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Vapor Pressure and Sublimation Enthalpy of Anthraquinone and of 
13- and 1,8-Dihydroxyanthraquinones 
Giampiero Bardi, Rosario Gigli, Leopoldo Malaspina and Vincenzo Piacente 
Laboratorio di Chimica Fisica ed Eleftrochimica lstituto Chimico Unlversita d /  Roma Roma l t a l y  

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

A H s u b 0 ( T )  = (30007 f 106) - (10.01 f 0.24)Tcal 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 6-60  Ugine 
Eyraud thermobalance: 
1,5-dihydroxy anthraquinone: log P t o r r  = 

1,8-dihydroxy anthraquinone: log Pt0i-r = 

The Gibbs energy functions of condensed anthraquinone 
have also been estimated. 

IOgptorr = (11.94 f 0.08) - (5624 f 32) /T  

(12.90 f 0.09) - (6435 f 38)/T 

(13.14 f 0.06) - (6098 f 26) /T  

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 lnokuchi and Coil (6 )  
and, in a range of higher pressures ( > l o 0  torr), by Nel- 

son and Senseman (731, 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. 7 7 ) .  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 (8-70). 
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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 (8-70), measuring the area of the 
thermogram relative to the quantitative evaporation in the 
Knudsen conditions. 

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

AHsubo(T)  = 1/4.184 ( M / m ) ( P / A ) ( A / v )  (1) 

P( tor r )  = (2.256 X l o - ’  X 7 6 0 ) / S ( d m ) / ( d t ) ( T / M ) ” ’  
(1/K) ( 2 )  

where 

AHsubo (T) = sublimation enthalpy value at the abs 

p = vapor pressure, torr. (Throughout this paper torr 
temp T, cal mol- 

= 1.333 X bar.) 

Table I .  Sublimation Enthalpy and Vapor Pressure of Anthraquinone 
- 

T, 105  PIA^, m, A, . lHS“bO V) lo6  (dm/d,t) ,a P. 
- K W m m -  mg mm2 cai mol - g sec- torr 

39 7 

403 

409 

41 5 

422 

426 

428 

43 1 

435 

443 

44 9 

45 2 

458 

464 

47 1 

6.92 
6.95 
6.95 
6.98 
7.00 
7.02 
7.05 
7.04 
7.06 
7.18 
7.16 
7.19 
7.27 
7.27 
7.26 
7.35 
7.33 
7.36 
11.23 
11.25 
11.21 
11.27 
11.27 
11.28 

11.28 
11.30 
11.32 
11.35 
11.36 
11.37 
11.40 
11.39 
11.42 
11.43 
11.43 
11.45 
11.54 
11.52 
11.57 
11.59 
11.61 
11.62 
11.69 
11.70 
11.72 

20.93 
22.45 
19.17 
35.55 
31.44 
37.12 
53.52 
47.28 
49.65 
75.92 
84.36 
81.27 
96.03 
89.17 
94.44 
141.45 
137.21 
143.56 
181.63 
176.15 

249.99 
241.39 
237.84 

81.07 
75.19 
83.00 
176.93 
177.64 
170.18 
244.00 
237.24 
231.65 
273.56 
280.15 
258.67 
396.70 
388.42 
391.20 
518.41 
539.05 
527.25 
650.26 
633.42 
641.12 

183.30 

Cell 1 
5292 
5641 
481 1 
8901 
7832 
9202 
131 63 
11635 
12182 
18304 
20371 
19566 
22820 
21164 
22440 
331 70 
32297 
33673 
27853 
26926 
281 78 
381 78 
36829 
36324 

12332 
11414 
12600 
26754 
26796 
25608 
36594 
35664 
34710 
40851 
41 754 
38524 
58560 
57373 
57670 
76036 
78912 
77212 
94300 
91 728 
92843 

Cell 2 

26075 

26033 

25869 

25831 

25767 

25753 

25701 

25693 

25625 

2558 1 

25543 

25456 

25432 

25384 

25313 

1.780 

2.862 

4.409 

7.189 

11.430 

15.210 

18.800 

22.040 

11.530 

17.020 

23.780 

29.800 

41.320 

62.390 

94.240 

5.90 x 10-3 

9.56 x 10-3 

1.48 X 

2.44 X 

3.91 X 

5.22 X 

6.48 X 

7.62 X 

1.18 X lo-’ 

1.76 X 10-1 

2.47 X 10-1 

3.11 X 10-1 

4.34 x 10-1 

6.59 X lo-‘ 

1 .oo 

a 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 effusion hole 1.0 mm, thickness of edges 0.1 

mm, Clausing’s correction factor 0.909. 

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

were vaporized from silver Knudsen cells with different 
25 2 effusion holes (Table I ) .  To test the reproducibility of the 

m = mass of the sample evaporated, grams 
P / A  = microcalorimeter constant, determined at each 

A = area of the thermogram, mm2 
v = recording speed of the thermogram, equal to '/12 

S = effusion hole area, cm2 
dmld t  = rate of mass loss, gr sec- ' 
T = absolute temperature 
K = Clausing's correction factor ( 4 )  

temperature, W mm- 

mm sec- ' 

Samples of anthraquinone 99.5% pure (Fluka Co.) 
\ - 

I I I I 

26.0 I 

D 

I a 

The experimental average vapor pressure values of the 
anthraquinone are also reported in Table I. 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 ) .  

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

log ptorr = (1 1.94 f 0.08) - (5624 f 3 2 ) / T  (4 )  

The second-law value of the sublimation enthalpy of 
anthraquinone so obtained, AHsub' = 25735 f 146 cal 
rnol-', is in good agreement with the calorimetric value 
at the mid-range temperature obtained by Equation 3, 
AHsUb' (434K) = 25663 f 210 cal rnol-'. 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 
proposed by Hoygr (51, a critical comparison with previ- 
ous works of the vapor pressure equation of the anthra- 
quinone (Table I I )  shows a better agreement of our data 
with that of lnokuchi (6 ) .  The examination of the subli- 
mation enthalpy values at 298.15K (Table I I )  led us to 
propose an estimated average value of 27 f 1 kcal 
mol- ' ,  taking into account the good agreement of the 
sublimation enthalpy values obtained in this work by two 
independent procedures. 

Table 11. Vapor Pressure and Sublimation Enthalpy of Anthraquinone 

104/T [ K l  

Figure 2. Vapor pressure of anthraquinone 
1, lnokuchi f6); 2, Hoyer (5); 3, this work (0 cell 1,. cell 2, see text) 

Author Method 

Temp or 
temp range, 

K 

lnokuchi (6)  Effusion 
Hoyer (5) Effusion 
Magnus (7) 
Beynon (2) Radioactive 

Beech ( 1 )  Scanning 

This work Effusion 

ioniz. gage 

calorimetry 

Calorimetric 

376b 
343 to 403 

298.15 

430b 

470 to 590 
397 to 471 

434 

Vapor pressure equation, Sublimation enthalpy, 
log Ptorr = A - E I T  Kcal mol - 

A E -1Hsub' ( T )  . lHsubo (298.15K)" 

12.457 5475 25.OC 25.8 
14.31 6604 29.4 30.2 

26.8d 

26.5 f 0.2d 25.4 

30.35 f 0.72 

25.7 f 0.2 

32.65 f 0.72 
11.94 & 0.08 5624 f 32 25.8 f 0.2c 27.1 f 0.2 

27.0 f 0.2 

The values of A H ( T )  have been reported to 298.15K using the AH", 
- H'298.15) values obtained from the Eq. 3 (see text). b The authors re- 

port the mean temperatures of their measurements. Second-law Value. 
Value reported by the authors. 
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The third-law calculation of the AHsub' (298.1 5K) has 
not been possible because no Gibbs energy function 
values of the condensed phase were available. An esti- 
mation of the Gibbs energy functions (GT' - H29&15')/T 
for the condensed anthraquinone has been made using 
the well-known third-law expression in the form: 

[(GT' - H ~ S E I . I ~ ~ ) / ~ ] C O ~ ~  = AHs"b0(298.15K)/T -l- 
(5) 

The experimental vapor pressures determined in this 
work, the proposed AHsub' (298.15K) = 27 f 1 kcal 
mol- '  and the Gibbs energy function values for the gas- 
eous anthraquinone proposed by Nath Singh et al. (721 
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 6.60 SETARAM 
microbalance. In this experiment, the reaction chamber, 
a silica glass tube 60 c m  high and 1 7  mm in internal di- 

R In Patm i- [(GT' - H ~ S E I . ~ ~ ~ ) / T I ~ B S  

Table ill. Vapor Pressure of 1,5- and 1 ,&Dihydroxyanthraquinone 

1,5-Dihydroxyanthraquinone 1,8-Dihydroxyanthraquinone 

T,  i o 6  ( d r n l f t ) ,  Pt T ,  l o 6  (drn /Tt ) ,  P9 
K gsec-  torr K Q sec- torr 

41 0 
41 1 
41 8 
422 
423 
429 
432 
434 
438 
439 
445 
449 
45 1 
456 
46 1 
466 
472 

450 
457 
462 
467 
469 
473 
478 
484 
488 
495 
503 

Cell 1 
0.559 1.75 x 10-3 373 
0.539 1.69 X 376 
1.075 3.41 X 379 
1.344 4.28 X l o W 3  381 
1.536 4.90 X 383 
2.475 7.95 X 385 
3.264 1.05 X l o - '  387 
3.456 1.12X lo-' 390 
5.376 1.74 X 396 
4.762 1.55 X lo- '  401 
9.257 3.03 X l o - *  407 
8.966 2.95 X l o - '  

13.229 4.36 X 
18.205 6.03 X l o - '  392 
23.976 7.98 X 399 
35.860 1.20 X 10-1 404 
49.171 1.66 X 10-1 406 

412 
416 Cell 2 

2.939 4.22X l o - '  418 
4.852 7.02 X l o - '  422 
7.505 1.09X l o - '  427 

10.332 
10.337 
13.060 
19.890 
27.150 
5 1 .os0 
56.440 
67.510 

1.51 X I O - '  432 
1.51 x 10-1 437 
1.92 X 10-1 
2.94 X 10-l 
4.04 X l o - '  429 
5.11 x 10-1 435 
8.49 X 10-l 441 
1.02 446 

451 
456 

Cell 3 
0.476 6.14 X 
0.616 7.98 X 
0.769 1.00 X 
1.028 1.34 X 
1.267 1.66 X 
1.457 1.91 X 
1.864 2.45 X 
2.325 3.07 X 
4.596 6.11 X 
6.440 8.62 X 
9.225 1.24 X l o - '  

Cell 4 

1.398 4.29 X 
2.151 6.66 X 
3.994 1.24 X lo-' 
4.265 1.33 X 
7.079 2.23 X 

10.680 3.34 X 
10.600 3.36 X 
16.360 5.21 X lo-' 
22.350 7.16 X lo-' 
33.333 1.07 X 10-1 
47.930 1.55 X 10-1 

6.204 8.69 X 10:' 
8.755 1.24 X lo- '  

14.047 1.99 X l o - '  
19.590 2.80 X 10-i 
28.800 4.14 X 10-1 
38.330 5.54 X 10-1 

Cell 5 

Cells 1 and 4: Diameter of the effusion hole 1.0 mm. thickness edge 0.1 

Cells 2 and 5: Diameter of the effusion hole 0 . 5  mm, thickness edge 0.1 

Cell 3: Diameter of the effusion hole 1.5 mm, thickness edge 0.1 mm, 

mm, Ciausing's correction factor 0,909. 

mm, Clausing's correction factor 0.833. 

Clausing's correction factor 0.9375. 

1 1 
400 450 500 

T ( K )  

Figure 3. Gibbs energy function values of solid anthraquinone 
(0) estimated in this work and of gaseous anthraquinone (0) 
taken from Nath Singh (72) 

1 1 1 1 1 1 
20 22 24 26 28 30 

104/T I K I  

Figure 4. Vapor pressure of 1,s-dihydroxyanthraquinone (1,s- 
DA) and of 1 &dihydroxyanthraquinone (1,8-DA) 
1,5-DA: 1, Hoyer (5); 2, this work (0 cell 1, cell 2, see text). 1,8-DA: 
3, Hoyer (5); 4,  this work (0 Cell 3,. cell 4 ,  A cell 5, see text) 
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Table IV. Vapor Pressure and Sublimation Enthalpy of 1,5-Dihydroxyanthraquinone (1,5-DA) and 1 ,&Dihydroxyanthraquinone (1,8-DA) 
- 

Vapor pressure equation, Sublimation enthalpy, 
lgptorr  = A - B I T  Kcal mol - l  

Mean 
Compound Author Method temp A B .lHs,b" ( T )  . lHsubo (298.1510 

1,5-DA Hoyer  (5) Effusion 398 13.10 6619 29.5 30.3a 
Beynon (2) Rad ioac t ive  

26.6 f 1.1 28.2 f 1 , I  - - ioniz.  gage 456 
This w o r k  Effusion 457 12.90 f 0.09 6435 * 38 29.5 A 0.2 31.2 f 0.2" 

Beynon (2) Rad ioac t ive  

This w o r k  Effusion 415 13.14 f 0.06 6098 f 26 27.9 f 0.1 29.0 f 0.1" 

1,8-DA Hoyer  (5) Effusion 368 13.82 6422 28.6 29.1" 

25.3 f 0.2 26.2 f 0.2 - - ioniz. gage 404 

a The .1Hsub0 ( 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 I I I )  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 f l o 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 10-5torr. 

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 I l l  and plotted in Fig- 
ure 4. A least-squares treatment of the data gives a pres- 
sure-temperature relationship as 

logp,,,, = (12.90 f 0.09) - (6435 f 38) /T (6) 

The resulting second-law value of the sublimation en- 
thalpy Of 1,5-DA is A H s u b o  (475K) = 29.5 f 0.2 kcal 
mol- ' .  

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 
I l l  and plotted in Figure 4. The relative least-square pres- 
sure-temperature relationship is: 

IOgPtorr = (13.14 f 0.06) - (6098 f 26)/T (7) 

and the resulting second-law value for the sublimation 
enthalpy is AHsub' (415K) = 27.9 f 0.1 kcal mol- ' .  For 
both substances the errors associated with the j H s u b o  
values are the standard deviations. 

A comparison with the results reported in the literature 
is given in Table I V  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 values of 30.5 f 1.0 and 29.0 f 0.5 kcal mol- '  
for the sublimation enthalpy of 1,5-DA and 1,8-DA are 
proposed. 
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