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Vapor Pressure, Liquid Density, and the Latent Heat of Vaporization
as Functions of Temperature for Four Dipolar Aprotic Solvents

Philip Kneisl and John W. Zondlo*

Department of Chernical Engineering, West Virginia University, Morgantown, West Virginia 26506

The vapor pressures and liquid densities of purified
samples of 1,1,3,3-tetramethylurea (TMU),
N-methyl-2-pyrrolidone (NMP),
1,3-dimethyl-2-imidazolidinone (DMEU), and
1,3-dimethyl-3,4,5,6-tetrahydro-2(1H )-pyrimidinone
(DMPU) were measured as a function of temperature.
Liquid densities were determined from 298 to 373 K and
vapor pressures from 5.0 to 1000 mbar. Extrapolation of
the liquid density data allowed the calculation of pure
component a and b parameters for the Peng—Robinson
equation of state over a wide temperature range. Use of
this equation of state and the measured vapor pressures
allowed accurate determination of the latent heat of
vaporization over most of the normal liquid range of these
four compounds.

Introduction

Reliable values for the vapor pressure and liquid density of
hygroscopic, high-boiling-point liquids are few. The absorption
of even small quantities of water can have dramatic effects on
these properties (7). Accurate measurement of these prop-
erties is especially important for the compounds in this study.
The highly polar nature and lack of a measurable critical point
render current predictive equations for various physical prop-
erties highly unreliable. This is particularly true when predicting
fugacity coefficients in vapor-liquid equilibrium caiculations.

With this objective in mind, the liquid densities of TMU, NMP,
DMEU, and DMPU were determined at six temperatures from
298 to 373 K. In addition the vapor pressures of these com-
pounds were measured over most of their normal liquid range.
The use of a quadratic liquid density correlation fitted to the data
allowed accurate prediction of the a and b parameters for the
Peng-Robinson (P-R) equation of state. This particular equation
of state was chosen because of its simple form and its ability
to model both the liquid and the vapor phases of these types
of compounds. The Clapeyron equation, with derivatives from
the measured vapor pressure curve and volume changes of
vaporization calculated from the equation of state, allowed
accurate computation of the latent heat of vaporization.

Experimental Section

Materials. TMU was obtained from Sigma Chemical Co.,
and DMEU and DMPU were purchased from Aldrich Chemical
Co. All had a reported purity of 98+ mol %. NMP was sup-
plied gratis by BASF Wyandotte. Its stated purity was 99.9+
mol % with less than 0.01 mol % water and 0.05 mol %
methylamine. After gas chromatographic analysis on a Poro-
pack Q column, further purification of the TMU, DMEU, and
DMPU by vacuum distillation was required as their purities were
in fact below the reported values. The distillation was per-
formed at 5 mmHg through a 40-cm packed column of barium
oxide to remove contaminating water. A dry nitrogen blanket
was used to prevent oxidation. The supplied NMP was of
sufficient purity so as not to warrant this treatment. Final purity
of all four solvents was better than 99.95 mol %.

Apparatus and Procedure. Liquid densities were measured
with pycnometers with a nominal volume of 25 cm?, calibrated
with triple distilled water at 298 K. Standard temperature and

Table I. Comparison of Observed Density Values of Triple
Distilled Water vs. Literature Values®

T, K Pobsds &/ cm? Piit.» g/cm® abs % error
293.24 0.9983 0.9982 0.01
293.24 0.9982 0.9982 0.00
298.14 0.9971 0.9971 0.00
314.34 0.9919 0.9918 0.01
332.94 0.9835 0.9833 0.02
353.34 0.9719 0.9717 0.02
363.50 0.9630 0.9631 0.01

0.01°

¢ Values listed are the average of two measurements. °Mean
percent error.

Table II. Experimental Density Data®

p, g/cm®
T, K this work lit. this work lit.
TMU NMP
298.14 0.9620 0.9619¢f 1.0278 1.027-1.028°
0.9622¢ 1.0259°

305.14 0.9557 1.0215

313.14 0.9485 1.0144 1.0120°
318.14 0.9458¢
333.14 0.9303 0.9968 0.9934¢
353.14 0.9115 0.9131°¢ 0.9790
373.14 0.8922 0.9606

DMEU DMPU

298.14 1.0516 1.044¢ 1.0593 1.060¢
305.14 1.0455 1.0535
313.14 1.0383 1.0467
333.14 1.0209 1.0301
353.14 1.0037 1.0135
373.14 0.9860 0.9969

®Reference 7. YReference 8. °Reference 6. ?Reference 11.
¢Reference 5. /Reference 17. ¢ Values listed are the average of two
measurements.

air density corrections were applied (2, 3). Temperature
control of the oil bath was better than £0.01 K as measured
by a Hy-Cal Engineering reference grade platinum resistance
thermometer and a matched BA-500 bridge amplifier. Both
were factory calibrated with a certified accuracy of £0.05 K,
traceable to NBS. Weighing was performed on a Mettler ana-
lytical balance with an accuracy of ££0.1 mg, traceable to NBS.
Both the thermometer and balance were checked daily.
Vapor pressures were measured in a Union Carbide twin-arm
ebulliometer described in ref 4. Dry nitrogen bled through a fine
metering valve was used to control pressure. A control of £0.2
mbar, as measured by a Sensotec Model TJE pressure trans-
ducer, was obtained by this method. The manufacturer’s stated
accuracy of the transducer was £1.0 mbar. The transducer
was checked daily at hard vacuum and at barometric pressure
against a mercury barometer. Temperature measurement was
accomplished with the previously mentioned equipment.

Results

Density Measurement. In order to test the accuracy of our
density measurement, the density of triple-distilled water was
determined at six temperatures from 293.24 to 366.50 K. The
results, shown in Table I, were compared with those from ref
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Table III. Constants for Quadratic Density Correlation®

compd « 1048 107y
T™U 1.170 84 -5.1754 -6.1416
NMP 1.26202 -7.0026 -2.8771
DMEU 1.31381 -8.8494 0.17732
DMPU 1.31475 -8.7668 0.66723

? Accuracy £0.01%; range 298-373 K. p in g/cm® and T in kel-
vin.

3 and showed an average percent deviation of £0.01%. This
value of uncertainty is representative of all the density mea-
surements presented here.

Table II summarizes the data for TMU, NMP, DMEU, and
DMPU along with values reported by others. The reported
values by Lindfors (§) for TMU are systematically higher than
ours, while the value reported by Barker (6) is in agreement
with our own. Since the apparent density of TMU increases
with water content (§), we feel our values are more reliable.
Lindfors' purification method, codistillation of benzene and water
from TMU, is no longer recommended (6). Our values for NMP
are systematically higher than those presented by Murrieta (7)
which were measured with comparable accuracy. The ap-
parent density of NMP also increases with water content (7),
so one would tend to support Murrieta’'s values over ours.
However, our denstty is very close to that reported by BASF (8)
for purified NMP, and our measured boiling point is higher than
those reported by others (8§—70). This is in conflict with a
higher moisture content. Thus no conclusion can be drawn.
Density values reported by Aldrich (77) for DMEU and DMPU
were not listed with a corresponding temperature. All density
data were fitted to a quadratic correlation, given as eq 1.

p=oa+ BT+ yT? (1

Values for «, 8, and v are listed in Table III. In all cases the
equation fit the data within experimental error over the tem-
perature range indicated.

Vapor Pressure Measurements. The accuracy of our vapor
pressure measurement was tested on two well-known refer-
ence compounds, water and n-tetradecane. These compounds
were chosen so as to cover the entire temperature range of

V. The three parameters were obtained by a least-squares

fit of eq 2a. Pressure was used directly in the objective
B
Psat = + ——
In A TY o (2a)
n
Q=2 (P - P cacd? (2b)

function, eq 2b, in order to obtain a measure of the absolute
error.

A comparison of boiling points and latent heats of vaporiza-
tion is presented in Table VI. The reference compounds show
excellent agreement with data in the literature (3, 72, 13).
Errors in boiling point were 0.05 K or less; the values for the
heat of vaporization are about 0.5-1.0% in error. Only one
source was available for the boiling point of TMU and its ac-
curacy is unknown. The reduced pressure data found in the
literature for DMEU and DMPU were most likely obtained from
vacuum distillation and are certainly of low accuracy, but serve
to show general trends. Substantially more data is available for
NMP. The reported boiling points are widely scattered but the
data of BASF (8) and Gierycz (9) appear to be of high accu-
racy. Our boiling points are systematically higher than both
these sources by 0.6-0.75 K. The heat of vaporization given
by Gierycz did not take into account a nonideal vapor phase and
S0 is not as accurate as ours which agrees well with the value
reported by BASF.

It should be noted that above 440 K all solvents, except
DMEU, discolored slightly, acquiring a yellow tint. At first this
was thought to be the result of oxidation, due to a vacuum leak.
Testing proved that this was not the cause and we now attribute
this discoloration to a thermal degradation. Above 510 K DMPU
was observed to polymerize, forming a black tar in the Cottrell
pump of the ebulliometer. This decomposition point is signifi-
cantly lower than that reported for NMP at 539 K (8).

Latent Heat of Vaporization. The enthalpy of vaporization
was calculated for each of the solvents via the Clapeyron
equation, eq 3. The vapor pressure derivative with respect to

AH oy = TAV o (dP* /dT) (3)

temperature was calculated from the Antoine equation as

interest. Table IV presents the raw vapor pressure data for gpset _psatg
both reference compounds and the four polar solvents. The —_— (4)
Antoine coefficients for all six substances are compiled in Table a7 (T+C)
Table IV. Raw Vapor Pressure Data for All Compounds (7T in K, P in mbar)
water n-tetradecane TMU NMP DMPU DMEU
T P T P T P T P T P T P
307.16 52.63 404.88 20.84 318.92 5.07 336.88 5.17 368.48 4.87 351.46 5.01
319.81 103.38 414.15 31.24 330.21 10.24 348.74 10.24 376.86 7.87 363.91 10.48
334.17 207.35 421.02 41.42 362,22 51.65 367.18 25.95 382.51 10.54 382.44 25.43
343.32 312.53 426.67 51.75 378.69 103.25 382.95 51.60 401.58 25.75 398.43 51.71
349.99 413.68 431.36 61.99 397.36 207.17 400.74 103.29 418.81 51.80 41751 103.20
355.44 516.79  435.56 72.50 409.51 312.39 420,71 207.01 438.16 104.85 438.47 207.32
355.82 524.13 439.14 82.63 413.37 413.62 433.46 310.22 459.08 206.24 452.10 311.46
360.14 622.48 442,52 93.23 425.73 516.82 443.20 414.75 473.41 313.93 462.34 414.86
364.11 724.66 445.44 103.31 432.10 621.51 450.92 516.30 483.08  409.55  470.39 515.36
367.64 8217.36 450.90 124.57 437.68 726.92 457.69 621.66 492.31 519.08  477.70 621.35
370.86 931.81 455.50 145.36 442.54 830.29 463.49 724.25 499.75 625.35 483.90 722.90
372.55 989.93 459.67 166.40 446.88 932.29 468.75 828.26 505.98 725.69 489.13 821.75
463,10 185.63 448.65 974.69 473.41 930.43 511,78  833.95  496.02 964.76
466.69 207.51 450.70 1027.37 475.24 973.04 498.77 1026.80
474.07 259.59 471.36 1024.32
480.42 312.53
485.67 362.90
490.39 414.40
499.01 517.20
505.89 616.90
512.47 726.21
517.84 827.61
52275  927.25
525.02 977.10



Table V. Antoine Coefficients (T in K, P in bar)

A B Cc std error X 10
water 12.01517 -4010.697 -39.020 0.963
n-tetradecane  9.52580 -3992.162 -106.956 1.298
T™™U 9.43540 -3448.554 -84.133 1.208
NMP 9.62482 -3811.448 -80.355 0.759
DMEU 9.31024 -3805.766 -88.828 1.600
DMPU 9.26224 -3867.206 -102.346 1.912

Table VI. Comparison of Measured Normal Boiling Points
and Enthalpy of Vaporization with Literature Values

AHVIp!

bp, K kJ/mol
compd measd lit. caled lit., ref
water 373.19 373.14 40.87 40.62 3
n-tetradecane  526.63  526.7 48.75 47.61 12
526.66 4847 13
TMU 450.13  449.64 41.72 6
NMP 476.89 476.14 4445 44.70 8
475.93 46.45 9
477.94 16
475.14 10
DMEU 379.40  379-381° 11
DMPU 421.99  419° 11

%17 mmHg. °44 mmHg.

Table VII. Latent Heat of Vaporization and
Peng-Robinson Parameters as a Function of Temperature

T, K AH,.p, kd/mol  1077a, bar cm®/mol? b, cm®/mol
T™MU
450.13¢ 41,72 5.0072 112.30
425.00 43.60 5.1982 112.31
400.00 45.46 5.3880 112.05
375.00 47.41 5.5829 111.58
350.00 49.59 5.7890 110.96
325.00 52.17 6.0141 110.23
320.00 52.75 6.0623 110.07
NMP
476.89° 44.45 4.5217 92.011
450.00 46.16 4.6642 91,775
425.00 47.74 4.7965 91.396
400.00 49,40 4,9319 90.902
375.00 51.23 5.0742 90.324
350.00 53.36 5.2279 89.687
340.00 54,32 5.2938 89.421
DMEU
498.17° 45.34 5.2712 103.90
475.00 46.88 5.4125 103.86
450.00 48.54 5.5648 103.65
425.00 50.26 5.7198 103.27
400.00 52.13 5.8812 102.78
375.00 54.27 6.0534 102.18
355.00 56.26 6.2026 101.64
DMPU
520.46%° 48.10 6.1025 116.37
510.00 48.89 6.1837 116.45
500.00 49.64 6.2608 116.50
475.00 51.51 6.4542 116.46
450.00 53.47 6.6510 116.23
425.00 55.58 6.8559 115.84
400.00 57.98 7.0736 115.32
375.00 60.79 7.3104 114.69
370.00 61.42 7.3607 114.55

4 Normal boiling point. ® Will polymerize slowly at this temper-
ature.

The estimate of AV,,, was provided by the Peng-Robinson
equation of state, eq 5.
p= RT a
(V-b) (V24 2vb-»?

To obtain the required coefficients a and b, the quadratic
liquid density correlation was extrapolated up to the normal

(5)
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bolling point. The accuracy of this extrapolation was tested on
several data, from the International Criticai Tables (74), on
polar organic compounds. Typical errors for a 150 K extrap-
olation were 0.5% or less. An error of this magnitude has only
minor effects upon the P-R parameters.

The liquid densities obtained in this manner were then com-
bined with the vapor pressure data and a recently published
correlation due to Panagiotopouios (75) was applied to calculate
a and b as a function of temperature for each compound. The
resulting values for a, b, and the heat of vaporization are
presented for each solvent in Table VII. The same method
was used for the values presented previously for water and
n-tetradecane, with good results as mentioned above. A similar
accuracy is expected for each of the solvents.
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Glossary

a,b parameters for the Peng—Robinson equation of state
A, B, C parameters for Antoine’s equation
AH 4, enthalpy of vaporization, kJ/mol

pressure, bar

peat saturated vapor pressure
R ideal gas constant
T temperature, K

AV e volume change of vaporization
«, B,y constants for eq 1
p liquid density, g/cm?®

Registry No. TMU, 632-22-4; NMP, 872-50-4; DMEU, 80-73-9; DMPU,
7226-23-5.
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