(50) Patterson, G. N., "Molecular Flow of Gases,"” Wiley, New York,
N.Y., 1956.
(51) Pitzer, K. 8., Curl, R. F., Jr., “Thermodynamic Properties of Normal

Fluids,” Conference on Thermodynamics and Transport Properties
of Fluids, Institution of Mechanical Engineers, London, July 10-12,
1956.

Pitzer, K. 8., Curl, R. F., Jr.,

(1957).

(63) Pitzer, K. 8., Lippmann, D. Z., Curl, R. F., Jr., Huggins, C. M., Pet-
ersen, D. E., ibid., 77, 3433 (1955),

(54) Prausnitz, J. M., Chueh, P. L., "Computer Calculations for High-
Pressure Vapor-Liquid Equilibria,” Prentice-Hall, Englewood Cliffs,
N.J., 1968.

(55) Prausnitz, J. M., Eckert, C. A., Orye, R, V., O'Connell, J. P., “Com-
puter Calculations for Multicomponent Vapor-Liquid Equilibria.”
Prentice-Hall, Englewood Cliffs, N.J., 1967.

(56) Prausnitz, J. M., “Molecular Thermodynamics of Fluid-Phase Equili-
bria,” Prentice-Hall, Englewood Cliffs, N.J., 1969.

(57} Regnault, V., Ann. Chim. Phys., 15, Ser. 3, 129 (1845).

(58) Reid, R. C., Sherwood, T. K., "“Properties of Gases and Liquids,"
2nd ed., McGraw-Hill, New York, N.Y., 1966.

(59) Reuss, J., Beenakker.J.J. M., Physica, 22, 869 (1956).

(60) Robin, S., Vodar, B., Discussions Far. Soc., 15, 233 (1953).

(61) Rossini, F. D., Pitzer, K. S., Arnett, R. L., Brann, R. M., Pimentel,
G. C., “Selected Values of Physical and Thermodynamic Properties
of Hydrocarbons and Related Compounds.” Am. Petrol. inst. Proj-
ect 44, Carnegie Press, Pittsburgh, Pa., 1953.

(62) Ruska, W. E. A., Carruth, G. F., Kobayashi, Riki, Rev. Sci. Instrum.,
43, 1331 (1972),

(63) Schindler, D. L., Ph.D. Thesis, University of Kansas, Lawrence,

(52

J. Amer. Chem. Soc.. 79, 2369

Kan., 1966.

(64) Sinor, J. E., Ph.D. Thesis, University of Kansas, Lawrence. Kan.,
1965.

(65) Smith, G. E., Sonntag, R. E., Van Wylen, G. J., Adv. Cryog. Eng..
8, 162 (1963).

(66) Steinherz, H. A., "Handbook of High Vacuum Engineering,” Rein-
hold, New York, N.Y., 1963.

(67) Stephen, H., Stephen. T. "Solubilities of Inorganic and Organic
Compounds,” Macmillian, New York, N.Y., 1963.

(68) Stull, D. R., Ind. Eng. Chemn.. 39, 517 (1947).

(69) Tickner, A. W., Lossing, F. P.,J. Chem. Phys.. 18, 148 (1950).

(70) Tickner, A. W., Lossing, F. P., J. Phys. Colloid Chem.. 55, 733
(1951).

(71) Timmermans, J., “Physico-Chemical Constants of Pure Organic
Compounds.” p. 84, 660, Elsevier, New York, N.Y., 1950.

(72) Weast, R. C., Ed., “Handbook of Chemistry and Physics,” 49th ed.

Chemical Rubber Co., Cleveland, Ohio, 1968.

Weissberger, A., Ed., “'Physical Methods of Organic Chemistry,”

Vol. 1, Interscience, New York, N.Y., 1959.

{74) Wichterle, |., Monograph, Rice University, Houston, Tex., 1970.

{75) Woringer, B., Z. Phys. Chem.. 34, 257 (1900).

(76) Ziegler, W. T., Kirk, B. S., Mullins, J. C., Berquist, A, R., "Calcula-

tion of the Vapor Pressure and Heats of Vaporization and Sublima-

tion of Liquids and Solids Below One Atmosphere Pressure. VI,

Ethane,” Techn. Rept. 2, Project A-764 Engineering Experiment Sta-

tion, Georgia Institute of Technology, Dec. 31, 1964 (Contract

CST-1154, National Bureau of Standards, Washington, D.C.).

Ziegler, W. T., Mullins, J. C., Kirk, B. S., “Calculation of the Vapor

Pressure and Heats of Vaporization and Sublimation of Liquids and

Solids, Especially Below One Atmosphere Pressure. |. Ethylene,”

Tech. Rept. 1, Project A-460, Engineering Experiment Station,

Georgia Institute of Technoiogy, June 2, 1962 (Contract CST-7238,

National Bureau of Standards. Boulder, Colo.).

(78) Ziegler, W. T., Mullins, J. C., Kirk, B. S, "Calculation of the Vapor
Pressure and Heats of Vaporization and Sublimation of Liguids and
Solids, Especially below One Atmosphere Pressure. {11. Methane."”
Tech. Rept. 3, Project A-460, Engineering Experiment Station,
Georgia Institute of Technology, Aug. 31, 1962 (Contract CST-
7238, National Bureau of Standards, Boulder, Colo.).

(73

(77

Received for review June 12, 1972, Accepted November 10, 1972. A
NDEA Feliowship by the Office of Education and supplementary financial
support by the National Science Foundation, Rice University, and the
Monsanto Co. for G. F. Carruth are gratefully acknowledged.

Vapor Pressure and Sublimation Enthalpy of Anthraquinone and of
1,5- and 1,8-Dihydroxyanthraquinones

Giampiero Bardi, Rosario Gigli, Leopoldo Malaspina and Vincenzo Piacente
Laboratorio di Chimica Fisica ed Elettrochimica, Istituto Chimico Universita di Roma. Roma. Iltaly

The vapor pressure and the sublimation enthalpy of
anthraquinone have been simultaneously determined by a
microcalorimetric Knudsen effusion technique, utilizing a
Calvet differential microcalorimeter:

log ptorr = (11.94 £ 0.08) — (5624 £ 32)/T
AHgyup® (T) = (30007 % 106) — (10.01 % 0.24)T cal mol ~!

The vapor pressure of the derivatives 1,5- and 1,8-
dihydroxyanthraquinones has been determined,
measuring the rates of mass loss in the Knudsen
conditions, utilizing a SETARAM model B-60 Ugine
Eyraud thermobalance:
1,5-dihydroxy anthraquinone: log piorr =

(12.90 % 0.09) — (6435 % 38)/T
1,8-dihydroxy anthraquinone: log piorr =

(13.14 = 0.06) — (6098 = 26)/T
The Gibbs energy functions of condensed anthraquinone
have also been estimated.

Very few sets of vapor pressure and sublimation en-
thalpy data of anthraquinone and its 1,5- and 1,8-dihy-
droxy derivatives are reported in the literature. Hoyer and
Peperle (5) determined the vapor pressure-temperature
dependence for these substances by an effusion method,
and Beynon and Nicholson (2) measured the sublimation
enthalpy of these compounds by means of a radioactive
ionization gage.

Previously, vapor pressure determinations for the an-
thraquinone were carried out by Inokuchi and Coll (6)
and, in a range of higher pressures (>100 torr), by Nel-
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son and Senseman (73), utilizing the effusion and mano-
metric methods, respectively. As for the sublimation en-
thalpy of the anthraquinone, only the value proposed by
Magnus (7) and that recently determined by Beech and
Lintonbon (7) with a scanning differential calorimeter are
available.

The not very good agreement of the reported data led
us to effect new determinations of the vapor pressure
and sublimation enthalpy of these three compounds.
Study of the anthraquinone was based on the differential
calorimetry combined with the Knudsen effusion tech-
nique for simultaneous determinations of vapor pressures
and sublimation enthalpies of the same sample (8-70).

Due to the relative temperature ranges (too high for
the employment of the apparatus used for anthraqui-
none), vapor pressures of the two derivatives, 1,5- and
1,8-dihydroxyanthraquinone, were determined by a ther-
mobalance measuring the rate of mass loss in the Knud-
sen conditions.

Experimental and Results

Anthraquinone. The microcalorimetric measurements
were made with a SETARAM Calvet differential
microcalorimeter described elsewhere (3, 77). The twin
microcalorimeter elements were placed symmetrically in
a Kanthal block, and the differential thermal flow was
measured by two thermopiles in opposition, 396 Pt and
Pt-Rh 10% thermocouples, connected with a galvanome-
ter. The thermogram was a recording guided by the same
galvanometer. The assembly and evaporation experiment
were described in detail in previous works (8-10).



The proportionality instrument constant (P/A) between
the thermal power and galvanometer deflection was de-
termined by Joule effect at each temperature of the experi-
ment. Temperatures were measured by an iron constantan
previously calibrated thermocouple placed in the center of
the calorimetric block.

The simultaneous measurements of the sublimation
enthalpy and vapor pressure of the same anthraquinone
sample were carried out by the experimental procedure
used in previous works (8-10), measuring the area of the

The relationships were secured by the well-known fol-
lowing expressions:

AHgup’ (T) =1/4.184 (M/m)(P/A)(A/v) (1M
Ptorr) = (2.256 X 10-2 X 760)/S(dm)/(dt)(T/M)‘/2
(1/K) (2
where

AHgup® (T) = sublimation enthalpy value at the abs
temp 7, cal mol~"

thermogram relative to the quantitative evaporation in the p = vapor pressure, torr. (Throughout this paper torr
Knudsen conditions. = 1.333 X 10~ 3 bar.)
Table I. Sublimation Enthalpy and Vapor Pressure of Anthraquinone
T, 108 (P/A), m, A, AHgup® (1), 108 (dm/dt),® D,
K Wmm-? mg mm? cal mol 1 gsec—' torr
Cell 1
397 6.92 20.93 5292
6.95 22.45 5641 26075 1.780 5.90 X 103
6.95 18.17 4811
403 6.98 35.55 8901
7.00 31.44 7832 26033 2.862 9.56 X 103
7.02 37.12 9202
409 7.05 53.52 13163
7.04 47.28 11635 25869 4.409 1.48 X 102
7.06 49.65 12182
415 7.18 75.92 18304
7.16 84.36 20371 25831 7.189 2.44 X 102
7.19 81.27 19566
422 7.27 96.03 22820
7.27 89.17 21164 25767 11.430 3.91 X 10-2
7.26 94.44 22440
426 7.35 141.45 33170
7.33 137.21 32297 25753 15.210 5.22 X 102
7.36 143.56 33673
428 11.23 181.63 27853
11.25 176.15 26926 25701 18.800 6.48 X 102
11,21 183.30 28178
431 11.27 249.99 38178
11.27 241.39 36829 25693 22.040 7.62 X 102
11.28 237.84 36324
Cell 2
435 11.28 81.07 12332
11.30 75.19 11414 25625 11.530 1.18 X 10~
11.32 83.00 12600
443 11.35 176.93 26754
11.36 177.64 26796 25581 17.020 1.76 X 101
11.37 170.18 25608
449 11.40 244.00 36594
11.39 237.24 35664 25543 23.780 2.47 X 101
11.42 231.65 34710
452 11.43 273.56 40851
11.43 280.15 41754 25456 29.800 3.11 X101
11.45 258.67 38524
458 11.54 396.70 58560
11.62 388.42 57373 25432 41.320 4,34 X 101
11.57 391.20 57670
464 11.59 518.41 76036
11.61 539.05 78912 25384 62.390 6.59 X 101
11.62 527.25 77212
471 11.69 650.26 94300
11.70 633.42 891728 25313 94.240 1.00
11.72 641.12 92843

@ For each temperature, the value of the rate of mass loss, dm/dt, is
that calculated as mean of the three experimental values, practically
coincident.

Cell 1, diameter of the eftusion hole 1.0 mm, thickness of edges 0.1

mm, Clausing's correction factor 0.909.
Cell 2, diameter of the effusion hole 0.6 mm, thickness of edges 0.1
mm, Clausing's correction factor 0.857.
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M molar mass of the species

m mass of the sample evaporated, grams

P/A = microcalorimeter constant, determined at each 26.0
temperature, W mm~=" '

A = area of the thermogram, mm?

v = recording speed of the thermogram, equal to Y
mm sec™'

S = effusion hole area, cm?

dm/dt = rate of mass loss, gr sec™"

T = absolute temperature

K = Clausing's correction factor (4)

( keal mote™)
n
(4]
a
T

256+

254

AHgp (T)

Samples of anthraquinone 99.5% pure (Fluka Co.)
were vaporized from silver Knudsen cells with different
effusion holes (Table ). To test the reproducibility of the
obtained data, three quantitative vaporizations were car- L L L L '
ried out at each temperature and the corresponding 400 440 480
mean values are reported and plotted in Table | and in T (K
Figure 1, respectively. The least-squares treatment of Figure 1. Sublimation enthalpy of anthraquinone
AHg,p(T) vs. T gives the equation:

252+

AHgup (T) = (30007 + 106) — (10.01 £ 0.24) T (3)

The experimental average vapor pressure values of the oo

anthraquinone are also reported in Table |. These values
are plotted as function of 1/T in Figure 2 together with
the representative slopes proposed by Hoyer (5) and Ino-
kuchi (6). 1.0k

The relative equation obtained by least-squares treat-
ment of our data is:

jog prorr = (11.94 £ 0.08) — (5624 £ 32)/T (4) 20k

The second-law value of the sublimation enthalpy of
anthraquinone so obtained, AH,,° = 25735 * 146 cal
mol~ "', is in good agreement with the calorimetric value
at the mid-range temperature obtained by Equation 3, 30+
AHg,,° (434K) = 25663 £ 210 cal mol~'. The associ-
ated errors are the standard deviations.

Even if our vapor pressure values reported in Figure 2
show a certain agreement with the tensimetric values

- log py,,

proposed by Hoyer (5), a critical comparison with previ- 4o
ous works of the vapor pressure equation of the anthra-
quinone (Table 1!} shows a better agreement of our data
with that of Inokuchi (6). The examination of the subli-
mation enthalpy values at 298.15K (Table 1) led us to 1 L L L '
propose an estimated average value of 27 + 1 kcal a 23 2 27 e
mol—"', taking into account the good agreement of the 104/T (K)
sublimation enthalpy values obtained in this work by two Figure 2. Vapor pressure of anthraquinone
independent procedures. 1, Inokuchi (6); 2, Hoyer (5); 3, this work (O cell 1, ® cell 2, see text)
Table 1. Vapor Pressure and Sublimation Enthalpy of Anthraquinone

Vapor pressure equation, Sublimation enthalpy,

Temp or log prorr = A-B/T Kcal moi—1
temp range,

Author Method K A B AHgup® (T) AHgup® (298.15K)¢
Inokuchi (6) Effusion 376% 12.457 5475 25.0¢ 25.8
Hoyer (§) Effusion 343 t0 403 14.31 6604 29.4 30.2
Magnus (7) 298.15 26.8¢
Beynon (2) Radioactive

ioniz. gage 430° 25.4 26.5 £ 0.2¢
Beech (1) Scanning
calorimetry 470 to 590 30.35 £ 0.72 32.65 £ 0.72
This work Effusion 397 to 471 11.94 £ 0.08 5624 + 32 25.8 £ 0.2¢ 27.1£ 0.2
Calorimetric 434 25.7+ 0.2 27.0+ 0.2
@ The values of AH(T) have been reported to 298.15K using the AH p port the mean temperatures of their measurements. ¢ Second-law value.
— H°29g.15) values obtained from the Eq. 3 (see text). ® The authors re- d Value reported by the authors.
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The third-law calculation of the AH ,,° (298.15K) has
not been possible because no Gibbs energy function
values of the condensed phase were available. An esti-
mation of the Gibbs energy functions (G1° — Hogs.15°)/T
for the condensed anthraquinone has been made using
the well-known third-law expression in the form:

[(GTo - H298.150)/T]cond = AHsuob°(298.15K°)/T +
Rin patm + [(GT° — H298.15 )/T]gas (5)

The experimental vapor pressures determined in this
work, the proposed AHg,,° (298.15K) = 27 =+ 1 kcal
mol~' and the Gibbs energy function values for the gas-
eous anthraquinone proposed by Nath Singh et al. (72)
have been used in this calculation. The Gibbs energy
function values determined at each experimental temper-
ature are plotted in Figure 3 with those of the gaseous
molecule.

1,5 and 1,8-Dihydroxyanthraquinones. The rate of
mass loss in the Knudsen conditions of samples 98%
pure of 1,5- and 1,8-dihydroxyanthraquinone has been
measured by a null Ugine-Eyraud Model B.60 SETARAM
microbalance. In this experiment, the reaction chamber,
a silica glass tube 60 cm high and 17 mm in internal di-

Table 111. Vapor Pressure of 1,5- and 1 ,8-Dihydroxyanthraguinone

1,5-Dihydroxyanthragquinone 1,8-Dihydroxyanthraquinone

T, 106 (dm/dt), P, T, 108 (dm/dt), P,
K gsec! torr K gsec™! torr
Cell 1 Cell 3
410 0559 1.75X10-3 373 0.476  6.14 X 104
411 0.539  1.69 X 103 376 0.616 7.98 X 10~4
418 1.075 3.41X10-? 379 0.769  1.00 X 10-3
422 1.344  4.28 X 10-3 381 1.028  1.34 X 103
423 1.536 4.90X 10-3 383 1.267 1.66 X 103
429 2475 7.95X 103 385 1.457  1.91 X 10-3
432  3.264 1.05X 102 387 1.864 2.45X 10-3
434 3456 1.12X 102 390 2.325 3.07 X10-3
438  5.376 1.74X10-2 396 4596 6.11 %103
439 4762 155X 10-2 401 6.440 862X 10-3
445 9257 3.03X 10-2 407 9.225 1.24 X 102
449 8966 2.95X 1072
451 13.229  4.36 X 10-2 Cell 4
456 18.205 6.03X 10-2 392 1.398  4.29 X 102
461 23976 7.98 X 10-2 399 2151 6.66 X 10-3
466 35860 1.20 X 10—' 404 3.994 1.24%x 102
472 49171  1.66 X 10~' 406 4265 133X 102
Goll 2 412 7.079 2.23 X 10-2
_, 416 10680 3.34 X 10-2
450 2939 4.22X107% 41 10600 3.36 X 10-2
457 4.852  7.02X107% 455 16360 5.21 X 10-2
462 7505  1.09X107" 437 22350 7.16 X 10-2
467 10.332 1.51 X 10! 432 33.333 1.07 X 101
469 10337 151X 1071 437  47.930 1.55X 10~
473  13.060 1.92 X 10!
478 19.890 2.94 X 10-1 Cell 5
484 27.150 4.04 X 101 429 6.204 8.69 X 1072
488 51.050 5.11x10-' 435 8.755 1.24 X 101
495 56.440 8.49 X 10-! 441  14.047 1.99 X 10-'
503 67.510 1.02 446  19.590 2.80 X 10-1
451  28.800 4.14 X 10~
456  38.330 5.54 X 10~1

Cells 1 and 4: Diameter of the effusion hole 1.0 mm, thickness edge 0.1
mm, Clausing's correction factor 0.909.

Cells 2 and 5: Diameter of the effusion hole 0.5 mm, thickness edge 0.1
mm, Clausing’s correction factor 0.833.

Cell 3: Diameter of the effusion hole 1.5 mm, thicknbss edge 0.1 mm,
Clausing’s correction factor 0.93765.
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Figure 3. Gibbs energy function values of solid anthraquinone
(@) estimated in this work and of gaseous anthraguinone (O)
taken from Nath Singh (712)

0.0F
1.0
20+
£ 3.0
a
g
;
40~
50F ®
@
1 1 1 1 1 1
20 22 24 26 28 30
1047 (K)

Figure 4. Vapor pressure of 1,5-dihydroxyanthraquinone (1,5-
DA) and of 1,8-dihydroxyanthraquinone (1,8-DA)

1,5-DA: 1, Hoyer (5); 2, this work (O ceil 1, @ cell 2, see text). 1,8-DA:
3, Hoyer (5); 4, this work (O cell 3, @ cell 4, A celi 5, see text)
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Table IV. Vapor Pressure and Sublimation Enthalpy of 1,5-Dihydroxyanthraquinone (1,5-DA) and 1,8-Dihydroxyanthraquinone (1 ,8-DA)

Vapor pressure equation, Sublimation enthalpy,

Ig ptorr = A = B/T Kcal mol —'
Mean
Compound Author Method temp A B AHgup® (N AHgup® (298.15K)
1,5-DA Hoyer (5) Effusion 398 13.10 6619 29.5 30.3¢2
Beynon (2) Radioactive
ioniz. gage 456 - - 26.6 £ 1.1 28.2%+ 1.1
This work Effusion 457 12.90 £ 0.09 6435 + 38 29.5+ 0.2 31.2+0.2¢2
1,8-DA Hoyer (5) Effusion 368 13.82 6422 28.6 29.1¢
Beynon (2] Radioactive
ioniz. gage 404 - ~ 25.3+ 0.2 26.2 £ 0.2
This work Effusion 415 13.14 £ 0.06 6098 + 26 27.9 £ 0.1 29.0 £ 0.1¢2

% The AHgup® (T) have been reduced to 298.15K using the heat content estimated by Beynon (2).

ameter, was heated along its whole length by a cylindri-
cal coaxial graphite resistance. Silver Knudsen cells with
different effusion holes (Table I1l) containing the samples
were suspended from the balance beam and placed in
the center of the isothermal zone of the reaction cham-
ber (about 15 cm long), determined in a previous experi-
ment.

The mass losses of the samples were recorded at tem-
peratures maintained constant within £1°C by means of
an efficient thermoregulation device. The temperature of
the effusion cell was measured with a previously calibrat-
ed iron constantan thermocouple inserted in an identical
cell placed immediately beneath the one and recorded
simultaneously to the sample mass loss. A differential
pumping system for the reaction chamber, balance hous-
ing, and furnace allowed the achievement of an operative
vacuum better than 1 X 10~ 3torr.

The vapor pressure of 1,5- and 1,8-dihydroxyanthraqui-
nones have been determined by Equation 2. The 1,5-
dihydroxyanthraquinone (1,5-DA) has been investigated
in the temperature range 410-503K. The relative vapor
pressure data are reported in Table il and plotted in Fig-
ure 4. A least-squares treatment of the data gives a pres-
sure-temperature relationship as

log Piorr = (12.90 %= 0.09) — (6435 = 38)/T (6)

The resulting second-law value of the sublimation en-
thalpy of 1,5-DA is AHgy," (475K) = 29.5 = 0.2 kcal
mol— 1.

The vapor pressure of 1,8-dihydroxyanthraquinone
(1,8-DA) has been measured in the temperature range
373-456K, and the relative values are reported in Table
11l and plotted in Figure 4. The relative least-square pres-
sure-temperature relationship is:

fog prorr = (13.14 £ 0.06) — (6098 £ 26)/T (7)

and the resulting second-law value for the sublimation
enthalpy is AHg,,° (415K) = 27.9 £ 0.1 kcal mol~'. For
both substances the errors associated with the AH,,°
values are the standard deviations.

A comparison with the results reported in the literature
is given in Table IV and Figure 4. There is good agree-
ment between the values of vapor pressure and sublima-
tion enthalpy determined in this work for 1,5-DA and
1,8-DA with those reported by Hoyer (5). Therefore re-
spective vaiues of 30.5 £ 1.0 and 29.0 £ 0.5 kcal mol~'
for the sublimation enthalpy of 1,5-DA and 1,8-DA are
proposed.
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