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1. Introduction

The vapor-liquid saturation line in a diagram of pressure versus temperature is the main
characteristic of the vaporization equilibrium for a one-component system. The vapor
pressure pg, is one of the most frequently measured thermodynamic properties for pure
organic liquids, and the normal boiling temperature Ty is a basic physicochemical parameter
for any substance. Vapor pressure data pg, are needed for a variety of chemical engineering and
thermodynamic calculations. Importance of vapor pressure data, in particular for high-boiling
organic compounds, became even more evident over the last several decades with raising
awareness of the environmental impact of pollutants.

The experimental determination of vapor pressure is relatively easy in the range
between 1 and 200 kPa which is usually denoted as a moderate (or medium) pressure region.
Most published data have been reported between 5 and 100 kPa and many reliable results are
available. The best accuracy can be achieved near the normal boiling temperature; the high
quality data measured close to atmospheric pressure have an error below 0.01 percent. Several



compilations were published over the last 30 years (e.g. ') that present experimental and/or
recommended data for a large quantity of compounds.

Measurements become difficult at low pressures (say psi < 1 kPa); data are available
only for a limited number of substances and often subject to large systematic errors.
Differences in reported values usually amount to several tens of percent near the triple point
temperature. Various approaches to experimental determination of vapor pressures were
reviewed *'°. The main experimental techniques for determination of vapor pressures in the
low-pressure region are the saturation method using a carrier gas and two techniques based on
molecular effusion (weighing effusion and torsion effusion methods). Gas-liquid chromatography
has also been used, but it is not easy to give the resulting data a rigorous thermodynamic
interpretation. Direct static measurement of vapor pressure is a universal technique that can be
used over a wide pressure range down to, or in special cases even below, 1 Pa; the most
accurate data reported in the low-pressure region were obtained by this technique.

2. Measurement of Vapor Pressure by a Static Method

In our laboratory two recently constructed static apparatuses are available. Static method
allows measurement of vapor pressure in the liquid as well in the solid phases over a wide
range of temperatures including room temperature. As the inner volume of the apparatuses is
evacuated to pressure of about 10~ Pa and the apparatus is regularly checked for tightness by
a helium leak detector the static apparatuses allow measurement with compounds sensitive to
oxygen and water. In the next two sections the apparatuses and their most recent
improvements are described in some more details and the preparation of samples for vapor
pressure measurement is discussed.

Apparatus for the vapor pressure measurement

Two static apparatuses internally denoted as STAT3 and STAT4 (see Fig. 1 and Fig. 2,
respectively) were recently built in our laboratory. Working ranges of apparatuses STAT3 and
STAT4 are given in Table 1.

Apparatus  Pressure range Temperature Accuracy in pressure Accuracy in
range temperature
STAT3 0.1 Pato 13 kPa 40 to 200 °C 0.2 % (0.1-13 kPa) 0.02 °C

1 % (10-100 Pa)
3% (1-10 Pa)
10 % (0.1-1 Pa)

STAT4 0.1 Pato 1.3 kPa -50t0 40 °C  0.05 % 0.02 °C

Both apparatuses are constructed of 1/4” stainless steel internally electrochemically
polished tubing with VCR fittings and NUPRO valves (Swagelok Co., USA). Valves taking



control of measuring procedure are computer controlled using HP-VEE program and servo
PPN2 (Ekorex, Czech Republic). Pressure is measured by capacitance diaphragm MKS
pressure gauges (MKS Baratron™ 616A11TRC-S and MKS Baratron™ 690A11TRA,
respectively, MKS Instruments Inc., USA) and sample temperature is measured by the
platinum resistance thermometers Burns Engineering 12001-A-12-6-2-A (Burns Engineering
Inc., USA) in a four-wire connection. The thermometers Burns Engineering are calibrated at
the ice point and/or by comparison to standard platinum resistance thermometer (SPRT). This
SPRT is calibrated to the ITS-90 and its calibration is traceable to the National Institute of
Standards and Technology (NIST). The accuracy of the measurement of sample temperature
is very important and is estimated to be better than 0.02 K. In the case of STAT3 the sample
temperature is controlled by metal thermostat built in our laboratory and in the case of STAT4
by liquid thermostat Lauda RK 8 CP (Lauda, Germany). Stability of the sample temperature is
within 0.02°C in both cases.
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Fig. 1 Apparatus STAT3 for the measurement of vapor pressure. Valve 1 is the container valve; valves
2 and 3 are computer controlled. Valves 3-6 serve for the maintenance of the apparatus.
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Fig. 2 Apparatus STAT4 for the measurement of vapor pressure. Valve 1 is the container valve; valves
2 and 3 are computer controlled.

Prior to measurement of vapor pressure the apparatuses are checked for tightness by MKS
PICO™ vacuum leak detector (MKS Instruments Inc., USA). The apparatuses are evacuated
between individual measurement cycles by turbomolecular pumps to a pressure of 10” Pa. A
computer using HP-VEE program monitors the pressure, the temperature of the sample,
preheater and thermostatted box (see Fig. 1) and controls the measuring procedure.
Experiments are carried out in the given temperature interval by varying the temperature at
random in order to avoid systematic errors caused by possible decomposition or insufficient
degassing of the sample.

Preparation of samples prior to vapor pressure measurement

Generally, there are two steps in preparation of samples for vapor pressure measurement
by a static method. Firstly, since vapor pressure is very sensitive to sample impurities it is
often necessary to purify and dry the sample. Secondly, the samples must be perfectly
degassed. This step is a prerequisite for correct vapor pressure measurement by a static
method. Several methods of degassing are known: the method based on repeated freeze-
pump-melt cycles ', degassing using ultrasound, distillation, etc. We developed a new
method, which allows handling of compounds without any risk of contamination and loss of
the sample during degassing procedure. The method is based on using a semi permeable
membrane (e.g. made of polydimethylsiloxan or polyvinyltrimethylsilan) which is permeable
only for low molecular weight gases (oxygen, nitrogen, etc.) but not for the sample molecules.
This membrane is placed between the sample cell and the vacuum pump to avoid loss of the
sample when it is pumped out by a vacuum pump; pressure is maintained at or below 1 Pa.
This method proved to be very efficient and easy when using a simple vacuum apparatus.



3. Simple and Controlled Extrapolation of Vapor Pressures

Towards the Triple Point

The simplest approach to obtain vapor pressure data in the low-pressure region is an
extrapolation from vapor pressures measured in the medium pressure region using an equation
with an optimum number of parameters. The input data must be reliable and available over a
sufficiently wide temperature interval in order to allow a meaningful extrapolation. The form of
the correlation equation used can also largely affect the results.

An alternative approach regarding extrapolation towards low pressures is a combination
of ps,r in the medium pressure region with the related thermal data by which we understand
enthalpy of vaporization 4H,,, and the heat capacity difference 4C°,,,. The latter quantity is
defined as

ACy =C5°—C, (D)
where Cpgo denotes the heat capacity of an ideal gas and Cpl that of the liquid. Vapor
pressures are related to the thermal properties by the exact thermodynamic relationships, which
allow a controlled extrapolation of pg, data in the medium-pressure region down to the triple-
point temperature T, provided the thermal data are available in the temperature range below that
of the py, data. In extrapolations, enthalpies of vaporization cannot always be used effectively, as
reliable calorimetric values at temperatures corresponding to ps, in the low-pressure region are
available only for a limited number of compounds. On the other hand, heat capacity differences
are more readily accessible since they can be calculated for many compounds in a wide
temperature range down to the triple-point temperature by combining calorimetric and
spectroscopic data. The simultaneous correlation of medium vapor pressures and 4C°,,, values
can also be useful for determining the frequently required values of A4H,,, at 298.15 K for high
boiling compounds. Further combination of the vapor pressure calculated at 7; with the
enthalpies of phase transition (solid-liquid, solid-solid) and differences between the heat
capacity of an ideal gas and that of the solid makes it possible to calculate vapor pressures along
the vapor-solid saturation line.

The method using the thermal data for extrapolating vapor pressures was first described by
King and Al-Najjar ', and further developed by Ambrose and Davies" and Razitka and Majer'”.
Thermodynamic background of the method of multi-property simultaneous correlation of vapor
pressure and related thermal data is described in the part 3.

Ruzitka and Majer ° tested several most frequently used equations for correlating
temperature dependence of vapor pressure. The Antoine equation

T+ A4,

ln psat = Al (2)

clearly shows the poorest performance; it fails for most types of compounds both in simple and
controlled extrapolation and is not even able to describe adequately the ps, data in the medium-
pressure region for compounds with specific interactions. The Antoine equation has a very low
flexibility and its use should always be abandoned when the temperature interval of correlation
becomes large (say above 50 K) and any kind of extrapolation is foreseen. The only effective



way of using the Antoine equation is determination of two (or more) parameter sets,
corresponding to different temperature intervals, with forced continuity of pg, and its first
temperature derivative at the boundaries (TRC Thermodynamic Tables ®7).

The Wagner equation '°

(i)

requires the use of critical parameters that provide for the realistic prediction of the vapor
pressure saturation line up to the critical temperature. However, this constraint limits the
flexibility of the relationship in low-pressure extrapolations and is both useless and inconvenient
for high boiling chemicals that decompose below or near the normal boiling temperature. The
number of adjustable parameters in equation (3) is usually four; five adjustable parameters were
used exceptionally for correlations of accurate data in a wide temperature range. In all versions
of the Wagner equation the first exponent o, is equal to 0. The four-parameter forms with either
0=1, 03=2, as=5 or 0,=1.5, 03=3, 04=6 have been used most often.

The Cox equation '’

ln[%jZ(l ?]exp[z AT’ ] (4)

can be considered to be the most useful equations for extrapolations toward low pressures; the
possibility of changing both the number of parameters and the reference condition 7, and p,
allows one to obtain different forms suitable for particular applications. The three-parameter
form with the normal boiling point (7,=7} and p,=101,325 kPa) is very dependable in both
simple and controlled extrapolation for all organic liquids with the exception of hydrogen-
bonded compounds. In the latter case, the four-parameter equation gives very good results for
extrapolation when vapor pressures and the thermal data are fitted simultaneously. For
compounds decomposing below the normal boiling temperature, a vapor pressure
corresponding to a lower temperature can always be used as a reference condition. On the
other hand, the use of the critical point allows one to transform the Cox equations into a
relationship suitable for description of the complete vapor pressure line. The four-parameter
form with reference conditions 7, and p. is comparable to the Wagner equation and behaves
similarly in correlation and extrapolation toward low pressures. The Wagner equations require
the use of critical parameters that provide for the realistic prediction of the vapor-pressure
saturation line up to the critical temperature. However, this constraint limits the flexibility of the
relationship in low-pressure extrapolations and is both useless and inconvenient for high boiling
chemicals that decompose below or near the normal boiling temperature.

4. Thermodynamic Background of the Data Correlation

Thermodynamic background for the temperature correlation of vapor pressures and the
related thermal data has been described in the literature (Majer et al.,'®; Razicka and Majer, ')
and will be reviewed only briefly here. The parameters of a selected correlation equation can be
determined by minimizing a general objective function:
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The three individual sums correspond to the contribution of vapor pressures, enthalpies
of vaporization, and heat capacity differences; indices ¢, u, v indicate the number of data
points for each property. In the case when u = v = 0, the preceding equation reduces to the
common formula for the weighted least squares fitting of vapor pressures alone; Ky, K. are the
factors allowing one to modify the weight of the thermal properties in the correlation; their values
differ from unity when the number of data points for individual properties is disproportional or
when some data inconsistency is observed. The variances o’ In p_,, ¢7AH', o AC' are

1

estimated from the expected errors of experimental data points

The quantities with the superscript “sm” are expressed from the selected vapor pressure
equation (ps); the quantities AH™™ and AC™™ are given by equations

AH'= RT? [d(liﬂj (6)
T sat

AC = dAH _ R d 7 dlnp 7
dT ) dT ar ) |,

The quantities with the superscript "exp" relate to experimental vapor pressures (Psa +);
and thermal data. AH'*" and AC"* can be calculated from AH,,, and 4C®,, as follows:

= ®)
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where B is the second virial coefficient and the pressure dependence of the molar volume 7' is
neglected. For ideal gas behavior, AH' and AC" are equal to AH,,, and AC®4p, respectively.
This means that at sufficiently low pressures the primed quantities and the thermal data are
practically identical and the importance of the pV'T correction terms is increasing with
increasing vapor pressure. At the normal boiling temperature, the quantities AH' and AC'
differ from 4H,,, and 4C°,,, typically by about 5 and 40 %, respectively. The possibilities of
accurately determining the pV'T correction terms in Egs. 8 and 9 are limited for most
compounds. In order to avoid distortion of the correlation through uncertainty in estimating the
vapor nonideality, it is necessary to confine thermal data to the region where correction terms
are not important, that is, 7<73,-40 and 7<T}-80 for AH,,, and AC®4p, respectively.

The simultaneous treatment of vapor pressures and the related thermal data requires that
reliable data are available for the respective properties. The data availability has been
substantially facilitated over the last few decades by the publication of several comprehensive
compilations listing the evaluated data for thermal properties in the form of correlating
equations. Calorimetric enthalpies of vaporization were compiled and the recommended data
produced for over 650 compounds by Majer and Svoboda *°, and experimental heat capacities of
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liquid were evaluated and correlated as a function of temperature for more than 2000
compounds by Zabransky et al. '*2. Frenkel et al. »* evaluated ideal gas properties for over 2000
organic compounds and reported recommended values of Cpgo. Bures et al. ** published a
temperature correlation of thermodynamic properties of ideal gas (including spectroscopic Cpgo
values) for 3000 organic compounds.

5. Compounds Studied in Our Laboratory

Several families of compounds have been studied so far in our laboratory. A survey of
compounds measured with respective references is given in the table.

In several cases we have collaborated with other laboratories where complementary
techniques are available. These include E. Hala Laboratory of Thermodynamics, Institute of
Chemical Process Fundamentals, Academy of Sciences of the Czech Republic (ebulliometry,
Karel AIM), Laboratoire d'Instrumentation et de Chimie Analytique en Solution, Université
Claude Bernard, 69622 Villeurbanne, France (static method, Jacques JOSE, Ilham
MOKBEL), Department of Chemistry, Belarusian State University, Minsk, Belarus (Knudsen
effusion method, Dzmitry H. ZAITSAU, Gennady J. KABO), University of Porto, Faculty of
Science, Department of Chemistry, Porto, Portugal (Knudsen effusion method, Manuel Joao S.
MONTE), Laboratoire de Thermodynamique des Solutions et des Polymeres, Université
Blaise Pascal, Aubiére, France (calorimetric measurements, Vladimir MAJER), Institute of
Physical Chemistry, Faculty of Chemistry and Physics, Technical University - Bergakademie
Freiberg, Freiberg/Sachsen, Federal Republic of Germany (calorimetric measurements, H.-G.
SCHMIDT, Gert WOLF).



Survey of compounds studied in our lab (vapor pressure measurement was performed in all

cases)
Family Compounds References Note
Chlorobenzenes di-, tri-, penta- Rohag et al. » Correlation of own

chlorobenzenes

and literature data by
SimCor?,
recommended data

High-boiling and
poly-condensed
compounds of

petroleum interest

phenanthrene, pyrene,
benzo[a]pyrene, 1,2,3,4-
tetrahydronaphthalene,
acenaphthene, 1,2-
dihydronaphthalene,
dibenzothiophene, 1-
phenyldodecane, (5a)-
cholestane, adamantane

Rozicka et al. %

Mokbel et al. ?’

M

Correlation of own
and literature data by
SimCor,
recommended data
from 220 to almost
600 K

Esters of phthalic
acid

dimethyl-, diethyl-
phthalate

—~ 28729
Rohac et al. =*

Correlation of own
and literature data by
SimCor,
recommended data

Compounds of

perhydroacenaphthylene,

Roha¢ et al. *°

Only vapor pressure

pharmaceutical perhydrophenanthrene data determined by
interest ebulliometry
Metal-organic diethylzinc, Fulem et al. °'* Only vapor pressure
compounds triethylantimony, data determined by
trimethylgallium, static method
trimethylalluminum,
Y(thd); and Zr(thd),’,
trimethylindium

* SimCor = multi-property simultaneous correlation of vapor pressure and related thermal data
b thd=2,2,6,6-tetramethylheptane-3,5-dionate
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