H:,/A Tanp.

. HETEROLYTIC DISSOCIATION OF POTASSIUM SULFATE IN THE GASEOUS PHASE
AND ENTHALPY OF FORMATION OF SO; , SO. , AND KSO,

E. B. Rudnyi, L. N. Sidorov, and 0. M. Vovk UDC 541.51

The equilibrium constants of gaseous jom-molecular reactions in saturated potas-
sium sulfate vapor, involving SO, , SOs , SO, , KS0,”, and K,5,0, ions, were
measured. The enthalpies of formation of the ions were determined to be

—601.1 + 7.4 kJ/mole for SO; , —744.1 + 9.8 kI/mole for SO, , and —992.3 + 11.0
kJ/mole for KSO, . The possible errors in the values obtained are analyzed.

Recently, the enthalpies of formation have been determined for a number of fluoride [1]
and oxide [2] negative ions in the gaseous phase, making it possible to calculate an import-
ant characteristic — the energy of dissociation into positive and negative ions — for a num-
ber of compounds. This quantity is of great interest since it makes it possible to investi-
gate the potential of the ionic model for predicting the properties of salts of alkali metals.

Experimental results have been obtained only for monobasic salts, so the present inves-
tigation of negative ions in the saturated vapor of the dibasic salt K;S0, was undertaken.
S0, , 803 , S0, , KSOg , and K3S;0, ions were recorded, no doubly charged ions being ob-
served in the gaseous phase. As one would expect, dibasic salts in the gaseous phase dis-
sociate only to the first stage. The presence of singly charged ions of sulfur oxides in-
creased the authors' interest in the investigation since these ions play a large role in the
chemistry of the ionosphere. It is believed that SO“ ions, together with NOs and CO, R
will complete the chain of iommolecular conversion in the presence of sulfur impurities [3].

We briefly review existing data in the literature on negative ions of sulfur oxides.
The enthalpy of formation of SO, was reliably determined by photoelectron spectroscopy of
the negative ions and the value obtained has been confirmed in a number of other investiga-
tions (see [4] for more details). S0j and SOA have been much less studied. In [5] the
threshold of the reaction SO3; + Cs = SO, + Cst was determined, whence the lower limit of
the electron affinity of SOs was determined: EA = 164 kJ/mole. The enthalpy of formation
of SO“-_is unknown. In [3] the rate constants of some ion—molecular reactions involving S50,
and S50, were measured. If one considers the occurrence of a reaction as an indication that
the enthalpy of the reaction is negative, AHo° < 0, then a number of inequalities can be ob-
tained and described in terms of bond-breaking energies:

0, +80,-80,-+0,, D(80,—0")=D(0,—0")=170 kj/mole,
CO,-+80,-80,-+C0,, D(S0,—0~)=D(C0,—~0~)=220 ki/mole,
S0,~+NO,—S0.~+NO, D(S0;-—0)=D(NO—0)=300 ki/mole.

We observe that in [6, 7] iommolecular equilibria in saturated K;S50, involving posi-
tive ions were studied. K% and K3S0.% ions were observed, and the energy of removing a
potassium ion D(Kt — K;50,) was measured to be 205 kJ/mole.

Experiment. AnMKh-1303 mass spectrometer was used for the investigations, adapted for
studying iommolecular equilibria [8]. Chemically pure grade potassium sulfate was evapor-
ated from a platinum crucible of dimensions 12 x 12 mm with a ratio of evaporating area to
effusion aperture area in the range from 900 to 16. The temperature of the crucible was
measured with a welded platinum—platinum/rhodium (10% Rh) thermocouple. The accuracy of the
temperature measurement was estimated as *3°K. The temperature was maintained constant to
within #1°K by means of a VRT-3 automatic controller.

M. V. Lomonosov Moscow State University. Translated from Teplofizika Vysokikh Tempera-
tur, Vol. 23, No. 2, pp. 291-299, March-April, 1985. Original article submitted October 31,
1983,
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Fig. 1. Arrangement of the ion source:

Ly qu La Ly Lo) crucible, potential Uy = —2 kV; L,,
Ly R Ls) focusing electrodes, U, = —1.8-1.0
_JL11 Ql, kV, Uy = —1.4-0.9 kV; L,y) attractive

> P e electrode, U; = —2-1.3 kV; L,) exit slit,
452L1| l ] U, = 0; Ls, L¢) deflecting condenser
2z plates, Us = —40-40 V, Ug = —150-150 V.

TABLE 1. Operating Parameters of the Ion Source (see Fig. 1 for
notation) and Negative-Ion Mass Spectra

Regime 1T ot o 1
1. mm 0.2 02 [{W] 1.0
.. mm 1.5 15 1.5 1.5
/3. V/mm 0 14 240 14
F..V/mm 17 A7 73 ~7
:. mm 0 0.8 3.3 12
1(3280,") * 6o 130 62 210
1(3280;) * 130 300 130 320
1(7:80,-) * 3 7 3 11
T(3*K3280,~) ¢ 100 2% u; 0
1 (39K ,328,047) ® 3 6 3 A

*Ion currents (x10'' A), measured with the amplifier; v(SOs ) =
Im/Ie = 2,5¢10°,

tIon currents at T = 1326.1°K.

#Ion currents at T = 1281.8°K.

The arrangement of the ion source is shown in Fig. 1. Concentric apertures were made in
the crucible and in the attractive electrode, and l.5-mm-wide slits were made in the elec-
trodes Lz-L,. The electric field penetrated into the crucible [9], i.e., the equipotential
U > Uy takes a form similar to the dashed line in Fig. 1. The space inside the crucible is,
as it were, divided into two zones with different electric fields. We determined the low
and high fields. As a measure of the field one can take the thermal energy of the moving ion,
being ~kT. Then the energy acquired by an ion in the low field e(U — Uy,) = eAU < kT. For
quantitative calculations we take eAU = 0.2 kT Then at T = 1200°K we obtain the limit of

the low field AU = 0.02 V.

As a qualitative measure of the penetration of the field into the chamber, one can take
the distance z (see Fig. 1) along the axis of the crucible where the equipotential U passes,
with U — Uy = 0.02 V. To calculate this quantity, we use the formula for the distribucion
of the potential on the axis of a diaphragm [10]

Egz RE;(

AU =—
2

Z_aret ——+1)=001
TRARETY

With this kind of source, many measurements of ion—molecular equilibria involving both
positive (see the compilation [11]) and negative (see the compilation [1]) ions have been
carried out. - In the study of the NaF—AlF,; system [8], an equilitrium was found between the
neutral and negatively charged components of the saturated vapor. However, in the various
works there is a disagreement over the choice cf conditions for carrying out the measurements
(see discussion in [12]). We therefore made a methodological investigation in order to study
the possible changes in the ratios of the ion currents of the negative ions under different
conditions of operation of the ion source. Four regimes of operation were chosen, whose
parameters are given in Table 1. It can be seen that penetration into the chamber was gradu-
ally increased. In the fourth regime the equipotential U = 1999.95 V passed at a distance
z = 12 mm (boundary of the crucible), i.e., AU = 0.05 V = 0.5 kT. This indicates that the
space of the crucible with the low field has practically disappeared.

Negative ions 803-, SO,—, SOh-, KSOh-, and K,S,O.- were recorded. The ion currents were
measured with a VEU-6 amplifier. The ratios of the "true'" ion currents can be obtained in
the following form:
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LAY AB) =1 (AT (B 1Y (B-) /Y (AD) ],

where Iy is the curr7nt measured with the amplifier, I with the electrometer, and y(BT)/
y(AT) = [M(A)/M(B)]*/? To verify the last equation, the ion currents were measured with an
electrometer:

In [v(RSO 7YY (SO = 036: s=014: n -2 ‘
Yoo [M(SOS Y/ M(KSO, ) - -0.37:

[y (SO /(RO [ =—001 s=010; n=2;
Uoln [M(SO7)/M(SO,7)] = =011 |

where s is the standard deviation for one measurement and n is the number of measurements.
It can be seen that the results are consistent with the ratio taken for the amplifier coef-
ficients.

In each operating regime the ion currents were recorded for several temperatures. The
temperature was changed in steps of 50-100°K. Q

Initial Treatment of Experimental Data. From the measured values of the ion curreants,
the equilibrium constants of the following reactions were calculated: ]

502_+l/202=5()3_.
In K, (1) =In [7(*80,)/1(280,7) ]—"/+ In p(0,) +1n 1.25; (1) !

50,7 +0.=50.",

In A, (2) =In [/ (P8O, 1(FS0,7) [ p(0.) +ln 1.5; (2)
S0,"+0,+K=KS0.", ‘
In K, (3) =In [/ (*K*S0,7)/1(7S0,7)] —In p(0:) —In p (K} +1n 2.266; 3 '

KSO,~+ [K.S0.} =K.8,047,
In K, (4) =In [1(*K:28,0:.7) /1 (PK™S0.7) ] —In 0.36. (4)

The conversion from ratios of ion currents to ratios of pressures was made using the
formula [9]

p(A=)/p(B7)=[1n (A7) /L (B7) 1 [M(A)/M(B)]" (1(B )/ (A 1B /iI(AT) L.

where i is the content of the measured isotope. Hence the numerical constants appearing in
Egs. (1)-(4) were obtained.

At each temperature the mass spectrum was recorded several times. The logarithms of the
ratios of ion currents were averaged and the standard deviation of the logarithm of the ratio
was calculated for one measurement. Then the constants were calculated according to Eqs. (1)-
(4). (The calculation of the pressures of K and O, is given in Appendix 2.)

The data obtained in this way are combined in Table 2, where, instead of the dimension-
less logarithms of the constants, the quantities Y = R ln K are shown, having the dimensions
of J/molee°K (R = 8.31441 J/mole-°K [4]):

- 2
Y=R an, )_,;= Z]_Yﬁ/n‘, 8 =[Z|j(Y‘;-—]7i)z/‘V{] N v.»=n.-—1.

Here § =1, ..., ni is the number of measurements at a given temperature, sj is the standard
deviation for one measurement, and v{ is the number of degrees of freedom. The standard de-
viations have dimensions of J/mole*°K. An error in Y = R 1n K at magnitude 1 J/mole-°K as-
sumes an error in the constant of 13%, at 2 J/molee¢°K of 24%, and at 0.5 J/mole+°K of 6%.

Analysis of Results. It was assumed that all the measured logarithms of the equilibrium
constants have identical limiting standard deviations ¢i for one measurement, independent of
temperature, regime, and reaction. The magnitude of oj expresses the random scatter in the
constant arising from instabilities in the mass spectrometer, i.e., oi does not change for a
given apparatus. As a qualitative estimate of it, the combined standard deviation
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TABLE 2. Results of Initial Treatment of Experimental Data¥*

Reaction
38 2y 6] A
K R Ki‘ 5, | | Rk, | s l n RnK, ’ s, | wi mwE |
J/mole - K | J/mole-K | §/mole -K ' Jj/mole -« K

Regime 1

1218.8 ’ TG I 050 |3 , ! 27158 ‘ 035 3 -

13264 {6358 1 012 |44 8840 a6 LA 227010 To20 40 20080 009 4
Regime 2

11639 [ 8R139 ] - 1 - ~ o29s 96 - { — -

1THg (8160 | n7e |2 — - - 286.07 080 | 2

12369 | 7iT6 ] - L 10813 - L 26475 1 2T .- 1

13260 | 6a24f 062 ] 30 915 000 | 30 22024 1047 131 —2258 | w27 3
Regime 3

1914 [So96 | 122 2 - — — I 286.56 053 | 2 - - -

12360 175010 [ 009 | 21 10835 006 | 21 26561 135 12 -2168 096 |2

12818 16929 [ 002 | 2 48.13 179 [ 2 ) 24670 | 125 {24 2074 [ 003 |2

13264 165201 043 |2 89,62 067 | 2 22762 04t | 2 -200 027 12
Regime 4

1089.3 | 9572 [ 060 | 2 - — =1l 33561 09t 2 - -

11454 8824 — 14 128,75 - 1 306,91 - 11 -3037 1

11639 |8440 | 0.37 | 2 || 12208 089 |2 20558 | 046 | 2| ~-3269 [ 2

12369 17541 ] 072 | 4] 108,81 193 |4 | 26367 [ 060 [ 4| —28.49 |1 3

12818 6894 - 1] 98,47 - 11 24354 - 1] -2805 - 1

*gy is the standard deviation, ni is the number of measurements.

TABLE 3. Standard Deviations of Regression (in J/mole-°K)*

Reaction
Regime ) 2) (3) (4)
511 S}u Slrl -‘i“ slrl sxru s{’
1 - 1.14(1) - - - 1.90(1) -
2 0,71(2) 1,19(3) - 1,33(1) 0,47(2) 1.15(3) —
3 0.11(2) 0,27(3) 0.54(1) | 0.40(2) ] 085(2) | 0.79(3) | 058(1)
4 0.82(3) 1.12(4) £98(2) | 279(3) | 1.34(3) | 1.71(4) | 1.89(2)

*The number of degrees of freedcm is given in parentheses.

sv:(z iS5, /Zi\’i)%=0.93 J/mole - K, \-p____z A=58

was used. The sum was carried out over all reactions, temperatures, and regimes. The magni-
tude obtained corresponds to the error in the equilibrium constant for one measurement (137%).
Unfortunately, in work with high-~temperature mass spectrometers such quantities are not, as
a rule, calculated and so there is no possibility of comparing with data in the literature.

To describe the measured equilibrium constants, two models were used. The first is an
analysis of the equilibrium constants using the second law of thermodynamics:

YU=RIn K=—AH(11)/T+AS/(II). (5)
Here the parameters AHT° (I1) and AST® (II) are to be determined. To determine them, the

residual sum of squares 2 (Y M=Y)*n, is minimized [13], leading to the standard solutiom.

The second model is an analysis of the equilibrium constants using the third law of thermo-
dynamics:

Y'"'=Rin K=—AH,(111)/T+AQ,° (111), . ©
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TABLE 4. Enthalpies of the Reactions (1)-(4) (in kJ/mole) *
Reaction

=]
S ) ™ @ )
A§ ‘
S | —AMPUD - AHSUID| —AHD - MED] —ALSAD  [—AHSAID] —AH D
L 188.0(10.7) 199.9 - Ji2.0 637 8(10,7) $80,6 -
2 1 186.9(8,1) 05 {207 |G {6607 (8,1) 6824 | —203(19.7)
A 11971 (10.7) 2000 li-’aé.(_i (17,2) RARRI] £558.5(10.3) 6821 —21.6(17,2)
1 1 189,7(6.3) 2006 | 297.5(10.5) 30 6604(6,3) 6785 | ~49.5(10.8)

*The standard deviation is given in parentheses.

TABLE 5. Subsidiary Thermodynamic Information [4]
At AL ‘1’(1’300 I '\‘":'300
Compound
kJ/mole J/mote - K
[K.SO,1 —1127183 0.5 274152 1.6
SO, —294 2064 0.2 272740 0.2
(028 0 0 16G7.H26 Q.2
K 89.801 0.5 170,052 2
10 —400.064 3.5 281,800 2.4

where one parameter AdT® (ITI1) is given a priori and AHo,® is to be determined. For this it
is necessary to minimize, as in the first case, the residual sum of squares Z,(Y:“—Y,—)*m,

giving

(7)

AH0°(III)=—[Z. (Y’.——A(DT")n;Tr’]/Zi T2,

The last formula is rather different from the one conventionally used in high-tempera-
ture mass—-spectrometer investigations:

AH0°(III)=—[Ei(_Yg—A(DT")n,-T.-]/Z‘, n..

The conventional formula is obtained by minimizing the residual sum of squares of the form

(8)

EZi(Y?I—Sﬂ)%nTh in which the constants enter with the temperatures as weights. Thus, Eq.

(8) assumes nonequivalence in the constants. The equilibrium constants measured at high tem-—
peratures give a large contribution to the result, whereas Eq. (7), used in this work, is
free of this defect.

For both models the standard deviations of regression

sl [Zi(yf"—?i)m,/(w—z) ]"' , sr‘"=[ X

were calculated. These quantities indicate the mean deviation of the measured equilibrium |
constants from Eqs. (5) and (6), respectively, and also serve as estimates of the limiting :

standard deviation ¢i of one measurement {13]. This makes it possible to use the ratios .
erI/sp, erII/sp, and erII/erI to verify the models and compare them with one another. i

The quantities syIl and syIIl are given in Table 3, AHT® (II) and AHo® (III) in Table i
4. The enthalpies of reaction obtained from the IInd and IIIrd laws can be directly com-—
pared, since for the reactions (1)-(3) the change in enthalpy AHT° — AHo® 1is =1 kJ/mole.

%
—?i)zn./(N—l)]
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We observe that the third law gives better agreement in the reactions (1)~(3) for all
regimes. This corresponds to the fact that the maximum difference in the constants of these
reactions in the different regimes reaches 40%. This is larger than the statistical scatter
— 13% (sp = 0.93 J/mole-°K). There is a systematic error in the equilibrium constants re-
1ated to the operation of the mass spectrometer, and the quantity 40% characterizes this
systematic error. Hence it follows that the systematic error in the equilibrium constants
of reactions (1)-(3) related to the operation of the ion source does not exceed 40% or 3 J/
mole:°K in the quantity R 1n K.

We compare the regimes with one another. From the ratio erI/sp it is evident that a
straight line adequately describes the experimental constants in all regimes. However, the
slopes of these lines [AHT®(II)] are different, but the trend of the slope is the same in all
four reactions. Hence, it follows that in some regimes there is a systematic error in the
change of the constants with temperature. As an evaluation of the regime, we take the agree-
ment between the second and third laws. As can be seen (Tables 3 and 4), the best agreement
in reactions (1)-(3) is attained in regime 3. Hence, the ratios of the ion currents mea-
sured in regime 3 are closest to the equilibrium ratios of the ion pressures. At present it
is not entirely clear which feature of regime 3 led to this result. Therefore, we restrict
ourselves to establishing the facts without a detailed examination of this question.

Discussion of Results. Table 5 shows subsidiary thermodynamic information used in this
work. As recommended values of the enthalpies of reactionms (1)-(3) the values obtained in
the third regime using the third law were chosen.

The error in these quantities is comprised of the following factors: the random error,
the systematic errors in the constants related to the ion source AYg, to the amplifier AYy,
and to the calculation of the pressure AYp, and the errors in the thermodynamic functions A
(A%). Since the random errors in this case are small, they can be neglected; then, assuming
the errors listed to be independent, we can write

- A =T(AAD)HAY HAY,HAY A",

where A(A%) was calculated on the basis of Table 5 and Appendix 1; AYg on the basis of the
previous section was estimated as 3 J/molee’K; AYp was estimated to be 1.6 J/moles°K for re-
actions (1) and (3) and 3 J/molee°K for reaction (2). AYp is calculated in Appendix 2. Thus,
the following quantities were obtained:

AL (1) =—201.0+6.5, AJ1,"(2) =—344.0+92, A1 (3) =—682. 1= 10.5.
For the KsS20¢ ion the thermodynamic functions were not calculated. Therefore, for

reaction (4) we introduce an equation describing the equilibrium constants in regime 3 (in
J/mole*°K):

Y(4) =R 1n K, (4)==21 600/T—4.1.

The standard deviation of regression for this equation can be calculated as a function
of temperature with the following formula:

[ Y(4)]=093["/s+ (T-'—1281-")*/5,44-107"} u  J/mole *K,

From the values given above for the enthalpies of reactions (1)-(3) and the data of
Table 5, one can calculate the enthalpies of formation of the negative ions:

AH (80,7 ) =—b601.1£7.4, A, (80,7 ) =—T44.1%9.38,
AL (KSO,7) =-992.3+11.0.

Wz observe that the enthalpies of formation of K, 0a, SOz, and [K2S0,], given in the hand-
book [14], coincide with those used in the present work [4] to within 0.1 kJ/mole.

Using the enthalpies of formation of O, S, SO, SOs, S , 0, and SO (246.8, 274.8, 4.6,
—390.1, 74.4, 105.6, and —100.6 kJ/mole at 0°K [4]) and the ionic enthalpies obtained in this
work, one can calculate the energies of successive bond breaking (in kJ/mole):

D(5—0)=517, D(S—0") =481, D(S--0) =422,
EA(S0) =103, D(S0—0) =546, D(S0-07) =510,
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D (307 —0) =246, EA(S0,) = 100, D(30,.-0) =343,
D(50.—07)y =412, D30, —0) =448, EASO) =211,
D(SO.—07) =434, D(30,7—-0) =390,

In [15] an ionic model was used to examine the equilibrium geometry of potassium sul-
fate. From the potential energy function proposed in {15] and the equilibrium geometry of
K250, [4], the enthalpies of reactions (9) and (10) were calculated:

LSO =K 4HRS0, - AL =600 kJ/mole, 9)

Sl I S() 2 O __ 1A
RSO = 2K S0 AL =1448 kJ /mole. (10)

The experimental value AHo® for reaction (9) is equal to 599 kJ/mole. (The enthalpies
of formation of K350, and K¥ at 0°K are —1082.2 and 508.7 kJ/mole [4].) The agreement ob-
tained confirms the validity of regarding potassium sulfate as an fonic molecule. Now omne
can use the enthalpy of reaction (10), calculated from the ionic model, and estimate the en-
thalpy of formation of S0.*” to be AfHo® = —652 kJ/mole. The coincidence of the theoretical
and experimental values of the enthalpy AHo® of reaction (9) indicates that this estimate is
reliable.

The value obtained for the second electron affinity of SO., —92 kJ/mole, is rather
large. The corresponding value for 0 of —800 kJ/mole [16] is significantly lower.

APPENDIX 1

Calculation of Thermodynamic Functions. Table 6 shows the chosen molecular constants
for the SOs , SO0. , and KSO,~ ions, and Table 7 the calculated thermodynamic functions.

For the SOs ion the structure Csvy was chosen, R(S—0) = 0.142 nm and 2080 = 110°. This
choice was based on a theoretical analysis of the structure of XY¥; molecules [17] and_experi-
mental data for the SOa., CCl,, and SiCls molecules [18). The frequencies for the SOs ion
were estimated on the basis of the trends of frequencies in the SO, CFs, NFs, and Cl0, mol-
ecules [18].

In removing one electron from the 80,2~ anion, i.e., on going to S0, , an orbital de-
generacy appears which must lead to a distortion of the tetrahedral structure. The authors

TABLE 6. Molecular Constants of SOs , s0.”, and KSO,

Quan- I,Iglc,
fon [ity &8 Al(f'"c vy \ vy \ v, \ Ve Vs \ AY v:
g? -cmf
50;5- Cav 2 1130 1000 | 610 | 1187(2) 504(2)
50,- Cay 2 3590 1056 | 839 534 1178(2) [604(2)|369(2)
1 48 700 1099 | 962 609 320 230 460 1099

KSO.—*| Co

#v,=609, vg—=862, vip=1126, v, =640, v;:=262.

TABLE 7. Calculated Thermodynamic Quantities

Ion
805~ \ 80~ | KSO«~ .
K Hgy--HY. kI/mole
11,7 | 13.4 | 17.3
—(G,*—H /T, ]/mole - K
208,15 229,0 238,9 2675
400 2411 2531 - 285,5
600 260,0 276,2 3152
800 2753 295,3 3395 :
1000 288,2 312,6 360,2 K
1200 299.4 3258 3781
1400 3093 338.5 3940
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propose that the SO, ion will take the Csy structure (like the isocelectronic molecule SO,F).
However, the product of the principal energy moments was calculated for a tetrahedral struc-
ture with R(5—0) = 0.147 nm (as in K3S0.,). The normal vibrational frequencies of SO, were
taken equal to those of the isoelectronic molecule SO,F {18].

For KSOA_, the C,v structure was chosen with the assumption that the internuclear dis- |
tance is the same as in potassium sulfate: R(S—0) = 0.147 nm, R(K—0) = 0.245 nm, . 0S0 =
109.47° [4). The frequencies of the normal modes of vibration were taken equal to those of
potassium sulfate [4], except for the three low frequencies associated with vibrations of ;

the kt ion.

To calculate the errors in the thermodynamic functions, the error in the product of the
principal energy moments was estimated (15, 25, and 30% for S0s , SO, , and KSO. ), and the
errors in all the frequencies were taken as Av = 100 cm™', except for vs and via (Av = 50
cri~!) and ve (Av = 20 em~?) in KSO,~. The error in the harmonic oscillator—rigid rotator ap-
proximation was estimated the same as in [4] (5% of the vibrational component o7°). As a re-
sult, the error in determining ¢T° at 1200°K was estimatedas 3.7, 6.0, and 7.8 kJ/molee* °K for
the 805~, S0.,”, and KSO,~ 1lons, respectively.

APPENDIX 2

Calculation of the Composition of the Gaseous Phase on the Evaporation of K;50.. Potas-
sium sulfate evaporates congruently [4, 14, 19]. Under conditions of effusion, this means
that the composition of the condensed phase does not change. Consequently, the composition
of the beam flowing out of the effusion chamber must be equal to that of the condensed

. tot ot K 1ot t
phase. One can write px =po =2ps . Here pto denotes the full current of the element in

all its forms. The main components of the vapor are K280., SOz, Oa, and K. The content of
the remaining components is several orders of magnitude lower. Then

tot ot .
pK =px+2pKs0, POy =Pt Psost2PKS06 {

tot
Ps = Pso:t PK:SOw

where o is the current of molecules flowing out of the effusion camera per unit time through
unit area. Th7 current p is related to the partial pressure by the Hertz—Knudsen equation
p = p(2mRMT)"*/?. After transforming, we obtain

P(02) M(0,)~"=p (SO:) M{SO:)~"="/op (K)M (K)~"

Now we can use the equilibrium constant of reaction (11), which was calculated on the
basis of data in the handbook [4]:

[K:80:)=2K+0,+80.. Kp(11) =p(K)2p(50:)p (02). (11)

We introduce the partial pressures calculated at T = 1300°K (in Pa): p(KaS0,) = 0.59, p(K) =
0.18, p(0z) = 0.082, and p(SO;) = 0.12.

We calculate the error in the determination of the pressure. The error A[AH° (11)] =
0.73 kJ/mole and A[A®T®°(11)] = 1.6 J/mole*°K (see Table 5). This leads to the magnitude of
the error in the pressure of oxygen of 10%, or to the error in the quantity A[R 1n p(0z)] of
0.6 J/moles°K. .
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CALCULATION OF THE STRUCTURE AND THERMODYNAMIC PROPERTIES
OF LIQUID RARE-EARTH METALS

A. I. Kiselev and V, I. Kononenko UDC 536.753:546.65

The Mansouri—Canfield variational method and the pseudopotential method (Ash-
croft model pseudopotential) were used to calculate the structure and thermo-
dynamic properties of La, Ce, Pr, Nd, and Sm. Structural parameters near the
welting point and the Ashcroft pseudopotential parameter were self-consistent-
ly calculated with the use of the condition of minimum free energy and with
agreement of the theoretical and empirical values of electrical resistance.

The positions of the first two maximums of the structure factor were calculated.
Satisfactory agreement was obtained between calculated and empirical results.

The appearance of thermodynamic perturbation theories was accompanied by the elaboration
of methods to calculate the structure and thermodynamic properties of liquid metals and al-
loys. A hard-sphere liquid is chosen as the comparison system in these theories, and the
difference between the actual and hard-sphere potential is regarded as a perturbation.

We will represent the complete interaction potential ¢ in the form [1]

O=0,+0,, (1)

where ¢, ic the hard-sphere potential, ¢, is the potential corresponding to the perturbation.
Here, the Helmholtz free energy of the liquid metal F satisfies the Gibbs—Bogolyubov inequal-
ity

F<F, A0, (2)

where Fo is the free energy of a system of hard spheres; <¢;>, is the configurational averag-
ing of the perturbing potential for the hard-sphere system.
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