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The vaporlzation behavlor of BI,Se,(s) and the vapor 
presswe over this compound were measured by 
torsion-effusion, thermogravlmetrlc, and hlgh-temperature 
Knudsen-effusion techniques In the temperature range 
800-900 K. The gas phase In equllibrlum wlth the solid 
BI,Se, In the flrst steps of Its vaporlzallon Is practically 
composed of only Se,(g) and consequently, In the 
condensed phase B14Se5, a solld solutlon of BISe-Se Is 
formed. The practlcally null value of the heat of solution 
obtalned for the process 4BtSe(s) + Se(s) - B14Se5(s) 
shows the nearly ideal behavior of the solld solutlon 
BISe.. 

Introduction 

The vaporization behavior of Bi,Se, and its vapor pressure 
are not well-known. By employing static methods some authors 
( 1 ,  2) measured pressure data larger by about 2 orders of 
magnitude than those derived by using effusion techniques (3, 
4). The mass-spectrometric analysis of the vapor over Bi2Sea 
at 1050 K carried out by Porter and Spencer (5) has shown that 
it is initially constituted of Se,(g) and of a small amount of 
B iwg)  and 4s). After prolonged heating of the sample, with 
the consequent evaporation of selenium at constant tempera- 
ture, these authors observed that the amount of Bi,(g) and 
BiSe(g) became larger than that of Se,(g). As part of a re- 
search program for investigation of the vaporization of bismuth 
compounds (6, 7), also in view of the observed discrepancies 
between pressure values obtained with static and effusion 
methods and also within effusion experiments made by different 
authors (3, 4 ) ,  we were prompted to perform new, extensive, 
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and more accurate pressure determinations for Bi,Se,(s). The 
measurements were made with the effusion method using two 
different techniques and the results are reported below. 

Experlmental Sectlon and Results 

The Bi,Se,, 99.8 mol % pure, with impurities mostly due to 
selenium, was supplied by CERAC. Before the determination 
of the vapor pressures the samples of the compound were 
purified by heating at about 550 K, so that the selenium im- 
purities were lost by vaporization. After this treatment the 
sample did not change weight up to about 750 K. The va- 
porization of Bi,Se, was investigated by torsion- and Knudsen- 
effusion techniques, employing vitreous graphite crucibles. No 
interaction of the samples with the used crucibles was ob- 
served. 

Torsion Effusion. The vapor pressure over Bi,Se,(s) was 
measured by the torsion-effusion method. The technique and 
the assembly have been describe previously (8, 9). From the 
torsion angle (Y of the effusion cell, at each experimental tem- 
perature the poressure value was derived by the relation P = 
Ka, where in K are included the torsion constant of the sus- 
pension tungsten wire, the geometrical constants of the used 
cell, and the correction factors ( IO) for the -effusion orifice 
geometry. I n  this study the value K = (1.72 f 0.25) X lo-' 
atm deg-' was employed. In  order to test the reliability of the 
assembly and of the temperature measurements, the vapor 
pressure of pure Zn, used as a standard, was measured. Va- 
por pressure values measured in the temperature range 
685-751 K were treated by the second- and third-law methods. 
The second-law AHV0(298.15 K) = 133.8 f 0.8 kJ mol-' and 
the third-law AH"'(298.15 K) = 129.2 f 4.6 kJ mol-' values, 
where the associated errors are standard deviations, are in 
good agreement with the value selected by Hultgren ( 1  I), 
AH"'(298.15 K) = 130.3 f 4.2 kJ mol-'. The vaporization of 
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Table I. Vavor Pressure of Bi, Se,(s) 

log P (atm) = A - B/T no. of -_ 
method run temp range, K points A B 

torsion 71.0 801-899 
71.3 805-889 
71.5 805-875 
71.6 804-875 

thermobalance 1 799-816 
2 859-898 
3 813-898 
4 813-876 

HTa Knudsen 1 831-888 
a HT = high temperature. 

‘ I  

Ab 

0 .A 

I )  71 3 

,, 71 5 
71 E 

+ l o 4  I K - ’ )  
11 00 12 00 

Figure 1. Vapor pressure of Bi,Se,(s) measured by torsion method. 

Bi,Se,(s) was studied over four separate runs, in the tempera- 
ture range 801-899 K, utilizing graphite cells. The results are 
plotted in Figure 1. 

At temperatures higher than 900 K the pressure values tend 
to increase. Therefore, as explained later, only the initIal points, 
measured when about 2-3% of the original mass of the sample 
was evaporated, were taken into account. Table I reports the 
constants of the Clausius-Clapeyron equation for each run, 
obtained by least-squares treatment of the experimental points. 
The errors associated are standard deviations. 

Knudsen Enuslon. The vapor pressure of Bi,Se, was also 
measured by the mass-loss effusion method employing the 
well-known equation (72) 

P (atm) = [(2.256 X 10-2)/S](T/M)1’2(Am/Ar)K-1 (1) 

where M is the molar mass of Se,(g), Am the mass (in grams) 
of the sample evaporated in the time At (in seconds) at the 
constant absolute temperature T, from a conventional Knudsen 
cell through an effusion orlfice well-known in its area S (in cm2) 
and in the thickness of its edges, and K the Clausing’s cor- 
rection factor (73). 

Experimentally, two different techniques based on this me- 
thod were used; a thermobalance and a high-temperature 
Knudsen-effusion assembly. 

A . Thennobalsnce . Thermogravimetric measurements 
were carried out by using an Ugine-Eyraud Model 860 Setaram 
thermobalance. 

The apparatus and the method have been described previ- 
ously (74). The samples of Bi,Se, were vaporized in crucibles 
suspended by means of a platinum chain at the center of the 
furnace. Four runs of vaporizations were carried out by this 
technique and in Table I are reported the corresponding Clau- 
sius-Clapeyron equations derived by the least-squares treat- 
ment of the data obtained In the first steps of the vaporizations. 
The associated errors are standard deviations. The results are 
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Flgure 2. Vapor pressure of Bi,Se,(s) measured by Knudsen method. 

also plotted as log P vs. 1/T in Figure 2. 
B. Hlgh-Temperature Knudsen. Vapor pressure mea- 

surement of Bi,Se, were carried out by using the high-tem- 
perature Knudsen apparatus described previously ( 75). The 
results are reported ion Table I and plotted in Figure 2. This 
apparatus has also permitted us to condense the vapor effused 
from the Knudsen cell over a cold target. Scanning electron 
microscope (SEM) analysis of the condensed vapor showed 
that, during the first step of the Bi,Se, vaporization carried out 
below 900 K, selenium was the only species present in it, 
whereas going on the vaporization, also the presence of bis- 
muth was observed. This fact led us to suppose that, in the 
first step of the vaporization, the gas phase is composed 
practically of only SeAg), whereas, subsequently, it is composed 
also of molecules involving bismuth. Bismuth was also ob- 
served in the vapor condensed during the first step of the va- 
porizations carried out at temperatures higher than 900 K. 
Consequently, also utilizing this technique, we have taken into 
account only the vapor pressure values measured when very 
small portions of the sample were vaporized. 

Dlscusslon 

As shown in Figures 1 and 2 the vapor pressure data over 
Bi,Se,(s) measured with the torsion- and Knudsen-effusion 
methods are reproducible and in agreement. By weighting the 
slopes and the intercepts reported in Table I, proportionally to 
the number of the experimental points, the following pressure- 
temperature equation, for the temperature range 800-900 K, 
was selected: 

log P(atm) = (7.81 f 0.50) - (10.87 f 0.64) X 103/T (2) 

where the associated errors have been estimated by taking into 
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Flgure 3. Comparison of the vapor pressure data of Bi,Se,(s): (1) 
Ustyugov ( 1 ) ;  (2) Ohashi (2); (3) Boncheva-Mladenova ( 4 ) ;  (4) Kres- 
tovnikov (3); (5) this work. 

account the uncertainties in the temperature measurements and 
in the calibration factors. This equation is reported for com- 
parison in Figure 3 with the data of the literature. Our vapor 
pressures are slightly lower than those measured by the effu- 
sion technique (3,4 ) but confirm furhermore the disagreement 
with the values obtained by utilizing static methods ( 1, 2).  On 
the basis of the results of the analysis of the condensed vapors, 
and of the very good agreement between the torsion data and 
those derived from the Knudsen experiments, involving the 
molecular weight of the effused vapor, one can deduce that the 
vapor is practlcally constituted of Sedg), so that, during the 
vaporization of Bi+e3(s), the condensed phase becomes richer 
in bismuth. Unfortunately, the phase diagram of Bi-Se is not 
well-known. Hansen (16) reports that Bise is the only com- 
pound Coorer in selenium than Bi2Se3. On the other hand, 
Semiletov (17) polnts out the presence of another intermediate 
compound, Bi3Se4, for which he gives the crystallographic pa- 
rameters. Abrikosov ( I S ) ,  lastly, by thermal analysis of the 
Bi-Se system, reports a region of SOHd solutions based on BiSe 
in the range 21-32 atom % in Se and the existence of a new 
compound, rich in bismuth, Bi,Se. Consequently, the phase 
diagram of Abrikosov, also selected by Elliott (19), reports the 
boundary line of this region of solid solutions, corresponding to 
a ratio Bi:Se equal to 4 5  (Bi,Se, or 4BiSeSe). At this step of 
knowledge, the most probable initial vaporization process of 
Bi,Se,(s) occurs involving the formation of the solid solution 
Bi,Se,. Because in each experiment we have taken into ac- 
count only the vapor pressure values measured during the first 
steps of the vaporizations, these values can be referred to the 
pressure of the vapor over the practically pure phase Bi2Se3. 

(3) 

was derived from the slope of the selected equation 2, 
AH’(850 K) = 104 f 6 kJ. Another value of the enthalpy 
change of reaction 3, AH’(850 K) = 114 kJ, was obtained 
from the value P se,(g) = 1.05 X lo-, atm calculated with eq 
2 at 850 K and from the value AS’(850 K) = 87 J mol-’ K-’ 
obtained by utilizing the standard entropy values reported in the 

The enthalpy change of the vaporization process 
PBi,Se,(s) - Bi,Se,(s) + ‘/,Se,(g) 

literature for Se,(g) ( 1 7 )  and Bi,Se,(g) (20) and the value 
S’(850 K) = 694 J mol-’ K-’ for the solid solution Bi,Se,, 
estimated by the additivity rule. The good agreement between 
these enthalpy values can be taken as proof of the reliability 
of the hypothesized reaction of vaporization (eq 3). On this 
basis we propose as enthalpy change for reaction 3 the value 
AH’(850 K) = 107 kJ and we believe that the associated 
uncertainty should not exceed f 8  kJ. By using the heat ca- 
pacities reported in the literature for Se,(g) ( 11) and Bi,Se,(s) 
(.?I), and that estimated by the additivity rule for the solid so- 
lution, we calculated the standard enthalpy changes for the 
vaporization of Bi,Se,(s) AH’(298.15 K) = 127 f 8 kJ. 

Considering Bi,Se, as a solid solution of BiSe(s) and Se(s), 
we derived the standard heat of solution according to the re- 
action 

(4) 

Combining appropriately the standard enthalpy change of the 
vaporization reaction of Bi,Se,(s) with the standard sublimation 
enthalpy of Se(s) to Se,(g) ( 11) and with the heats of formation 
of Bi2Se3(s), AHf0(298.15 K) = 140 kJ mol-’ (22), and of 
BiSe(s), AHX298.15 K) = 52 f 6 kJ mol-’ (23), we estimated 
the value AH(298.15 K) = -1 1 kJ for reaction 4, where the 
associated error could be larger than 35 kJ. This value of -1 1 
kJ, practically null, can be taken as a confirmation that the solid 
solution grows during the process of vaporization of Bi,Se,(s) 
and that this solution presents a nearly ideal behavior. 

Acknowledgment 

P. Scardala for his technical assistance. 

4BiSe(s) + Se(s) - Bi,Se,(s) 

Thanks are due to Dr. D. Ferro for SEM analysis and to Mr. 

Reglstry No. Bi,Se,, 12068-69-8. 

Literature Clted 

(1) Ustyugov, G. P.; Vigdorovich, E. N.; Timoshin, I. A. Izv. Akad. Nauk 
SSSR. Neorg. Mater. 1969, 5 ,  166-7. 

(2) Ohashi, T.; Kozuka, Z.; Moriyama, J. J. Jpn. Inst. Met.. Sendai 1966, 
30, 785-92. 

(3) Krestovnikov. A. N.; Gorbov, S. I. Zh. Fir. Khim. 1967, 47,  726-8. 
(4) Boncheva-Miadenova, Z.; Pashinkin, A. S.; Novoselova, A. V. In. 

Akad. Nauk SSSR, Neorg. Mater. 1968. 4 ,  904-10. 
(5) Porter, R. F.; Spencer, C. W. J. Chem. Phys. 1960, 32, 943-5. 
(6) Imperatorl, P.; Ferro, D.; Piacente, V. J. Chem. Thermodyn. 1982, 

74, 461-72. 
(7) Piacente, V.; Gianfreda, V. D.; Bardi, G. J .  Chem. T h e r W y n .  1983, 

(8) Freeman, R. D. I n  “The Characterization of High Temperature 
Vapour”; Margrave, J. L., Ed.; Wiley: New York, 1967. 

(9) Piacente, V.; De Maria, G. Ric. Sci. 1989, 34, 549-57. 
(IO) Freeman, R. D.; Searcy, A. W. J .  Chem. Phys. 1954, 22, 762-7. 
(1 1) Hultgren, R.; Orr, R.; Keiley, K. K I n  “Supplement to Selected values 

of Thermodynamics Properties of Metals and Alloys”; Department of 
Mineral Technology, University of California: Berkeley, CA, 1967. 

(12) Knudsen, M. I n  “The Kinetics Theory of Gases”; Methuen: Lonon, 
1950. 

(13) Dushman, S. I n  “Scientific Foundation of Vacuum Technique”; Wiiey: 
New York, 1940. 

(14) Bardi, G.; Gigii, R.; Malaspina, L.; Piacente, V. J .  Chem. Eng. Data 
1973, 18, 126-30. 

(15) Pellno, M.; Ferro, D.; Piacente, V. Thermochim. Acta 1980, 4 1 ,  
297-304. 

(16) Hansen, M. I n  “Constitution of Binary Allows”, 2nd ed.; McGraw-Hill: 
New York, 1958; pp 334-5. 

(17) Semiletov, S. A. Tr. Inst. Kristallogr., Akad. Nauk SSSR 1954, 70, 

(18) Abrisokov, N. Kh.; Bankina, V. P.; Kharitonovich, K. F. Russ. J. Inorg. 

75, 7-14. 

181-8. 

Chem. (Engl. Transl.) 1960, 5 ,  978-86. 
(19) Elliott, R. P. I n  “Constitution of Binary Alloys”, First Suppi.; McGraw- 

Hill: New York. 1965: DO 196-7. 
(20) Vasilev, V. P.; hmov;  P.; Nikolaskaya, A. V.; Gerasimov, Y. I. Zh. 

Fiz. Khim. 1968, 42, 675-81. 
(21) Mills, K. C. I n  “Thermodynamics Data for Inorganic Suiphdes. Selen- 

ides, and Terruiides”; Butterworths: London, 1974 pp 163-8. 
(22) Howiett, B. V.; Misra, S.; Bever, M. E. Transl. AIM€ 1964, 230, 

1367-74. 
(23) Gattov, G.; Schneider, A. Angew. Chem. 1955, 67,  306-12. 

Received for review December 13, 1982. Revised manuscript received June 
6, 1983. Accepted August 1. 1963. 


