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Enthalpies of Vaporization and Vapor Pressures of Triphenyl-,
Tri(p-tolyl)-, and Tris(2-cyanoethyl)phosphines
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Chemical Thermodynamics Group, State University of Utrecht, Utrecht, The Netherlands

Johan M. Herman and Pleter J. van den Berg
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Simultaneous torsion and mass loss effusion techniques
were used to measure the vapor pressure as a function of
temperature. The enthalpies of sublimation/vaporization
were derived from the temperature dependence of vapor
pressure. Overall mean values for both techniques are as
follows: triphenyiphosphine (liquid), AH,°(378.06 K) =
91.4 + 2 kJ mol™', p(378.06 K) = 4.0 £ 0.1 Pa;

tri( p-tolyl)phosphine (liquid), AH,°(385.28 K) = 126 £ 5
kJ mol-, p(385.28 K) = 0.40 % 0.01 Pa;
tris(2-cyanoethyl)phosphine (solid), AH,°(412.60 K) =
105.7 = 2 kJ mol', p(412.60 K) = 0.40 £ 0.01 Pa.

Introduction

Lately hydridocarbonyitris(triphenylphosphine)rhodium(I), dis-
solved in triphenylphosphine (TPP) and capillarly condensed into
the pores of a support, has been succesfully applied as a
heterogenous catalyst in the industrially important hydro-
formylation of propylene, i.e., the conversion of propylene,
hydrogen, and carbon monoxide to n- and isobutyraldehyde ( 7,
2). In order to calculate the maximum vaporization losses of
TPP in a large-scale chemical reactor under reaction conditions,
one must know its vapor pressure as a function of temperature.
Since only few data could be found in the literature (3), it was
decided to measure them. Because tri(p-tolyl)phosphine (TTP)
and tris(2-cyanoethyl)phosphine (TCP) are also suitable solvents
for hydridocarbonyltris(triphenylphosphine)hodium(I), the vapor
pressures of these materlals were also measured. In this paper
the results of this study are presented.

0021-9568/81/1726-0359$01.25/0

Experimental Section

Samples. TPP was obtained from Fluka (Switzerland). As
preliminary measurements gave spurious results, we further
purified TPP by zone refining.

TTP obtained from K & K laboratories Inc. appeared to
contain brown impurities which were the cause of low vapor
pressures and inconsistent enthalpies of sublimation. Also a
sample kindly provided by the Van't Hoff Laboratory (University
of Amsterdam) was insufficiently pure. Vacuum sublimation of
this sample (400 — 300 K at 1075 torr) improved results con-
siderably (1 torr = 101325/760 Pa).

TCP was provided by Strem (USA) and could be used without
additional purification.

Measuring Principle. Use was made of the simultaneous
torsion and mass loss effusion technique. The apparatus de-
scribed previously (4) is checked frequently on naphthalene of
which very accurate vapor pressure data are given by Ambrose
(6).

Treatment of Results. Vapor pressures obtained from si-
muitaneous torsion effusion measurements (subscript t) and
mass loss effusion measurements (subscript m) were fitted
independently to the equation (5)

Rin (p/p°) = -AG°(6)/6 + AH°@X1/8 - 1/T) (1)

in which 8 is a reference temperature and p°® a standard
pressure (taken to be 1 Pa). In our measurements over a
temperature range of 20 K, the plot of In (p/p°®) as a function
of 1/T does not deviate significantly from a straight line.
therefore, our results can be described adequately by two pa-
rameters, namely, AG®(#) and AH°(6).

© 1981 American Chemical Society
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Table 1. Experimental Results®

mean values

mass loss effusion

torsion effusion

AH°(6),

AG°(8),

®m/pe)

AH 1 (0),

AG°m(0),

J mol™?
~-4354 + 100

AH°4(0),

kJ mol™?

AG®(6),

J mol™!
—4361 + 100

kJ mol™!

J mol™?
-4358 + 100

>

378.06

0¢)

kJ mol™!

0m, K

0¢, K

T, K

T,,K

914 2

1.05

894+ 1.5

377.75

934 1.5

378.37

392

364

triphenylphosphine

(liquid)
tri(p-tolyl)phosphine

2935 + 100 126.0 £ 5

385.28

2935 + 100 126.0 £ 5 385.36 2936 + 100 1260+ 5 0.98

398 385.20

372

(liquid)
tris(2-cyanocthyl)phosphine

3143 + 60 105.7 £2

412.60

3146 = 50 107.0 + 2 412.29 3141 + 50 104.4 1 1.05

412.90

427

397

(solid)
2 The AG°(9) values are referred to a standard state of 1 Pa.

Table II. Pressure-Temperature Table

T,K
p,Pa TPP TTP TCP
0.1 372.16 394.83
0.2 378.61 403.52
0.3 382.48 408.78
04 385.28 412.60
0.5 387.48 415.61
0.6 389.29 418.10
0.7 390.84 420.23
0.8 392.19 422.09
09 393.39 423.75
1.0 360.86 394.47 425.24
2 369.26
3 374.36
4 378.06
5 380.98
6 383.40
7 385.48
8 387.29
9 388.90
10 390.36

For measurements made over a large temperature range, eq
1 may be extended with terms which contain as adjustable
parameters AC,°(6) and the derivatives of AC,°(f) with re-
spect to temperature. In practice it appears that only very
accurate equilibrium data over a considerable temperature
range allow the evaluation of a third parameter. This material
has been discussed by Clarke and Glew (5). Nevertheless, if
AC,°(0) is obtained by this or other means, eq 1 can be ex-
tended with the term

+AC,°000/T- 1+ In(T/0)}

In that case, the vapor pressure can be extrapolated to other
temperatures.

Results and Discussion

In Table I we present the experimental results expressed in
terms of the parameters 6, AG®°(f), and AH°(f) of eq 1. As
the ratio p.,/p; in Table I equals 1 within experimental error,
we conclude that molecular mass of the vapor equais formula
mass. In Table II we present a pressure-temperature table
obtained by inserting the mean values of Table I into eq 1.

For TPP vapor pressure was measured at elevated temper-
atures by Forward et al. (3). Combination of their results with
ours may lead to a vapor-pressure equation which ailows for
interpolation of experimental data and which may also be used
for extrapolation. Now the data of Forward et al. (3) and ours
may contain different systematic errors. Moreover, the resuit
of fitting the combined data to an equation with three or more
adjustable parameters will depend on the weight attributed to
the respective data. It indeed appeared that the fitting results
were not unambiguous. So we adopted the following procedure
for calculating the third adjustable parameter, i.e., AC,°. Fitting
the data of Forward (3), which lie on a straight line in a Cla-
peyron piot, to eq 1, we find the following for TPP: AG°(523.15
K) = 35677 + 25 J mol""; AH,%(523.15K) = 70.9 £ 0.3 kJ
mol-'. We now calculate

AC,° = (91.4 - 70.9)/(378 - 523) =
~0.141 % 0.016 kJ K- mol™’

With this AC,° value, the data présented here can be extrap-
olated with more confidence.

During the measurements on TTP, vapor pressure slowly
decreased while AH,° increased, for each successive run.
This effect is probably caused by some impurities which re-
mained after vacuum sublimation, but we do not exclude a slight
decomposition of the sample. So the data presented in Table
I were obtained by extrapolation of the experimental results to
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the start of the measurement. We are not aware of literature
values for either TTP or TCP.
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Low-Pressure Compression Factors for R-12 Gas
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Low-pressure compression factors of R-12 gas have been
measured by using an improved Burnett apparatus from
298.15 to 373.15 K and from 0.3 to above 5 bar. R-12 s
an abbreviatlon for dichiorodifluoromethane, a refrigerant.
The uncenrtainties in the measurements of pressure,
temperature, and compression factor are estimated to be
+10* bar, £0.01 K, and +0.1%, respectively. The
second virial coefficlents for R-12 are reported.

The compression factor of a gas, defined as Z= PV/(nRT),
is a measure of its departure from ideality, and equation-of-state
data are conveniently expressed in terms of Z values over a
range of pressure and temperature.

The low-pressure compression factors of R-12 gas have
been measured by using an improved Burnett apparatus. The
details of the apparatus are described elsewhere (7, 2). R-12
is a refrigerant, dichlorodifluoromethane. The literature on the
experimental determination of the pressure-volume-tempera-
ture relationship of R-12 gas is limited to pressures above 5 bar
(8-7). The only published second virial coefficients for R-12
are those by Kunz and Kapner (8), who have used the input
data from ref 4.

The objective of the present investigation was to obtain low-
pressure compression factors for R-12 gas primarily to extend
the range of existing P— V- T data to the low-pressure region.

The Burnett apparatus (9) has been used repeatedly by
several research workers for volumetric studies of various
gases. A special feature of the apparatus lies in the fact that
it dispenses with comparatively difficult measurements of mass
and volume of the gas. Only pressure and temperature are
needed to be measured, which can be done with relatively high
accuracy. The basic design of the apparatus in most of the
studies has been similar to that of Silberberg et al. ( 70). Eu-
bank and Kerns ( 77) in their recent study have made salient
recommendations to avoid adsorption and molecular association
in the Burnett apparatus. All of the recommendations have
been incorporated into the apparatus used for the present in-
vestigation (7, 2).

The apparatus was calibrated with high-purity helium for
isotherms at 298.15 K and from 313.15 to 413.15 K at 20 K
intervals. The second virial coefficients for helium were de-

TPresent address: Heat Transfer Section, Central Mechanical Engineering
Research Institute, Durgapur 7132089, India.

termined and were compared with standard literature values ( 7).
The agreement was found to be good. Pressure-volume-tem-
perature relationships of Refrigerant 500 gas were measured
with this apparatus (2).

The same apparatus as described above has been used for
the compressibility study of R-12 gas at low pressures.

Resuits

Compression factors of R-12 gas were measured at 298.15
K and from 313.15 to 373.15 K at 20 K intervals for pressures
from 0.3 to over 5 bar. Three runs were made at each iso-
therm to reduce the pressure gap between data points. The
data reduction procedure described in ref 2 was used to obtain
compression factors. These are reported in Table I. The
uncertainties in the measurements were estimated to be £0.01
K, £10™* bar, and £0.1% for temperature, pressure, and
compression factor, respectively.

The Berlin expansion of the virial equation of state was used
to determine the second virial coefficient at each isotherm. This
equation can be expressed as

(Z-1)/P= B, + C,P+ D,P? + ... (1)

where Zis the compression factor, Pis the pressure, and B,,

C.. D,, etc., are second, third, fourth, and so on, virial coef-

ficients, respectively, and are functions of temperature alone.
From eq 1

Hiﬂléz— 1)/P= B, (2)

The second virial coefficient, B, was determined graphically
by extrapolating a large-scale, straight-line plot of (Z- 1)/Pvs.
P to zero pressure at each temperature. Spurious points, if
any, were ignored. Values of B, are reported in Table II and
are plotted in Figure 1 along with the results from Kunz and
Kapner (8). The agreement between the two results is found
to be good. The second virial coefficients computed in the
present work are estimated to be accurate within £2%.

Conclusion

Low-pressure compression factors of R-12 gas have been
measured at moderate temperatures by using an improved
Burnett apparatus to extend equation-of-state data to the low-
pressure region. Second virial coefficients determined from
these data compare well with the published literature values.
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