present

HDS technology.

This research program, funded by the Department of Energy (DOE) Office of

Fossil Energy, Advanced Extraction and Process Technology (AEPT), provides accurate

experimental thermochemical and thermophysical properties for "key" organic

diheteroatom-containing cornpounds present in heavy petroleum feedstocks, and applies

the experimental information to thermodynamic analyses of key HDS, HDN, and HDO

reaction networks. Thermodynamic analyses, based on accurate information, provide

insights for the design of cost-effective methods of heteroatom removal. The results

reported here, and in a companion report tc, be completed, will point the way to the

development of new methods of heteroatom removal from heavy petroleum.

This report details the thermodynamic properties of benzothiazole and

benzoxazole. The thermodynamic properties were measured using adiabatic heat-

capacity calorimetry, differential-scanning calorimetry (d.s.c.), comparative

ebulliometry, inclined-piston gauge manometry, and combustion calorimetry. Critical

properties were estimated from thermodynamic principles. Ali measured properties

were combined to derive Gibbs energies of formation for a range of temperatures. With

these Gibbs energies, information is accumulating for a comprehensive thermodynamic

analysis of the diheteroatom-containing compound/hydrogen reaction networks. This

analysis will be published within this research program.

In addition to providing the concrete base for the upcoming thermodynamic

analysis, the properties reported here are particularly useful to the process-design

engineer. These results, in conjunction with values for other major diheteroatom-

containing compound types studied in this project, form a sound base for the development

of process design correlations. Such correlations are necessary for the cost-effective,

energy-efficient design of process equipment such as distillation towers, heaters,

compressors, heat-exchangers, and gas-liquid reactors. A major risk associated with

the lack of thermodynamic data is possible extensive derating of a plant because of

undersized equipment. For example, if heat duties or vapor flow rates are

underestimated during design, the installed equipment will be unable to accommodate the

process streams at design flow rates resulting in less than economic operation of the

plant.
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ABSTRACT

Measurements leading to the calculation of the ideal-gasthermodynamicproperties are

reportedfor benzothiazoleand benzoxazole. Experimentalmethodsincludedcombustion

calorimetry, adiabatic heat-capacity calorimetry, comparative ebulliometry, inclined-

piston gauge manometry, and differential-scanning calorimetry (d.s.c.). Critical

propertyestimates are made for both compounds. Entropies, enthalpies, and Gibbs

energies of formationwere derived for the ideal gas for both compoundsfor selected

temperaturesbetween280 K and near 650 K. The Gibbs energies of formationwill be

used in a subsequent report in thermodynamiccalculations to study the reaction

pathwaysfor the removalof the heteroatomsby hydrogenolysis.The resultsobtainedin

this research are compared with values present in the literature. The failure of a

previousadiabatic heat capacity study to see the phase transitionin benzothiazoleis

noted. Literaturevibrationalfrequency assignmentswere used to calculate ideal gas

entropiesin the temperaturerange reportedhere for both compounds. Resultinglarge

deviationsshowthe needfora revisionof thoseassignments.
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GLOSSARY

This report is written with close adherence to the style adopted by The Journal of

Chemical Thermodynamics. A completedescriptionof the style can be found in the

January 1991 issue of the journal. This glossary summarizesthe main points with

respectto thesymbolusage.

Throughout this report only SI units are used in reporting thermodynamic

values. Ali vz_luesare given in dimensionlessunits i.e., physicalquantity= number X

unit; for example p/(kg.m "3) rather than " p (kg/m3)"or " p kg/m3". Molar values,

i.e., intensive functions, are denoted by the subscript "m", e.g., Csat,m, whereas

extensivefunctionsdo not have the subscript. In addition,since thermodynamicvalues

are pressuredependent,they are reportedin termsof a standardpressurepo,which in

this report is 101.325 kPa (one atmosphere).

M = molar mass in g.mo1-1

T = temperature in Kelvin

p = pressure in Pascals (Pa)

p = density in kg.m"3

t_cUr0n = molar energy of combustion

_cUr°n/M- energy of combustion per gram

_k:H° = molar enthalpy of combustion

_,fH° - molar enthalpy of formation

AIgHm = molar enthalpy of vaporization, hence the subscript I(for

liquid) and superscript g (for gas)

Algvm= change in molar volume from the liquid to the real vapor

Cv,m - molar heat capacity at constant volume

Cp,m = molar heat capacity at constant pressure

Csat,m = molar heat capacity at saturated pressure

I_ = chemical potential

n = numberof moles of substance

Vx = volume of d.s.c, cell at a temperature T/K.

C_I= two-phase heat capacity at cell volume Vx

_1 = two-phase heat capacity at constant volume

c__l(p= Psat)= two-phase heat capacity along the saturation line

VI = molar volume of the liquid

Tc = critical temperature

Pc = critical pressure

ix



Pe = c_itical density

Tr = reduced temperature = T/Tc

Pr = reduced pressure -- P/Pc

Pr = reduced density = P/Pc

Ttp --- triple point temperature in Kelvin

ig = Ioglo

= acentric factor = [-Ig (Px/Pc) - 1]; Px is the vapor pressure at Tr = 0.7
T o

b'oSm = molar entropy at temperature T/K (relative to the entropy at T = 0 K)
T o

AoHm = molar enthalpy at temperature T/K (relative to the crystals at 0 K)

Z_comp'Sm= molar entropy of compression of a gas

AimpSm = gas imperfection term

T --) 0 - Zero Kelvin

To avoid listing units in tables, entropies are reported as divided by the gas constant R,

and enthalpies and Gibbs energies are generally reported divided by the product of the

gas constant and temperature, R.T. Units of time are s (seconds) or h (hours).



1. I NTRODUCTION

This report details thermochemical and thermophysical property measurements on the

diheteroatom-containingaromatic compoundsbenzothiazole and benzoxazole. This

research is funded by the Departmentof Energy (DOE) Office of FossilEnergy, within

theAdvancedExtractionand ProcessTechnology(AEPT) program.

lt has been well documented,(e.g., 1-4) that the hydrodesulfurization (HDS) of

petroleum crude feedstocks is inhibited by the presence of oxygen- and nitrogen-

containingcompounds. Similarly, the hydrodeoxygenation(HDO) of coal liquids is

inhibitedby the presence of nitrogen-containingcompounds. In these instances, it is

evident that the effect of competitiveadsorptionon the catalyst sites is the dominant

factor. Studieson compoundswhere either sulfur or oxygen is presentwith nitrogen

within the same molecule are rare. Such studies would give insights into tile processes

occurring on the catalyst surface during either HDS or HDO.

B ENZOTHi AZO L E BENZO X AZO L E

q

XH XCH 3

XCH2NH2 NHCH2XH NHCHa NH2

PRODUCTS OF HYDROGENOLYSIS
X=SORO

In the HDS or HDO of aromatic 5-membered ring systems, saturation of the
_

double bond in the heterocyclic ring is required prior to ring cleavage.(5,6) In the

subsequent hydrogenolysis (ring opening) of benzothiazole or benzoxazole a range of



substituted benzenes can be formed depending on where the five-membered ring opens,
as shownabove.

Konuma et al(7,8) studied the HDS of benzothiazole on a Mo(VI) sulfide catalyst

under 40 atmospheres hydrogen pressure in the temperature range 240 °C to 280 °C.

At the lower temperature they noted 38 per cent conversion with 28 percent anilines

selectivity. At 280 °C, conversion rose to greater than 99 per cent with greater than

90 per cent anilines selectivity. In contrast, the same group,(9) operatln_ with the

same catalyst, obtained only 7 per cent conversion for benzoxazole at 280 °C and 54

per cent at 320 °C with almost complete selectivity to ortho-aminophenol in both cases.

The results presented in this report form the first step in a thermodynamic

, analysis of the HDS of benzothiazole, the HDO of benzoxazole, and the HDN (hydro-

denitrogenation) of both compounds. The results of the thermodynamic analysis will

delineate the presence of any reaction steps occurring under thermodynamic control

within the reaction schemes. Hence, the analysis will show if any restricted pathways

exist within the reaction schemes. The thermodynamic analysis will be the subject of a

future topical report from this group. Whi_eneither benzothiazole or benzoxazole have

been listed as important constituents of heavy petroleum, oil shale, or the products of

the liquefaction of coal, both have been found in the products of the oxidative degradation

of Gudaoasphaltene.(lo)

2. EXPERIMENTAL

MATERIALS

A commercial sample of benzoxazole was purified by vacuum distillation at

325 K (0.08 kPa), and was sealed in glass under vacuum. A commercial sample of

benzothiazole was purified as follows. A freshly distilled sample was reacted with oxalic

acid in a (water+propan-2-ol) mixture. The resulting oxalate was recrystailized twice

from a mixture of (water+propan-2-ol) in equal proportions by mass. The oxalate was

cleaved by reaction with base (KOH + water)in the proportion 3 g KOH to 4 g water.

The liberated benzothiazole was extracted with diethyl ether. The extract was washed

with water, dried (Na2CO3), filtered, concentrated under vacuum, doubly distilled at

320 K (0.06 kPa), and sealed under vacuum in glass ampoules. Ali subsequent sample

transfers were done under vacuum or an inert (nitrogen or helium) atmosphere.

The mole-fraction impurity for each sample was estimated to be less than

0.0001 using g.l.c. The high purities of the samples were corroborated in the

fractional-melting studies completed as part of the adiabatic heat-capacity studies, and



the small differertces between the boiling and condensation temperatures observed in the

ebuiliometric vapor-pressure studies discussed later.

The water used as a reference material in the ebulliometric vapor-pressure

measurements was deionized and distilled from potassium permanganate. The decane

used as a reference material for the ebulliometric measurements was purified by urea

complexation, two recrystallizations of the complex, decomposition of the complex with

water, extraction with ether, drying with MgS04, and distillation at 337 K and 1 kPa

pressure°

PHYSICAL_ANTS AND S rANDARDS

Molar values are reported in terms of M = 135.183 g.mo1-1 and 119.123 g.mo1-1 for

benzothiazole and ber :oxazole, respectively, based on the relative atomic masses of

1981(11)1- and the gas constant R = 8.31451 J.K "l.mol "1 adopted by CODATA.(12) The

platinum resistance thermometers used in these measurements were calibrated by

comparison with standard thermometers whose constants were determined at the

National Institute of Standards and Technology (NIST), formerly theNational Bureau of

Standards (NBS). Ali temperatures reported are in terms of the IPTS-68.(13) The

platinum resistance thermometer used in the adial'atic h_!_t-capacity stu,_:_ieswas

calibrated below 13.81 K with the method of McCrackin and Chang.(14) Measurements of

mass, time, electrical resistance, and potential difference were made in terms of

standards traceable to calibrations at NIST

APPARATUSAND PROCEDURES

Combustion Calorimetry. The experimental procedures used in the combustion

calorimetry of organic compound.<;containing nitrogen, sulfur, and oxygen at the National

Institute for Petroleum and Energy Research have been described.(15-18) A rotating-

bomb calorimeter (laboratory designation BMR II)( 19) an,.1 platinum-lined bomb

(laboratory designation Pt-3b)(2(_) with an internal volume of 0.3934 dm3 were used.

in the measurements on benzothiazole the bomb rotation mechanism started 100 s after

ignition of the sample and remained on to the end of each experiment. In the benzoxazole

combustions the bomb was not rotated.

Temperatures were measured by quartz-crystal thermometry.(21, 22) A

computer was used to control the combustion experiments and record the results. The

1" ]'he 1981 relative atomic masses were used because the CODATA Recommended Key
Values for Thermodynamics (reference 37) are based on them.

--
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quartz-crystal thermometer was calibrated by comparison with a platinum resistance

thermometer. Counts of the crystal oscillation were' taken over periods of 100 s

throughout the experiments. Integration of the time-temperature curve is inherent in

the quartz-crystal thermometer readings.(23)
,,'

Ebulliometric Vapor-Pressure Measurements. The essential features of the

ebulliometric equipment and procedures are described in the literature.(24, 25) The

ebulliometers were used to reflux the substance under study with a standard of known

vapor pressure under a common helium atmosphere. The boiling and condensation

temperatures of the two substances were determined, and the vapor pressure was

derived with the condensation temperature of the standard.(26)

The precision in the temperature measurements for the ebulliometric vapor-

pressure studies was 0.001 K. The precision in pressure is adequately described by'

_(p) = (0.001 K){(dpref/dT) 2 + (dpx/dT) 2}1/2 , (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 fits of the Antoine equation(27) to vapor pressures of the reference

materials (decane and water) reported in reference 26.

Inclined-Piston Vapor-Pressure Measurements. The equipment for the. inclined-piston

vapor-pressure measurements has been described by Douslin and McCullough,(28) and

Douslin and Osborn.(29) Recent revisions to the equipment and procedures have been

reported.(3°) Uncertainties in the pressures determined with the inclined-piston

apparatus, on the basis of estimated precision of measuring the mass, area, and angle of

inclination of the piston, are adequately described by the expression'

a(p)/Pa = 1.5.10 -4(p/Pa) + 0.200 . (2)

The uncertainties in the temperatures are 0.001 K.

i, I

Adiabatic Heat-Capacity Calorimetry. Adiabatic heat-capacity and enthalpy

measurements were made with a calorimetric system described previously.(3°) The

calorimeter characteristics and sealing conditions are given in table 1.1 Energy

I Ali tables are given at the end of this report.



measurementprocedureswere the same as those describedfor studieson quinoline.(3°)

Thermometer resistances were measured with self-balancing, alternating-current

resistancebridges(H. Tinsley & Co. Ltd.; Models 5840C and 5840D). Energies were

measured to a precisionof 0.01 per cent, and temperatureswere measured to a

precisionof 0.0001 K. The energyincrementsto the filled platinumcalorimeterswere

correctedfor enthalpychangesin the empty calorimeters,for the helium exchangegas,

and for vaporizationof the samples. The maximumcorrectionto the measuredenergies

for the helium exchange gas was 0.1 per cent near 5 K. The sizes of the other two
correctionsare indicated in table 1.

Differential-Scanning Calorimetry (a.s.c.). Differential-scanning calorimetric

measurements were made with a Perkin-Elmer DSC-2. Experimental methods were

described previously.(31"33)

3. RESULTS

COMBUSTDONCALORIMETRY

NBS benzoic acid (sample 39i) was used for calibration of the combustion bomb

calorimeter; its specific energy of combustion is -(26434.0+-3.0) j.g-1 under

certificate conditions. Conversionto standard states(34) gives-(26413.7±3.0) j.g-1

for AcU°/M, the specific energy of the idealized combustionreaction. Calibration

experiments without bomb rotation were interspersed with the benzoxazole

measurements. Nitrogenoxideswere not formed in the calibrationexperimentsdue to

the high purity of the oxygen used and preliminary bomb flushing. The energy

equivalent of the calorimeter obtained for the calibration series, _:(calor), was

(16773.0+_0.4) J.K"1 (mean and standard deviation of the mean). Six calibration

experiments with rotation of the bomb were interspersed with the benzothiazole
combustionmeasurements. In that calibrationseries 10.0.10.3 dm3 of waterwas added

to the bomb to mimicthe sulfur-compoundexperiments. The energy equivalentof the

calorimeter obtained in that calibration series was _:(calor) =

(16772.0 +_0.4)J.K 1 (mean and standard deviationof the mean).

For each experimentwith the sulfur-containingcompound,one atmosphereof air

was left in the bomb, 10.0.10.3 dm3 of water was added, and it was subsequently

chargedwith pure oxygento a total pressureof 3.04 MPa. (The atmosphereof air left

in the bomb contained sufficient nitrogen, which -- in the presence of the platinum

crucible and lining -- acted as a catalyst for the conversion of any SO2 formed to SO3,

and hence, dilute sulfuric acid. During the catalysis reaction some of the available



nitrogen was converted to NO2, _nd hence, formed ni_ic acid upon d;ssolving in the

water present.) For each benzoxazole experiment 1.0.10 .3 dm 3 of water was added,

and the bomb was flushed and subsequently charged with pure oxygen to a total pressure

of 3.04 MPa. Flexible borosilicate glass ampoules(15) were used to confine both

samples. Judicious choice of sample and auxiliary masses allowed the temperature rise

in each combu,_,tion series and its corresponding calibration series to be the same within

0.1 per cent. Ali experiments were completed within 0.01 K of 298.15 K.

The auxiliary oil (laboratory designation TKL66) had the empirical formula

CH1.913, and Z$cU° --(46042.5 + 1.8) j.g-1 (mean and standard deviation). For the

cotton fuse, empirical formula CH1.77400.887, AcU° - -16945 j.g-1

Nitric acid, nitrous acid, and total acids were determined quantitatively in the

combustions of benzothiazole.(35) The amounl cf sulfuric acid was obtained by difference

and agreed, within experimental uncertainties, with that calculated from the

sto ich io rnetry.

Nitric acid formed during the benzoxazole combustions was determined by

titration with standard sodium hydroxide.(35) Carbon dioxide was recovered from the

combustion products of each benzoxazole experiment and its calibration series. (No CO2

recoveries were made for the benzothiazole series due to the presence of the relatively

large volume of water.) Anhydrous lithium hydroxide was used as absorbent.(16)

Carbon dioxide percentage recoveries were 99.990_+0.005 (muan and standard deviation

of the mean) for the calibrations and 99.969_+0.013 for the corresponding benzoxazole

combustions. In ali experiments the combustion products were checked for unburned

carbon and other products of incomplete combustion, but none were detected.

Auxiliary information, necessary for reducing apparent masses to masses,

converting the energy of the actual bomb process to that of the isothermal process, and

reducing to standard states,(34) included a density at 298.15 K of 1237 kg.m"3 and an

estimated value of 8.10 .7 m3.K -1 for (aVrn/aT)pfor benzothiazole. For benzoxazole

values of 1245kg.m "3 and 4.10 .7 m3.K -1 were used for the density and (aVm/aT)p

respectively. The densities were obtained by weighing filled ampoules of known volume.

The molar heat capacities at 298.15 K for benzothiazole and benzoxazole used in the

corrections to standard states are given as part of the heat-capacity study results later

in this report.

Typical combustion experiments for benzothiazole and benzoxazole are

summarized in table 2. lt is impractical to list summaries for each combustion, but

values of AcU°/M for ali the experiments are reported in table 3. For benzoxazole

values of AcU°/M in table 3 refer to the reaction:



C7HsNO(cr) + 7.75 02(0) = 7 CO2(g) + 2.5 H20(I) + 0.5 N2(g). (3a)
,,

For benzothiazole values of AcU°/M in table 3 refer to the reaction:

C7HsNS(I) + 9.75 O2(g) + 113.5 H20(I) =

7CO2(g) + 0.5 N2(g) + H2SO4.115H20(I). (3b)

Table 3 also gives derived values of the standard molar energy of combustion _cUm , the

standard molar enthalpy of combustion &cH°m' and the standard molar enthalpy of

formation AfH°m, for benzoxazole and benzothiazole. Values of AcU°mand _cHrno refer to

reaction (3a) or (3b). The values of AfH ° refer to reaction (4) for benzoxazole andm

reactions (4a) and (4b) for benzothiazole:

7 C(cr, graphite) + 2.5 H2(g) + 0.5 N2(g)+ 0.5 O2(g) = CTH5NO(cr), (4)

7 C(cr, graphite) + 2.5 H2(g) + 0.5 N2(g) + S (cr, rhombic) = C7H5NS(I), (4a)

7 C(cr, graphite) + 2.5 H2(g) + 0.5 N2(g) + 0.5 S2(g) = CTH5NS(I). (4 b)

(Historically, enthalpies of formation for sulfur-containing compounds have been

published with two different reference states for sulfur, S2(g) and S (cr, rhombic).

Values relative to each reference state are given in table 3.) Uncertainties given in

table 3 are the "uncertainty interval" defined in reference 36. The enthalpies of

formation of CO2(g), H20(I), H2SO4.115H20, and S2(g) were taken to be

-(393.51 +_ 0.13), -(285.830 +_ 0.042), -(887.81 + 0.40),

(128.49 + 0.30)kJ.mo1-1, respectively, as assigned by CODATA.(37)

VAPOR-PRESSUREMEASUREMENTS

Vapor pressures for benzothiazole and benzoxazole are reported in table 4. Following

previous practice,(25) the results obtained in the ebulliometric measurements were

adjusted to common pressures. The common pressures, the condensation temperatures,

and the difference between condensation and boiling temperatures aT for the samples are

reported. For both benzothiazole and benzoxazole the small differences between the

boiling and condensation temperatures (column 6 table 4) indicated correct operation

of the equipment and the high purity of the samples. At the highest temperatures

measured for benzothiazole, the increase in ,_T relative to that for the previous

temperature is indicative of some sample decomposition. Measurements on benzothiazole

by d.s.c, described later showed rapid sample decomposition for temperatures above

600 K.



Cox Equation Fits to Vapor Pressures. The Cox equation(38) in the form'

In(p/Pref) = {1- (Tref/T)}exp{A + B_,T/K) + C(T/K)2} , (5)

was fitted to the experimental vapor pressures with fixed Pref and Tref values listed in

table 5. The values of Pref and Tref used for benzoxazole were the Pc and Tc obtained in

the simultaneous fittings of the vapor pressures and the d.s.c, two-phase he_.t capacities

discussed later in this report. For benzothiazole, the Tref value is an estimate of Tc

derived from the group-contribution parameters of Joback(39,40) and Somayajulu,(41)
L

with the normal-boiling temperature determined in this research. The value for Pref

was allowed to v_,,y in the fit. Because the uncertainties in Pref and Tref for

benzothiazole are difficult to assess, extrapolations of the benzothiazole vapor-pressure

results were limited to 50 K.

The vapor-pressure fitting procedure has been described.(26, 3°) Parameters

derived from the fits are given in table 6. Details of the Cox equation fits are given in

table 4.

Derived Enthalpies of Vaporization. Enthalpies of vaporization AIgHm were derived from _",

the Cox equation fits by means of the Clapeyron equation:

dp/dT = AigHm/(T t_lgVm) ' (6)

A_Vm is the increase in molar volume from the liquid to the real vapor. The Cox equation

fits were employed to derive dp/dT. Estimates of liquid..phase volumes were made with

the extended corresponding-states equation of Riedel,(42) as formulated by Hales and

Townsend:(43)

(p/pc) = 1.0 + 0.85{1.0- (T/Tc)} + (1.692 + 0.986_ ){1.0 - (T/Tc)} 1/3, (7)

with Pc = 380 kg.rn "3, Tc = 771 K, and an acentric factor co = 0.355 for ben:othiazole,

and Pc = 349 kg.rn "3, Tc = 695 K, and an acentric factor _ = 0.362 for benzoxazole.

The uncertainty in the liquid-phase volumes was estimated to be 3 per cent. [The

acentric factor is defined as {-Ig(p/pc) - 1}, where p is the ,,apor pre.,'sure at Tr = 0.7

and Po is the critical pressure.] The Cox-equation coefficients given in table 5 were

used to calculate p. The critical density for benzothiazole was estimated with equation

(7) and a liquid-phase density value {(1250+_30) kg.m 3 at 285.7K} determined

during filling of the calorimeter for heat-capacity measurements by adiabatic



calorimetry. Similarly, a cr[ticai density for benzoxazole was estimated with equation

(7) and a liquid-phasedensity value of (1100+30)kg.m "3 at 310.2 K.

Vapor-pnasevolumeswere calculatedwith the virial equationof state truncated
at the third virial coefficient. Second virial coefficients were estimated with the

co_rresponding-statesequationof Pitzer and Curl,(44) and third virial coefficientswere

estimatedwith the corresponding-statesmethodof Orbeyand Vera.(45) This formulation

for third virial coefficientswas applied successfullyin analysesof the thermodynamic

propertiesof benzene, toluene, and decane.(46) Third virial coefficientsare required

fofr accurate calculation of the gas vol!;me f,_r pressures greater than 1 bar.

Uncertainties in the vir+;_lcoefficients are assumed to be 10 per cent. Derived

en+thalpiesof vaporization are reportedin table6. For p>l bar the uncertaintiesin the
virial coefficients are the dominant contributionsto the uncertaintiesin the derived

enthalpiesof vaporization.

ADIABATICHEAT-CAPACITYCALORIMETRY

Crystallization and Melting Studies. Crystallizations of benzothiazole and benzoxazole

were initiated by slowlycooling (approximately2 mK.s"1) the liquid samples r_,/,,g_,lyJ_j
/ /

10 K below their respective triple-pointtemperatures. Complete crystallizationwas

ensured by mair,taining the samples underadiabaticconditionsin the partially melted

state (10 to 20 per cent liquid) for approximately 24 h. For benzoxazole, no

spontaneous warming, which would indicate incomplete crystallization, was observed in

this time period. The benzothiazole sample warmed for approximately 8 h. The samples

were cooled at an effective rate of 2 mK.s"1 to crystallize the remaining liquid. Finally,

the samples were thermally cycled from <100 K to within 2 K of their triple-point

temperatures, where they were held for a minimum of 8 h to provide further tempering.

Ali of the solid-phase measurements were performP.dupon crystals pre-treated in this

manner.

The triple-point temperatures Ttp and sample puriti_,,swere determined by

measurement of the equilibrium melting temperatures T(F) as a function of fraction F of

the sample in the liquid state.(47) Equilibrium me_ting temperatures were determined

by m6asuring temperatures at approximately 300-s .intervals for 0.8 to 1.2 h after an

energy input and extrapolating to iqfinite 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 8. The results did not indicate the presence of soli_-sol'uble impurities, and



published procedures(48) were used to derive the mole fract',ons of impurities and

triple-point temperatures. The results are summarized In table 7.

Phase Transformations and Enthalpy Measurements. Experimental molar enthalpy

results are summarized in table 8. The table includes both phase-transition enthalpies

and single-phase measurements, which serve as checks on the integration of the heat-

capacity results. Corrections for pre-melting caused by impurities were made in these

evaluations. Results with the same series number in tables 8 and 9 were taken without

interruption of adiabatic conditions.

Excellent reproducibility (within +0.01 per cent) was obtained in the enthalpy-

of-fusion results for each compound. This implies that cr(I) phases were formed

reproducibly by means of the tempering methods described above. Both compounds

showed a single solid-phase transition near 245 K with little associated enthalpy.

Prior to measurements of the transition enthalpy for benzothiazole, the sample

was annealed between 239 K and 243 K for 2 d, 3 d, 11 d, and 0.8 d for series 8, 9,

13, and 14, respectively. Becau e of the small difference between the result obtained

after 11d of annealing (series 13) and 3 d of annealing (series 9), the series 13

results were used to calculate the enthalpy across the transition region for ali further

calculations. The difference between the series 14 and series 13 results provides an

estimate of the minimum total enthalpy associated with the conversion from cr(I) to

cr(ll).

Prior to measurements of the transition enthalpy for benzoxazole, the sample

was annealed between 240 K and 243 K for 0.2 d, 10 d, and 15 d for series 3, 4, and

8, respectively. No warming was observed after 10 d during sample annealing prior to

series 8. This is consistent with the agreement between the series 4 and series 8

results. The small difference is not significant. The series 3 result shows the effect of

the failure to anneal the low-temperature form.

Heat Capacity Measurements. The experimental molar heat capacities under vapor

saturation pressure Csat,m determined by adiabatic calorimetry are listed in table 9.

Values in table 9 were corrected for effects of sample vaporization into the gas space of

the calorimeter. The temperature increments were small enough to obviate the need for

corrections for non-linear variation of Csat,m with temperature except near phase-

transition temperatures. The precision of the heat-capacity measurements ranged from

approximately 5 per cent at 5 K, to 2 per cent at 11 K, 0.2 per cent near 20 K, and

improved gradually to less than 0.1 per cent above 100 K, except in the solid phase

10



near the triple-pointand solid-phasetransitiontemperaturewhere equilibrationtimes

were long. The heat _-apacitiesin table9 have not been correctedfor pre-melting,but

from the temperature incrementsprovided an independentcalculation can be made.

Curvesof heatcapacityagainsttemperatureare shownin figures1 and2. Resultsabove

450 K were determinedby d.s.c, as describedlater.

For 'heat-capacitymeasurementsin the liquidphase and in ct(II) below 238 K,

equilibriumwas reachedin less than 1 h for bothcompounds. For benzothiazoleabove

238 K, equilibrationtimes increased to 3 h at 240 K, approximately40h between

243K and 248 K, and 12 h for ali measurements above 255K in phase ct(I).

Similarly for benzoxazole above 238 K, equilibration times increased to 3 h at

241 K, and roughly 36 h for ali measurements above 255 K in phase cr(I). No

attemptwas made to equilibratethe benzoxazolesamplein the 241 K to 251 K range.

Details of the heat-capacityand enthalpy measurementsin the cr(ll)-to-cr(I)

transitionregions are shown in figures 3 and 4. The heat-capacity curves are not

defined uniquely in the immediate vicinity of the transitions from cr(ll) to ct(I), as

representedby the dashed lines in the figures. The heat-capacitycurves shownwere

used to calculate the enthalpy-of-transitionvalues listed in table 8. (Heat-capacity

values sufficientto define these curves are included in table 10.) Uncertaintyin the

transition temperaturesis approximately_+_2K. The uncertaintyin the shape of the

heat-capacity curve has no effect on the derived condensed-phaseenthalpies above

250 K, and an insignificanteffect on the derived entropies. For the purpose of the

entropycalculations,ali of the excess enthalpyat Ttrslistedin table 8 was assumedto

occur at Ttrs. Extrapolation of the heat-capacity results to T-+O was made by

extrapolationof a plot of Csat,m/T againstT2 for resultsbelow l OK.

DIFFERENTIALSCANNINGCALORIMETRY

Theoretical Background. The theoretical background for the determination of heat

capacities for the liquid phase at vapor-saturation pressure Csat,m with results

obtained with a d.s.c, has been described.(31,32,49) If two phases are present and the

liquid is a pure substance, then the vapor pressure p and the chemical potential I_ are

independentof the amountof substancen and the cell volume Vx,and are equal to Psat and

t_sat. The two-phase heat capacities at cell volume Vx, C_I can be expressed in termslm'

of the temperature derivatives of these quantities:

n C_IIm/T= -n(a2t_/aT2)sat + Vx (a2p/aT2)sat + (aVx/aT)x(ap/aT)sat. (8)

11
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The third term on the right-hand side of equation (8) includes the thermal expansion of

the cell. In this research the thermal expansion of the cells was expressed as:

Vx(T) / Vx(298.15 K) = 1 + ay + by2, (9)

where, y - (T - 298.15) K, a = 3.216 x 10-5 K"1, and b = 5.4 x 10-8 K"2.

Values of (ap/aT)sat can be calculated based on the vapor pressures measured in

this research. Therefore, with a minimum of two different filling levels of the cell,

(a2p/aT2)sat and (a211/aT2)sat can be determined. In this research three fillings were

used. To obtain the saturation heat capacity Csat,m at vapor pressures greater than

0.1 MPa, the limit where the cell is full of liquid is required; i.e., (n/Vx) = {1/Vm(I)}

where Vm(I) is the molar volume of the liquid:

lim (n C_I,m/T) = Vm(I)(oq2p/oqT2)sat- n(oq2#/oqT2)sat (10)(n/Vx) _ {l/Vm(I)}

Csat,m is obtalned from the expression:

Csat, m = (l/n).{ (n/Vx) li_l/Vm(1)} (n C_' )} + {T(ap/aT)sat (dVm(l)/dT)} (11),m
, ,

Thus, reliableliquid-densityvaluesare alsorequiredto determineCsat,m.

Table 11 liststheexperimentaltwo-phaseheatcapac!tlesC II forbenzothlazole
x,m

and benzoxazoleobtainedforthreecellfillingsforeach compound. Heat capacitieswere

determined at 20-K intervalswith a heating rate of 0.083 K.s-I and a 120-s

equilibrationperiodbetween heats. Sample decompositionprecludedheat-capacity

measurements above 600 K forbenzothiazoleand 665 K forbenzoxazole.

Fur othercompounds studiedrecentlyat NIPER, e.g.,dibenzothiophene(5°)and

2-aminoblphenyl,(51)a singlecontinuousheat at a rateof 0.333Ks "I was used,

sample decompositionwas greatlyreduced,and the abruptdecrease inheat capaciiy

associatedwiththe conversionfrom two phases to one phase was observed. For

dibenzothiopheneand 2-aminoblphenyl,temperaturesat which conversiontothe single

phase occurred were measured in this way for six cell fillings,and critical

temperaturesand densitieswere derivedgraphically.For benzothiazole,decomposition

began farbelowtheestimatedTc,and thismethod was notapplicable.Forbenzoxazole,

decompositionstartedwithin30 K of the estimatedTc, and itwas seldom possibleto

observe evidenceforthe two-phaseto one-phaseconversion,even when rapidheating

rates were used. For two cellfillingsonly, near the critical-densityestimate
L
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(described earlier), it was possible to observe the sudden decrease in observed heat

capacity associated with conversion to a single phase superimposed on the effects of

sample decomposition. The conversion temperature for both fillings was 695 K, which

was assumed to be the critical temperature. The uncertainty in this value is difficult to

assess, but is estimated to be 5 K.

The critical pressure for benzoxazole was not measured directly, but was

estimated by a simultaneous non-linear least-squares fit of the vapor pressures listed

in table 4 and the CII values given in table 11 Csat,m values were derived fromx,m

results of the fit and equation (11). Experimental C_lrn were converted to CII values,m
by means of equation (9) for the cell expansion and the vapor-pressure fit described

below for (ap/aT)sat. The relevant equation is:

CII = C_I - Tin {(aVx/aT)x (ap/aT)sat}. (1 2)v,m ,m

The values of CII were used to derive functions for (o_2p/o_T2)satand (_21_/_T2)sat.v,m

The Cox equation(38) was u._edto represent the vapor pressures in the form:

In(p/r,c! = (1 - 1/Tr) exp (A + BTr + CT2), (1 3)

with Tr:T/Tc, where Tc and Pc are the critical temperature and critical pressure. The

critical pressure was included as a variable in the non-linear least-squares analysis.

The functional fo_m chosen for variation of the second derivative of the chemical

potential with temperature was:

n

(o_21_/_T2)sat :_ ,T_.,bi(1 - T/Tc) i. ( 1 4 )
i=O

{For compounds where sufficient information was available to evaluate reliably

(_21_/o_T2)sat(e.g., benzene(52)), four terms (i.e, expansion to n=3) were required to

represent the function. Thus, four terms were used in this research.} In these fits the

sum of the weighted sauares in the following function was minimized:

A:C II miR -- {Vfn(I)T/nR}(o_2p/o_T2)sat + (T/R)(o_21_/o_T2)sat (15)V t

For the vapor-pressure fits, the functional forms of the weighting factors used have

been reported.(3o) Within the heat-capacity results, the weighting factors were

proportional to the square of the mass of sample used in the measurements. Table 12

lists the coefficients determined in the non-linear least-squares fit. A weighting factor

17



of 20 was used to increase the re;alive weights oTthe vapor-pressure measurements in

the fit. The weighting factor reflects the higher precision of the vapor-pressure values

relative to the experimental heat capacities.

Values of Csat,m for benzothiazole were determined with equation (11). Values

of (o_P/_T)sat were calculated with the Cox parameters listed in table 5, and values of

(dVm(I)/dT) were derived with equation (7). Values of the term involving C__,i,mwere
determined with equation (12). The calculations were for temperatures sufficiently

removed from Tc to allow use of estimated critical parameters without detriment to the

of the derived Csat values. Values of Csat,m and C/I,m(p=Psat ) for benzoxazoleaccuracy

and benzothiazole are listed in table 13.

THERMODYNAMICPROPERTIESINTHE CONDENSEDSTATE

Entropies and enthalpies under vapor saturation pressure relative to that of the crystals

at T--*0 for the solid and liquid phases of benzothiazole and benzoxazole are listed in

table 10. The tabulated values were derived by integration of the smoothed heat

capacities corrected for pre-melting, together with the entropies and enthalpies of

transition and 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 tables 9 and 13 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 by means of standard

methods(47) for solid-insoluble impurities and the mole..fraction impurities values

shown in table 1.

THERMODYNAMIC PROPERTIES INTHE IDEAL-GAS STATE

Enthalpies and entropies at selected temperatures for the ideal gas for benzothiazole and

benzoxazole were calculated using values in tables 6 and 10 and are listed in columns 2

and 4 of table 14. Entropies and enthalpies of compression to 101.325 kPa were

calculated based on the virial equation truncated after the third virial coefficient,

pVm-RT+Bp+Cp 2 . (1 6)

Formulations used to calculate the entropy and enthalpy of compression are:(53)

_Scomp,m = R In(p) + (dB/dT)p + (dC/dT)p 2 , ( 1 7)
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AHcomp,rn = {B - T(dB/dT)}p + {C - T(dC/dT)}(p2/2). ( 1 8 )

Equations (17) and (18) are derived from equations (16.21) and (16.27),

respectively, of reference 53. Temperature derivatives were estimated by numerical

differentiation of virial coefficients estimated by the methods of Pitzer and Curl(44) and

Orbey and Vera,(45)

The first term in equation (17) is the entropy of compression, if the gas were

ideal. The uncertainty in this term is not significant. The sum of the second and third

terms of equation (17) is the "gas-imperfection correction" to the entropy of

compression. Equation (18) gives the "gas-imperfection correction" to the enthalpy of

compression directly, as the enthalpy of compression for an ideal-gas is zero. The gas-

imperfection corrections are listed in columns 3 and 5, and are included in columns 2

and 4 of table 14. Uncertainties in these values are difficult to assess because

temperature derivatives of estimated values are involved. An uncertainty of 10 per cent

of the calculated correction was assumed.

The derived ideal-gas enthalpies and entropies were combined with the

condensed-phase enthalpies of formation given in table 3 to calculate the enthalpies,

entropies, and Gibbs energies of formation listed in columns 6, 7, and 8, respuctively,

of table 14. Enthalpies and entropies for N2(g), S2(g), and equilibrium hydrogen were

derived from from JANAF tables.(54) Values for graphite were determined with the

polynomial(55) used to calculate the values from 298.15 K to 6000 K listed in the

JANAF tables. Ali uncertainties in table 14 represent one standard deviation and do not

include uncertainties in the properties of the elements. Uncertainties in the properties

of the elements were not included because they cancel in calculations of chemical

equilibria. Their inclusion would lead to overestimation of the error limits in such

calculations.

CALCULATIONOF SUBUMATIONPRESSURES

The "third-law"method was employed to calculate sublimation pressures for

benzoxazole from 280 K to Ttp. The "third-law" values were calculated from the

tabulated thermodynamic functions of the ideal gas (table 14) and the crystalline solid

(table 10). The method applied here was the same as that used previously for

biphenyl.(49) The sublimation vapor pressures were represented by the equation'

In(p/po) = 31.13 - 7490(T/K) "1 - 1.276x105(T/K) "2, (19)

in the temperature region 280 K to 302.5 K with Po = 1 Pa.
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4. DISCUSSION

BENZOXAZOLESUBUMATIONPRESSURES

Vapor pressures for both the supercooled liquid and the cr(I) phase for benzoxazole

were obtained as part of the inclined-piston vapor-pressure measurements. The

measured values are reported in table 4 and marked by footnotes. (The supercooled-

liquid values were included in the fitting procedure to obtain the Cox-equation

parameters listed in table 5.)

Table 15 lists the measured sublimation pressures, vapor pressures calculated

with the Cox equation parameters listed in table 5, and sublimation pressures calculated

by means of the "third law" method (equation 19). The difference between the measured

and calculated sublimation pressures (column 5 of table 15) is nearly constant at 1 Pa.

This difference, though small, is a significant percentage of the pressure at the lowest

temperature of the measurements and is five times the assigned uncertainty of 0.2 Pa.

The deviation probably arises from incomplete outgassing of the system during the

inclined-piston measurements. This illustrates the difficulty in making low-pressure

measurements in a static system, even when special outgassing techniques are used. At

the triple point (302.505K), both equation (19) and the Cox-equation parameters

listed in table 5 give a vapor pressure of 144.9 Pa for benzoxazole.

COMPARISON OF RESULTSWITH UTERATURE

Vapor pressures of benzothiazole were measured at three temperatures (433.4 K,

453.5 K, and 473.5 K) by Krovor et al.(56) as part of a (vapor+liquid) equilibrium

(VLE) study. Their values relative to those of this research are approximately 1.5 per

cent high, which is in accord with the expected accuracy of their measurements.

In this paper the events irl the heat-capacity curves near 246 K are termed

"phase transitions." The nature of the structural changes associated with these events is

unknown. Crystal structures determined by x-ray crystallography above and below Ttrs

may or may not show a clear difference. The structural change may be associated with a

subtle event, such as the freeing of a molecular vibration, which is restricted in the

low-temperature form.

Heat capacities and enthalpies of benzothiazole were measured previously from

5 K to 320 K by Goursot and Westrum.(57) The purity of their sample (0.9990), as

determined by fractional melting, was slightly lower than that of the sample used in this

research (0.9999). Figure 5 is a deviation plot for the heat capacities determined by

Goursot and Westrum from those of this research for the liquid phase and for phase
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cr(ll) between 20 K and 240 K. Comparison with their results for phase cr(I) is not

made because their results in this temperature region are complicated by the presence

of significant premelting, as seen in figure 3. Goursot and Westrum do not report the

temperature increments associated with their average heat-capacity measurements.

Consequently, the premelting correction cannot be calculated.

Goursot and Westrum did not observe the conversion from cr(ll) to cr(I) in the

heat-capacity curve near 245K. Their results n_ar 245K are represented in

figure 3 by the unfilled triangles, lt is seen in the figure that the series 14 result of

our research, which was obtained after a relatively short annealing time near 240 K, is

in good accord with the results of Goursot and Westrum. lt seems probable that they

failed to observe the cr(ll) to cr(I) change in the heat-capacity curve because their

sample was insufficiently annealed. Goursot and Westrum de not mention equilibration

times, so no comparison can be made."in this area.

Goursot and Westrum measured the enthalpy of fusion ten times and reported an
I s

average enthalpy increment from 240K to 280K, {Hm(280K) - Hre(240 K)}/RK

= (2177.4). The corresponding value from the results of the present research is

{Him(280 K) _ HmS(240 K)}/RK = (2182.8). This difference is consistent with

Goursot and Westrum having failed to convert their sample from cr(I) to cr(ll). The

difference in /,trsHm/RK for serie= 13 (annealed 11 d) and series 14 (annealed 0.8 d)

of this research (5.7) is in good accord with the difference between the 240 K-to-

280K enthalpy increments (5.4).

The crystal-phase enthalpy increment between 240K and Ttp reported by

Goursot and Westrum is inexplicably low. Hence, their calculated enthalpy of fusion is

anomalously high. The value for Ttp (275.65 K) reported by Goursot and Westrum

agrees with that reported here.

Kambe and Yokota(58) reported values for the enthalpy of fusion determined by

d.s.c, for benzothiazole and benzoxazole, which are 8 per cent and 20 per cent low,

respectively, relative to the values obtained in this research. Meyer and Metzger(59)

reported a value determined by cooling-curve analysis for the enthalpy of fusion of

benzothiazole, which is 6 per cent higher than the present result.

Goursot and Westrum,(57) Meyer and Metzger,(59) and Witschonke(60) have

reported the existence of a lower-melting metastable phase for benzethiazole. This

phase was not detected in our research. -"

A complete spectral assignment was published by Mille et al.(61) for benzoxazole

and by Panizzi et al.(62) for benzothiazole. These publications are from the same

r_q_:_rnh nrnlJn Th_ rigid-rotor _n_ h_rmr_nlr,_r_cr,;ll_n,r _n_r,",vlm,_t,', ..... .,,,,,-,,4 _,.,.... _ ......... _ "_'_ W_._,_I I,_

]
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calculate the ideal-gas entropies for the temperature ranges studied calorimetrically in

this research. The moment of Inertia products for benzothiazole

(1.3021 x 10"133kg3,m 6) and benzoxazole (6.3575 x 10"134 kg3.m 6) were
/

calculated with structures determined wgih the _Olecular mechanics program
MMP2.(63) /

Differences between the spectroscopic and o,alorimetricallY-dertved ideal-gas
_,,_

entropies are shown in figure 6. Values based on t!/ie spectral assignments for both

compounds are low by 0.6R to 1.0R relative to the calorimetric values. This is nearly

identical to the results obtained previously for benzo[b]furan and
/,'

benzothiophene.(64,65) (Mille et al.(66) also Published complete assignments for

, benzo[b]furan and benzo[b]thlophene.) For benzo[b]fcran, it was shown by Collier(67)

and Smithson et al.(68) that two fundamental vibrations were present below 400 cm "1

(at 211 cm -1 and 246 cm'l), while Mille et al.(66) assigned one to a fundamental and

the second to a difference band. Furthermore, Collier concluded that the band at

583 cm "1, assigned as a fundamental by Mille et _t.,(66)/ was a combination band.
Ideal-gas entropies based on the results of Collier(67) were in excellent accord with the

calorimetric results for benzo[b]furan.

For benzothiazole, Panizzi et al.(62) observed two bands in their liquid-phase

vibrational spectra (near 202 cm "1 and 220cm "1) and assigned one (at 202 cm -1)

to a fundamental and the second to a difference band. Analogously for benzoxazole, Mille

et al.(61) observed two bands in their liquid-phase vibrational spectra (near 226 cm 1

and 259 cm "1) and assigned only one (at 226 cm "1) to a fundamental. Because of

wavenumber shifts caused by intermolecular interactions, wavenumber values from

vapor-phase spectra are preferred for the vibrational assignments. (For example,

Collier(67) found significant liquid-to-vapor shifts in the two lowest nonplanar modes

for benzo[b]furan. The observed frequencies in the liquid phase were 225 cm "1 and

257 cm -1 which shifted to 211cm "1 and 246cm -1 in the gas phase.) The vapor-

phase spectra published by Panizzi et al.,(62) are insufficiently resolved to accurately

assign the Iowest-wavenumber fundamentals. Reassignments of the benzothiazole and

benzoxazole spectra are being completed at NIPER.

i
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m I . 4P i ..... I ...... i ............ ! ..... I_._ ._
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FIGURE6. Deviationof ideal-gas entropy values calculatedfrom spectroscopically
determined vibrational frequencies and statistical mechanics (spect) from the

calorimetrically(cal) derivedvalues of this research. The curved lines representthe

uncertainty limits of the calorimetric results (one standard deviation). The curve
definedby • is basedon the spectroscopicresultsof Mille et al.(61) for benzoxazole.

Thecurvedefinedby O is basedon the spectroscopicresultsof Panizziet al.(62) for
benzothiazole.
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5. SUM MARY and HIGHLIGHTS

• Thermochemical and thermophysical properties for diheteroatom compounds

benzothiazoleand benzoxazole are reported. Properties measured Included vapor

pressures and heat capacities over a range of temperatures, and the energy of
combustion.

• Gibbs energies of formation for benzothiazole and benzoxazole for equilibria

calculations were derived. The determination of these is an essential precursor

to a thermodynamic analysis of the Initial steps of the hydrogenolysis of these

materials, which will be presented in a subsequent topical report.

• Ideal-gas thermodynamic properties for benzothiazole and benzoxazole were

determined based on the accurate calorimetric measurements. These are the first

for diheteroatom-containing compounds, and will provide the basis for group-

contribution parameters for previously undefined groups.

• Publishedvibrational assignments for benzothiazoleand benzoxazole appear to be

in error with regard to assignment of the Iowest-wavenumber modes. A new

assignmentis being developedat NIPER.
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TABLE1. Calorimeter and sample characteristics for adiabatic heat-capacity

calorimetry studies: m is the sample mass; VI is the internal volume of the calorimeter;

T cal 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 is

the vaporization correction; Xpre Is the mole-fraction Impurity used for pre-melting
corrections.

Benzothiazole Benzoxazole

m/g 57.847 54.185

V1(298.15 K)/cm 3 59.06 59.06

Tcal/K 299.2 301.7

Pcal/k Pa 4.48 4.40

r(Tmax) 3.3 3.4

rmln 1.9 1.9

102.(SC/C)max 0.028 0.061

Xpre 0.0 0.00031
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TABLE2, Typical combustion experiment at 298.15 K for benzothlazole and

benzoxazole. (pO= 101,325 kPa) a

Benzothiazole Benzoxazole
m compound)/g 1 21 5220 1,038341

m"(fuse)/g 0 001143 .0,001074

m'"(oil)/g 0 027793 0,075611

nl(H20)/mol 0 5535 0,05535

m(Pt)/g 20 809 20 203

AT=(tl- tr+ t_tcorr)/K 2 33154 2 00488

, _(calor)(z_T)/J -39104 6 -33627 9

E(cont)(z_T)/J b -131 8 -38 3

AUign/J 0 8 0 8

t_Udec(HNO3)/J 74 0 1 16 3

z_Udil(H2SO4)/J c -6.4 0 0

t_U(corr, to std. states)/J d 30.5 23 2

-m"(_cU ° /M)(fuse)/J 19 4 18 2m

m'"(,_cU °m/M)(oll)/J -1279.7 -3481 3
'A om ( cUm/M)(cornpound)/J -37838.4 -30026 4

o
(AcUm/M)(compound)/J'gl -31137.1 -28917 7

a The symbols and abbreviations of this table are those of reference 34 except as noted,
b

Ei(cont)(ti-298,15 K) + Ef(cont)(298.15 K - tf + Atcorr).

c Dilution of sulfuric acid formed to the standard state H2SO4.115H20,

d Items 81 to 85, 87 to 90, 93, and 94 of the computational form of reference 34,
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TABLE3. Summary of energies of combustion and molar thermochemical functions for

benzothiazole and benzoxazole. (T - 298.15 K and pO=101.325 kPa)

{(AcU°/M)(Benzot h iazole)}/(j.g-1)m

-31137.1 -31138.2 -31136.2 -31139.8 -31135.5

<{(_cU°/M)(Benzot h iazo le)}/(J.g-1)> -31137.4_+0.8

(_cU°)(Benzot h iazo le)/(kJ'mol 1 ) -4209.57_+0.56

(AcH°/M)(Benzot h iazole)/(kJ.moll) -4215.15_+0.56

(AfH°/M)(Be nzot h iazo le)/(kJ'mol 1 ) 144.03_+0.70 a

(AfH°m/a)(Be nzot h iazo le)/(kJ.mo1-1) 75.79_+0.76 b

{(AcU° /M)(Benzoxazo le)}/(j.g-1)m
-28917.7 -28921.8 -28903.5 -28917.1

-28911.4 -28928.1 -28914.2 -28899.6

<{(AcU°/M)(Benzoxazole)}/(J.g-1)> -28914 2_+3 8m , .

O
(AcU m)(Be n zo x azo le)/(kJ'mol "1) -3444.34-+1.00

(_cH°/M)(Be nzo xazo le)/(kJ.mo1-1 ) -3444.96-+1.00

(_fH°/M)(Benzoxazole)/(kJ.mol-1) -24 19+1 05 cm . _ ,

a For the reaction7 C (ct, graphite)+ 2.5 H2 (g) + 0.5 N2 (g) + S (cr, rhombic)= CTH5NS (I)

b For the reaction7 C (ct, graphite)+ 2.5 H2 (g) + 0.5 N2 (g) + 0.5 S2 (g) = CTHsNS (I)

c For the reaction7 C (cr, graphite)+ 2.5 H2(g) + 0.5 N2 (g)+ 0.5 02 (g) = CTH5NO (cr).
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TABLE 4. Vapor-pressure results: lP refers to measurements performed with the

inclined-piston gauge; water or decane refers to which material was used as the standard

in the reference eEulliometer; T is the temperature of the experimental inclined-piston

pressure gauge measurements or, for ebulliometric measurements, of the condensation

temperature of the sample; the pressure p for ebulliometric measurements was

calculated from the condensation temperature of the reference substance; &p is the

difference of the calculated value of pressure from the observed value of pressure; ai is

the propagated error calculated from equations (1)and (2); AT is the difference

between the boiling and condensation temperatures (Tboil-Tcond) for the sample in the
ebulliometer

T _p__ &__.p__. _ _'1"Method -
K kPa kPa kPa K

Benzothiazole

P 305.005 0.0191 0.0001 0.0002

P 315.005 0.0400 0.0002 0.0002

P 325.001 0.0792 0.0000 0.0002

P 335.002 0.1507 0.0004 0.0002

P 345.005 0.2736 0.0005 0.0002

P 355.001 a 0.4770 0.0004 0.0003

P 355 000 0.4769 0.0004 0.0003

P 365 003 0.8027 0.0007 0.0003

P 375 002 1.3062 0.0009 0.0004

decane 384 325 2.0000 -0.0003 0.0001 0.086

lP 385 004 2.0628 0.0013 0.0005

decane 390 927 2.6660 -0.0002 0.0002 0.067

decane 408 048 5.3330 0.0002 0.0003 0.043

decane 418 940 7.9989 0.0001 0.0004 0.036

decane 427 113 10 6661 -0.0002 0.0006 0.041

433 721 13 332 0.000 0.001 0.039

decane 440.585 16 665 0.001 0.001 0.039

decane 446.292 19 933 -0.001 0.001 0.037

decane 453.798 25 023 0.001 0.001 0.036

water 453.785 a 25 023 0.010 0.001 0.042

water 461.356 31 177 0.001 0.002 0.040

water 468.962 38 565 0.004 0.002 0.037
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TABLE 4. Continued

T _p__ _ a(p) _A__TMethod -
K kPa kPa kPa K

water 476.624 47.375 -0.002 0.002 0.034

water 484.331 57.817 -0.002 0.003 0.037

water 492.087 70 120 0.000 0.003 0.038

water 499.898 84 533 -0.005 0.004 0.034

water 507.756 101 325 -0.004 0 004 0.035

water 515 662 120 790 0.002 0 005 0.037

water 523 622 143 250 0.008 0 006 0.040

water 531 629 169 02 0.01 0 01 0.045

water 539 689 198 49 0.01 0 01 0.050

water 547 797 232 02 0.00 0 01 0.059

water 555 953 270 02 -.0.02 0 01 0.073

Benzoxazole
P 280 003 b 0.0165 0 0002

P 284 999 b 0.0275 0 0002

P 290 001 b 0.0450 0 0002

P 295 001 b 0.0728 0 0002

P 300 001 b 0.1163 0 0002

P 284 998 c 0.0399 0.0003 0 0002

P 286 790 c 0.0459 0.0002 0 0002

P 295 002 c 0.0853 0.0003 0 0002

P 310 001 0.2393 0.0000 0 0002

P 315 001 0.3293 0.0002 0 0003

P 319 998 0.4475 0.0002 0 0003

P 325 001 0.6014 0.0002 0 0003

!P 330 001 0.7996 0.0002 0 0003

lP 335 001 1.0522 0.0002 0 0004

lP 340 003 1.3715 0.0002 0 0004

lP 345 006 1.7711 0.0000 0 0005

decane 347 447 2.0000 -0.0001 0 0001 0.040

lP 350 001 2.2664 0.0000 0 0006

,.,:,._,_ ,.,,.,3 390 2.6660 -0.0003 0 0uu2 0.034
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TABLE 4. Continued

T ..Pm _ _ ATMethod -
K kPa kPa kPa K

IP 354,997 2,.876i,_ 0.0000 0.0006

IP 358,000 3.3060 -0,0001 0.0007

decane 362.206 3.9999 0.0003 0.0003 0 025

decane 368.795 5.3330 0.0001 0.0003 0 019

decane 378.594 7.9989 -0.0003 0.0005 0 014

decane 385.943 10 6661 0.0000 0.0006 0 010

decane 391.888 13 332 0 000 0.001 0 010

decane 398.061 16 665 0 000 0.001 0 009

decane 403.190 19 933 0 000 0.001 0 008

decane 409.941 25 023 0 000 0.001 0 008

water 409.939 a 25 023 0 002 0 001 0 008

water 416.736 31 177 0 002 0 002 0 007

water 423.577 38 565 0 000 0 002 0 007

water 430.460 47 375 0 000 0 002 0 007

water 437.388 57 817 0 000 0 003 0 004

water 444.362 70 120 -0.002 0 003 0 004

water 451.380 84 533 -0.002 0 004 0 005

water 458.441 101 325 -0.001 0 004 0 006

water 465.546 120 790 0.006 0 005 0 006

water 472.700 143 250 0.006 0 006 0 006

water 479.894 169 02 0.01 0 01 0 005

water 487.137 198 49 0.00 0 01 0 002

water 494.419 232 02 0.01 0 01 0 005

water 501.748 270 02 -0.02 0 01 0 004

a The value at this temperature was not included in the fit.
b cr(I) phase.
c Supercooled liquid.
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TABLE 5. Cox equation parameters

Benzothiazole Benzoxazole

Tref/K 771 695

Pref/kPa 4500 4500

A 2.47890 2.49081

103B -1.72740 -1.93337

106C 1.50649 1.85780

T/K a 305 to 556 285 to 502

a Temperature range of the vapor pressures used in the fit.
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TABLE 6. Enthalpies of vaporization obtained from the Cox and Clapeyron equations

T/K &gHm/RK T/K A_Hm/RK T/K #,gHm/RK

Benzothiazole

280,00 a 7386+5 380 O0 6582+1 500 O0 5661 +19

298.15 a 7234-4-4 400 O0 6430+2 520 O0 5497+25

300.00 a 7219+4 420 O0 6279±4 540 O0 5327-4-32

320.00 7055+2 440 O0 61 27±6 560 O0 a 51 50±41

340.00 6894+2 460 O0 5975+9 580 O0 a 4964+51

360.00 6736+1 480 O0 5820±13 600 O0 a 4769+61

Benzoxazole
280.00 a 6490+2 400 O0 5543+6 540 O0 a 4330+55

298 15 6340+1 420 O0 5387+9 560 O0 a 41 18_+67

300 O0 6325±1 440 O0 5228±14 580 O0 a 3889+81

320 O0 61 64±1 460°00 5064+19 600 O0 a 3638+96

340 O0 6006±1 480 O0 4894+26 620 O0 a 3357±112

360 O0 5851 +2 500 O0 471 6_+35 640 O0 a 3036+1 31

380 O0 5697+4 520.00 a 4529±44 650 O0 a 2855-$141

a Values at this temperature were calculated with extrapolated vapor pressures determined
from the fitted Cox coefficients.
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q

x

TABLE 7, 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 F T(F)/K

Benzothiazole Benzoxazole
0.168 275.623 0,154 302,396

0.320 275,636 0.303 302,449

0.522 275.642 0.453 302.468

0.674 275.645 0.602 302,477

0,826 275.646 0.801 302,484

Ttp = 275.651 K Ttp = 302.505K

x- 0.00010 x = 0.00037
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TABLE 8. Molar enthalpy measurements (R=8.31451 J,K "l.mol "1)

o Hm d
N a h b ml T f T t r s AtotUm _trs

K K K R.K R,K

Benzothiazole

Single-phase measurements in cr(ll)

2 1 79 982 165.511 689 79 0.2

2 1 165 524 225.168 694 86 0.3

10 1 88 430 175.445 738 63 -0.1

10 1 175 454 234.982 725 02 -0.0

13 1 61 494 156.177 702 66 0.0

13 1 156 182 202.028 494 07 -0,1

13 1 202 048 236,466 445 37 -0,3

cr(ll) to cr(I)

8 2 238.194 248.265 245,0 148.26 1,9 e

9 1 238,051 247,755 144,21 3.6 e

1 3 1 236.464 248,118 172,80 4,5

14 1 238,789 248.636 142,50 -1,2 e

Average: 4,5

Single-phase measurements in cr(I)

1 4 1 248.663 269.293 332,20 0,2

cr(I) to liquid

4 6 268.422 279.749 275.651 1728,42 1514.4

5 2 268.120 279,515 1728.16 1514.3

14 6 269,226 278.815 1694,16 1514,4

Average: 1514,4

Single-phase measurements in liquid

1 6 1 300,599 386.966 2092.02 -0.2
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TABLE 8. Continued

dO

Na hb _T_L_ "If _ AtotUm AtrsHm
K K K R'K R'K

Benzoxazole

Single-phase measurements in cr(ll)

5 1 150.728 214,638 648.23 -0;1

8 1 54,469 100.468 258.53 0.1

8 1 100.478 151.372 388,69 0.0

8 1 151.595 205.488 535.73 -0,1

8 1 205.498 240.463 424.39 0,0

cr(ll) to cr(I)

4 1 241.083 253.111 247.0 165,15 2,1

8 1 240.481 253,090 172,94 2,3

Average: 2,2

cr(I) to liquid

1 2 298.593 306,935 302.505 2181,98 2018,7

2 6 296.330 304.948 2177.21 201 8,7

8 2 294.876 305.337 2209,89 201 8.4

Average: 201 8,6

Single-phase measurements In liquid

1 1 1 311.306 404,450 2189.35 0,0

11 1 404.415 442.071 971,80 0,0

a Adiabatic series number,

b Number of heating Increments,

c AtotUm Is the molar energy Input from the Initial temperature Tlto the final temperatiJre Tf,

d AtrsHm Is the net molar enthalpy of transition 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,
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TABLE 9, Experimental molar heat capacities at vapor.saturatlon pressure

(R = 8,31451 J,Kl.mol "1)

<T> AT Csat m b <T> _T Csat__mb
Na K K R _ Na K K --R

Benzothlazole

cr(ll)

12 5.037 1 2448 0 024 9 67 744 6.4270 5 517

11 5.274 0 9256 0 033 9 74 585 7.2552 5 871

12 6.165 1 1483 0 045 9 82 231 8,0376 6 236

11 6.233 0 9098 0 051 9 90 708 8.91 81 6 618

11 7.180 0 9851 0 075 9 99 890 9,4451 7 024

12 7.209 1 0070 0 076 9 110 309 11.3858 7 489

11 8.149 1 1629 0 116 9 123 076 14.1488 8 057

12 8.224 1 0579 0 119 9 137 249 14.1977 8 704

12 9.283 1 0930 0 178 9 151 481 14.2679 9 372

12 10,386 1 1002 0 256 9 165 781 14.3368 10 089

12 11,534 1 1893 0 349 9 180 128 14,3578 10 813

12 12.868 1 3148 0 476 9 194 483 14,3889 11 592

12 14.273 1 4944 0 632 6 196.324 10.9125 11 688

12 15.834 1 6330 0 820 8 206,079 10,6394 12 202
i12 17 558 1 8133 1 041 6 207 212 10.8523 12 278

12 19 470 2 01 34 1 293 9 208 855 14.4467 12 368

12 21 567 2 1842 1 579 8 216 584 10,3453 12 796

12 23 883 2 4460 1 891 6 218 040 10,7970 12 881

12 26 488 2 7632 2 227 7 220 363 10.2497 12 998

12 29 386 3 0360 2 581 9 223 334 14,4770 13 174

12 32,588 3,3716 2 947 8 226 924 10.3191 13 375

12 36.1 63 3,7792 3 318 6 228 700 10.5137 13 474

12 40.136 4.1682 3 685 7 230 723 10.4612 13 592

12 44,556 4,6735 4 053 9 234 275 7,3660 13 801

12 49,202 4.6195 4 400 8 235 134 6.0663 13 843

12 54.389 5,7528 4 758 7 238 062 4.1957 14 014

9 56.888 4.6830 4 906 8 240 669 4.9491 14 361
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TABLE 9, Continued

<T> AT Csat,m b <T> AT Csatm b
Na K K .... R Na K K R

13 58,704 5,5557 5,030 13 242,291 11,6541 14,828

9 61,880 5,3009 5,221 9 242,903 9,7044 14,861

or(I)

8 245,688 5,1539 15,068 14 258,978 20,6303 16,103

9 251,551 7,2487 15,534 8 259,409 8,1052 16,115

8 251,822 7.2370 15,576 5 263,253 10,0224 16,403

3 255,997 7.4657 15,868 3 263,435 7,4823 16,442

4 257,721 7.4287 16,007 4 265,014 7,2858 16,527

, liquid

14 282,219 6 8483 22 289 15 370 794 14,8746 25 102

5 283,634 8 2482 22 329 15 385 608 14.7042 25 590

1 285,287 8 2372 22 376 16 396 196 18.4237 25 927

1 293,965 9 1164 22 630 15 400 249 14,5462 26 061

15 301,819 9 8302 22 878 15 414 730 14,3932 26 531

15 313,558 13 6304 23 251 16 415 407 19.9842 26 549

15 327,598 14 4364 23 693 15 429 502 15.1326 27 008

I 15 341,956 14 2681 24 158 16 430,785 10,7793 27 052
I 15 356,145 14 1067 24 622 15 441,039 7,9434 27 395
J

i

Benzoxazole

J or(II)

7 6,002 1,0164 0 049 6 66 996 6 4778 5 167

7 6,969 0 9859 0 076 6 73 814 7 1425 5 490

7 7,967 1 0374 0 118 6 81 422 7 9229 5 827

7 9 031 1 0852 0 166 4 86 487 7 6159 6 041

7 10 096 1 0674 0 231 4 94 980 9 3577 6 391

7 11 226 1 1961 0 311 4 104 523 9 7017 6 770

7 12 479 1 2920 0 408 4 114 379 9,9964 7 167

7 13 830 1 4060 0 527 4 124 405 10,0437 7 568

7 15 307 1 5479 0 676 4 134.577 10.1467 7.984
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TABLE 9. Continued

< T > & T Osat ,m b < T > ,_T Osatmb
Na _'K ' K " ,R Na K K R

7 16,947 1,7333 0,852 4 144.658 10,0048 8,407

7 18,781 1,9327 1,060 4 154,651 9,9675 8.828

7 20 823 2,1563 _ i,304 4 164,717 10.1500 9,288

7 23 123 2,4369 1.589 4 174,876 10 1541 9.755

7 25 686 2,6902 1.902 4 185,092 10 2667 10.246

7 28 546 3,0289 2.242 4 195 428 10 2787 10 740

7 31 738 3,3538 2,603 4 205 636 10 1257 11 249

7 35 270 3,7148 2 973 4 215 637 9 8667 11 758

7 39 181 4,1051 3 342 5 219 826 10 3640 11 973

7 43 507 4,5465 3 708 4 225 68_ 10,2115 12 280

7 48 292 5,0222 4 066 5 230 078 10.1001 12 511

7 53.613 5,6181 4 429 4 235 917 10,2429 12 818

6 55,298 5,0669 4 520 5 238 102 5,9432 12 940

6 60,794 5,9074 4 844

cr(I)

3 254.740 6,8809 14,197 8 284,748 20,3283 16.307

_, 257.209 8,0024 14.337 1 289,730 5,9361 16.648

8 268.766 11,8901 15,138 2 290,513 11.6865 16,776

1 283,847 5,8445 16,169 1 295,645 5,9215 17.620

liquid

8 308,926 7 1796 21.822 9 348 806 15 0269 23 181

2 309,429 8 9684 21,845 9 364 189 15 7421 23 722

9 31 0.573 9 7327 21,878 10 380 978 19 1561 24 313

1 311,409 8 9513 21,912 10 400 407 19 7288 25 001

1 320,509 9 2542 22,210 10 420 388 20 2790 25 708

9 321.226 11 5634 22,228 10 437 422 13 8601 26 307

9 334,152 14 2802 22,672

a Adiabatic series number,

b Average heat capacity for a temperature Increment of _,Twith a mean temperature <T>,
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TABLE 10, Molar thermodynamic functions at vapor-saturatlon pressure a

(R = 8,31451 J,K'l,mol "1)

T Csat__m_mAT Sm AT Hm T Osat,,m _T Sm , AT Hm
K R R RT K R R RT

Benzothiazole

/ cr(ll)
5.000 0 025 0.008 0 006 110.000 7 475 7,804 4 234

l

10.000 0 227 0.070 0 053 120.000 7 920 8.473 4 523

150000 0 718 0,246 0 186 130.000 8 371 9.125 4 801

a 20,000 1 365 0,540 0 398 140.000 8 830 9.762 5 073

25,000 2 037 0.917 0 659 150.000 9 302 10,387 5 339

30,000 2 653 1.344 0 941 160,000 9 796 11.003 5 602

35.000 3 202 1,795 1 226 170,000 10 299 11,612 5 863

40 000 3 673 2 254 1 503 180,000 10 809 12,215 6 124

45 000 4 087 2 711 1 768 190.000 11.343 12.814 6 384

50 000 4 460 3 162 2 019 200.000 11.886 13.409 6 646

60 000 5 101 4 033 2 481 210.000 12.433 14,002 6 908

I 70 000 5 644 4 861 2 895 220,000 12.987 14.593 7 172
80 000 6 131 5 647 3 269 230.000 13.550 15.183 7 437

90 000 6,586 6 396 3 613 240.000 14.128 15.772 7 704

100 000 7,029 7.113 3 932 245.000 b 14.428 16.066 7 838

cr(I)

245.000 b 15.048 16.085 7,856 270.000 b 16.897 17,636 8,609

250.000 15.427 16.393 8.004 275,651 b 17.298 17.990 8.783

260.000 16.1 71 17.012 8.304

liquid

275.651 b 22.094 23,484 14 277 420.000 26 700 33 68 17.744

280,000 22 223 23 831 14 399 440.000 27 361 34 93 18 166

290,000 22 512 24 616 14 674 460.00 28 09 36 17 18 58

298,150 22 761 25 243 14 891 480.00 28 80 37 38 18 99

300,000 22 820 25 384 14 940 500.00 29 50 38 57 19 40

320.000 23 454 26 877 15 452 520,00 30 19 39 74 19 80

340,000 24 094 28 318 15 942 540.00 30 81 40 89 20 20
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TABLE 10, continued

T Csatm AT Sm &THm T Csat m ATSm AT Hmi

K R R RT K R R RT

360.000 24,748 29,714 16.413 560.00 31,48 42.02 20,59

380,000 25,406 31,070 16,869 580.00 32.01 43,14 20.97

400,000 26.053 32.389 17,312 600,00 32,60 44,23 21,35

Benzoxazole

cr(ll)

5 000 0 028 0,009 0.007 110 000 6,990 7,266 3,960

10 000 0 225 0,076 0.057 120 000 7.391 7,891 4 229

15 000 0 644 0.239 0 177 130 000 7,796 8 499 4 488

20 000 1 205 0.;499 0 362 140 000 8,210 9 091 4 739

25 000 1 819 0.834 0 592 150 000 8 629 9 672 4 984

30 000 2 409 1.218 0 846 160 000 9 070 10 243 5 226

35 000 2 946 1.631 1 109 170 000 9 530 10 807 5 465

40 000 3 414 2.056 1 368 180 000 10 000 11 364 5 704

45 000 3 824 2.482 1 619 190.000 10 479 11 918 5 943
F(

50 000 4 192 2.904 1 858 200.000 10 965 12 468 6 182

60 000 4 795 3,723 2 299 210.000 11 466 13 015 6 421

70 000 5 313 4.503 2 694 220;000 11 979 13 560 6 662

80 000 5 765 5,242 3 050 230.000 12.497 14 104 6 905 bl

90 000 6 187 5.946 3 375 240.000 13,034 14 647 7,149

100.000 6 591 6,619 3 677 247.000 b 13.406 15 027 7,321

cr(I)

247.000 b 13,660 15.036 7,329 290.000 16.497 17,450 8.479

250.000 b 13,860 15,202 7,407 298,150 17.029 17,915 8,706

260.000 14.523 15,758 7.668 300,000 b 17,149 18.021 8,757

270,000 15,184 16,319 7,934 302.505 b 17,312 18.164 8,827

280,000 15.842 16.883 8.204 .,

liquid

280.000 b 20.880 23,195 15.039 440.000 26.394 33,765 18.150

290,000 b 21.203 23.933 15.246 460.00 27.11 34.95 18.52
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TABLE 10. continued

T Csatm ATOm ATHm T Csat,m ATSm ATHm
i

K R R RF K R R RT

298.150 b 21,469 24,525 15.412 480.00 27.89 36 12 18.90

300.000 b 21.530 24.658 15.450 500.00 28.61 37 28 19.27

302.505 b 21.612 24.837 15 500 520.00 29 39 38 41 19.65

310.000 21.860 25.369 15 651 540,00 30 10 39 54 20.02

320.000 22.186 26.068 15 850 560.00 30 81 40 64 20.39

340.000 22.875 27.434 16 243 580.00 31 58 41 74 20.76

360.000 23.574 28.761 16 631 600.00 32 32 42 82 21.14

380.000 24.279 30.054 17 015 620.00 33 29 43 90 21.51

400.000 24,987 31.318 17 396 640.00 34 49 44 97 21.90

420.000 25.694 32.554 17.774 650.00 35.25 45 51 22.10

a Values listed in this table are _'eported with one digit more than is justified by the
experimental uncertainty. This is to avoid round-off errors in the calculation of values

• listed in table 15,

b Values at this temperature were calculated with graphically extrapolated heat capacities,
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TABLE 11. Experimental c_l,m/R values (R=8.31451J,K'1,mol "1)

mass/g 0,015946 0,010353 0,028303 0,020138 0.010034 0,014802

Vol, cell/cm3 a 0,05440 0,05470 0.05409 0,05288 0,05288 0,05292

Benzoth iazole Benzoxazole

31 5.0 23 5 23.1 23.3 22.0 21.8 21.9

335.0 24 0 23.7 23.9 22.8 22.7 22.6

355.0 24 6 24,2 24.6 23.6 23.3 23.3

375.0 25 2 25.0 25 2 24.3 24.3 24 1

395.0 25 9 25.6 25 9 25 0 25.1 24 8

415.0 26 7 26.5 26 6 25 9 25.6 25 6

435.0 27.4 27.3 27 3 26 5 27.5 26 7

455.0 28 1 28.2 28 0 27 5 28.3 27 4

475.0 29 0 29.1 28 7 28 4 29 8 28 8

495.0 29 8 30.3 29 4 29 3 30 9 29 6

515.0 30 7 31.5 30 1 30 2 32 0 30.7

535.0 31 4 32.2 30 8 31 1 33 5 31 7
555.0 33 4 35.5 31 6 32 2 34 6 32 8

575.0 32 8 35.5 32 6 33.1 36 6 33 7

595.0 34 5 35.6 33 0 34.0 38 2 35 3

615.0 35.5 41 1 35 9

635,0 36.6 42 6 37 4

655.0 38.8 43 6 40 1

a Volume measured at 298.15 K,
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TABLE 12. Parameters fo_ 9quations (13) and (14), estimated critical constants and

acentric factor for benzoxazole a

Benzoxazole

A 2.49488 bo -0.32822

B -1.35611 bl -0.74389

C 0.90679 b2 1.36926

b3 -1.56416

Tc = 695 K Pc = 4500 kPa pc = 349 kg.m"3 _ = 0.362

a Values for the critical constants and acentric factor are estimates derived from the fitting
procedures (see text).
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TABLE 13. Values of CII m(p = psat)/R and Csat,m/R (R - 8.31451 J.K-l.mol "1)V_

T/K GII (p = Psat)/R Csat,m/R T/K CII (p = Psat)/R Csat m/Rv,m v,m ,

Benzothiazole
320.0 23.5 23.5 480 0 28.8 28.8

340 0 24.1 24.1 500 0 29.5 29.5

360 0 24.7 24,7 520 0 30.1 30.2

380 0 25.4 25.4 540 0 30.8 30.8

400 0 26.0 26.0 560 0 31.4 31.5

420 0 26.7 26,7 580 0 31.9 32.0

440 0 27.4 27.4 600 0 32.4 32.6

460 0 28.1 28.1

Benzoxazole
320.0 22.2 22.2 500 0 28.6 28.6

340.0 22.9 22.9 520 0 29.3 29.4

360.0 23,6 23.6 540 0 29.9 30 1

380.0 2.4.3 24.3 560 0 30.6 30 8

400.0 25.0 25.0 580 0 31.2 31 6

420.0 25.7 25.7 600 0 31.8 32 3 |

440.0 26.4 26.4 620 0 32.5 33 3

460.0 27.1 27.1 640 0 33.1 34 5

480.0 27.8 27.9 660 0 34.0 36 5
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TABLE 14. ThermodYnamic properties in the ideal-gas state

(R = 8.31451 J.K'l.mo1-1 and po _ 101.325 kPa)

a b
TN,_ ° T .....T__ Av,,,  mpHm  'oSm ' mpSm " rn

K aT aT R R RT R aT

Benzothiazole
280.00 c 40.78±0.02 0.00 39 49+0.03 0.00 58 72+0 16 -28.62+0,03 87 35±0 16

298.15 c 39.15±0.02 0.00 40 38+0.03 0.00 54 84+0 15 -28,95±0.03 83 78±0 16

300.00 c 39.00±0.02 0,00 40 47±0.03 0.00 54 47+0 15 -28.98±0 03 83 45±0 15

320.00 37.50±0.02 0.00 41 43±0.03 0.00 50 75±0 14 -2_.30±0 03 80 05+0 15

340.00 36,22±0.02 0.00 42 39±0.03 0.00 47 49±0 13 -29.59±0 03 77 07±0 14

360.00 35.13±0,02 0.01 43 34+0.03 0.00 44 59+0 13 -29.85±0 03 74 44±0 13

380.00 34,20±0.02 0.01 44 28±0,03 0,01 42 02±0 12 -30.08±0 03 72 10±0 12

400,00 33.40¢0,02 0.02 45 21±0.03 0.01 39 72±0 11 -30.28+0 03 70 01 ±0 12

420.00 32.72±0,02 0,03 46 14±0.03 0.02 37 65±0 11 -30.46+0 03 68 12+0 11

440,00 32.13±0.02 0.04 47 07+0 04 0 03 35 78+0 11 -30.63+0 04 66 41±0 11

460.00 31,63±0,03 0,06 47 98±0 04 0 05 34 09±0 10 -30.77±0 04 64 86±0 11

480,00 31.21±0.04 0.09 48 89±0 05 0 07 32 55±0 10 -30.89±0 05 63 44±0 11

500.00 30.84:L0,05 0.12 49 80+0.06 0 09 31 14+0 11 -31.00+0 06 62 14:t:0 11

520.00 30.54:t:0.07 0.16 50 70+0 08 0 12 29 85+0 11 -31.09:1:0 08 60 94+0 12

540,00 30.28+0,08 0.22 51 59:1:0 09 0 16 28 67:L0,12 -31,17+0 09 59 84+0 12

560.00 c 30.06:t:0.10 0.28 52 47::1:0.11 0 20 27 58+0,13 -31,23+0,11 58,81+0,13

580.00 c 29,88:t:0,12 0,35 53 35+0.13 0 26 26 57::t::0.14 -31,28+0,13 57.86+0,14

600.00 c 29.73::t::0.14 0.43 54 21+0,15 0 32 25 64+0,16 -31.32+0,15 56.96+0,15

Benzoxazole

280,00 c,d 38,22:t:0 02 0,00 38.12:t:0.02 0.00 19,79:1:0,23 -28,62+0.02 48,41:t:0,23

298.15 d 36,68:t:0 02 0,00 38,94:t:0.02 0.00 18,21:t:0.21 -29,00+0,02 47,22+0.21

300.00 d 36.53:t:0 02 0.00 39,02::L0.02 0,00 18,07+0.21 -29,04+0.02 47,11+0,21

320,00 35 12+0 02 0.00 39,91+0,03 0.00 16.57+0.20 -29,42+0,03 45,99+0,20

340,00 33 92±0 02 0.01 40,80+0,03 0.01 15.26±0.19 -29,76+0,03 45,03+0,19

360.00 32 90:t:0 02 0.02 41.69+0.03 0.01 14,12+0,18 -30.06'f0.03 44,19+0,18

380,00 32 03+0.02 0,03 42.58±0.03 0.02 13,11+0,17 -30,34::f.0,03 43,45::L0.17

400.00 31 30+0.02 0.04 43,47+0.03 0.03 12.22+0.16 -30,58f0,03 42,80t-0,16

420.00 30 67"+0.03 0,07 44,36:1:0,04 0.05 11.43+0.15 -30,79+0,04 42.22+0, 15
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TABLE 14. continued

_t-_ o a T ° ob o o ,,T v , AtmpHm &OSm atmpSm afHrn &fSm
K RT RT R R RT R RT

440,00 30.13+0,04 0.10 45 23±0 05 0.07 10,72:1:0,15 -30,99±0,05 41,71:t:0.15

460.00 29.67:t:0.05 0.14 46 11+0 06 0.10 10.08+0,14 -31,16+0.06 41.24+0.14

480.00 29,29:1:0.06 0,19 46 98+0 07 0.1,4 9,51:1:0,15 -31.32:t:0,07 40.83+0,14

500 00 28,96:t:0.08 0.26 47 84-t-0 09 0.19 8 99+0,15 -31;45±0.09 40,44+0.14

520 00 c 28.69±0,10 0,34 48 71±0 11 0,25 8 53±0,16 -31.57±0.11 40.10±0.14

540 00 c 28.47±0.12 0.43 49 57±0 13 0,31 8 11±0,17 -31.67+0,13 39,78±0,15

560 00 c 28.28+0,15 0.53 50 42±0 15 0.39 7 73±0,18 -31,75±0,15 39,48±0.15

580 00 c 28.12+0.17 0.65 51 26±0 17 0.48 7 38±0,20 -31,83+0,17 39.20±0,16

600 00 c 27,99±0.20 0,79 52 10+0 20 0,59 7 05±0,22 -31.90±0.20 38.95±0,17

620 00 c 27.88:1:0.22 0.95 52 91±0 22 0.71 6 74±0,24 -31.96±0.22 38,70±0.19

640.O0 c 27.77±0.25 1,12 53 71±0 25 0,84 6 44+0,27 -32.03±0.25 38,47±0.20

650,00 c 27.71+0.27 1.22 54 09+0 27 0.92 6,29±0,28 -32,07±0,27 38,36±0.21

a Gas-imperfection correction included in the ideal-gas enthalpy,

b Gas-imperfection correction included in the ideal-gas entropy.

c Values at this temperature were calculated with extrapolated vapor pressures calculated from the
fitted Cox coefficients.

d Values at this temperature were calculated with extrapolated liquid-phase heat capacities,
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TABLE 15. Comparison of benzoxazole vapor pressures below the triple-poinl

temperature ",,i!;
,..

, '.!,;

! E{cr(I)} a p(llquld)b p(calc) c A(p)d :_"
K Pa Pa Pa Pa ,il,

1':

,.t

280.003 16.5 26.5 15.7 0.8

284.999 27.5 39.7 26.5 1.0 ,

290.001 45.0 58.5 44.1 0.9

295.001 72.8 85.0 71.9 0.9

300.001 11 6.3 121.7 11 5.2 1.1 ....

a Sublimation pressure measured in inclined piston.

b Vapor pressure for supercooled liquid calculated using the Cox equation parameters lisled in
table 5.

c Sublimation pressure calculated using equation (19),
d p{cr(I)} - p(calc) deviation between measured and calculated values of the sublimation

pressure,

,:" '.,. i_ • ,,

,:i_

, ?_
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