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a b s t r a c t

Vaporization studies on elemental tellurium and selenium were conducted by Knudsen effusion mass

spectrometry in the temperature range of 590–690 K and 380–480 K, respectively.

The ionic species Tei
+ (i = 1–7) and Seþi (g) (i = 1–9) were detected in the mass spectra over these two

condensed phases. Measurement of ion intensities were performed as a function of electron impact

energy and as a function of temperature (at different electron impact energies) for identifying the gaseous

precursor species as well as for determining the partial pressure–temperature relations and sublimation

enthalpies for these species. While the major species over elemental tellurium was confirmed to be Te2(g)

(with all other gaseous species Te3–Te7 put together constituting less than 5%), the major species over

elemental selenium was found to be Se6(g), closely followed by Se5(g) (with other gaseous species

Se2–Se4 and Se7–Se9 put together also moderately constituting �25%). From the partial pressures, the

thermodynamic data for the sublimation reactions i Te(s) = Tei(g) and i Se(s) = Sei(g) were deduced by

second- and third-law methods. The atomization enthalpies of tellurium and selenium clusters were also

deduced by using the recommended enthalpies of formation of monomeric species. Comparison of the

findings obtained in the present study with those in previous studies revealed general agreement with

regard to major species Te2(g) and Se6(g), but still some differences to be resolved with regard to minor

species in both systems.

� 2014 Published by Elsevier B.V.

1. Introduction

The study of vaporization of elemental tellurium was first ta-

ken up by us in 1984 as a prelude to measurements on binary

metal-tellurium systems [1–4], which are of relevance to Fuel

Cladding Chemical Interactions [5] in mixed-oxide fueled fast

breeder nuclear reactors. Dimeric tellurium species, Te2(g), was

the major gaseous species identified over elemental tellurium

[6] and also over many M-Te systems [4], and thus, measurement

on elemental tellurium served the purpose of pressure calibration

in most of our Knudsen effusion mass spectrometric measure-

ments (KEMS) on M-Te systems. However, the fact that the other

gaseous species Tei(g) (i = 3–7) also are present in the equilibrium

vapor phase over Te(s) enthused us to conduct a very detailed

KEMS investigation of elemental tellurium, a volatile and reactive

element generated during fission in nuclear reactors. Having

known that the fellow chalcogen selenium, another element of

interest to nuclear industry [7], also forms clusters in the vapor

phase with Se6 as the major species, we were motivated to under-

take a similar detailed KEMS investigation on solid selenium also.

A survey of literature, including the recent comprehensive book

on selenium [7], reveals that for both systems, there still exists

only one study each on solid phases, that covers a reasonably

large temperature range. This acted as an incentive for us to pres-

ent now the results of our extensive measurements performed on

solid tellurium and selenium long time ago (during 1984-85; at

high and low electron energies), but after evaluating the selenium

results with the new thermal functions deduced from the most

recent compilation [7]. Furthermore, the only previous report of

these measurements are just as part of a Ph.D thesis (work on tel-

lurium) [8] or as a presentation in an international meeting as a

brief two page extended abstract (work on both tellurium and

selenium) [9]. Additional motivating factor for this article is that

since only a small number of laboratories presently use KEMS

[10], an investigation of the type conducted by us (on tellurium

and selenium clusters) is best reported now so that it could revive

interest in such studies, which have been more in vogue until

twenty years ago.
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The information on elemental tellurium and selenium has been

reviewed by Mills [11] and by Grønvold et al. in 1994 [12]. The

information on elemental selenium has been reviewed as recently

as in 2005 [7]. From these reviews, one infers that the simulta-

neous mass-loss and torsion effusion measurements by Niwa and

Sibata [13] gave the first indication that Te2(g) is the principal va-

por species over tellurium and that Se6 and also Se5 both qualify to

be the principal vapor species over selenium [14]. Since torsion

effusion results are not affected by the nature of the vapor species,

we have used in the present study the total vapor pressure ob-

tained by Niwa and Sibata [13,14] along with the ion intensities

measured by us to deduce pressure calibration constants in situ

in each run.

The above-mentioned reviews [11,12] also refer to many kind of

vaporization studies, but in this paper, we will restrict the refer-

ence to mainly the KEMS studies.

In the case of tellurium, the investigation by Neubert [15] is by

far the most complete mass spectrometric work reported yet. With

the exception of Te+, all the ions identified in the mass spectra Tei
+

(i = 1–7) were treated as parent ions and the partial pressures of

Tei(g) (i = 2–7) were computed from the ion intensities measured

at a small but equal electron energy (3 eV) above the respective

appearance energies of the ions. The authors employed external

pressure calibration procedure (using silver or lead) to deduce

p–T relations in the temperature range of 600–720 K. The present

study, as mentioned already, seeks to use total vapor pressure ob-

tained in the torsion effusion investigation for pressure calibration.

Furthermore, it also seeks to measure ion intensities at a constant

high electron energy of 44 eV (past the maximum in the ionization

efficiency) as well as at low electron energies, varying from 9.6 to

11.3 eV for different ions. While in the case of major vapor species

p(Te2), our value was �50% higher than Neubert’s, the disagree-

ment in the values of partial pressures of other species was much

higher, by a factor of 2–5. That the most likely reason for this dis-

crepancy could be the difference in pressure calibration procedures

and that in the values ionization cross sections is what one would

infer from the considerable decrease in disagreement seen be-

tween the equilibrium constants for homogeneous gas phase reac-

tions. These aspects will be discussed in more detail in this paper.

In the case of selenium, there are at least four studies to our

knowledge which exist for solid phase. Goldfinger and Jeune-

homme [16] performed mass spectrometric measurements on

coarsely squashed crystals taken in graphite crucibles in the tem-

perature range of 450–510 K. They did not give relative composi-

tions, but inferred that species Sei(g) (i = 2–8) are present in the

vapor phase with Se7 and Se8 being in the order of 10%, and species

lower than hexa-atomic (Se6) being of the same order of magni-

tude (so as to yield mean molecular weight equivalent to that of

hexamer). Fujisaki et al. [17] performed measurements in the tem-

perature range 375–460 K at 40 eV. Their special arrangement for

ionization was that the ionizing electron beam passed through

the vapor inside the effusion cell instead of the conventional

arrangement that electron beam crosses the vapor species after

they effuse out of the Knudsen cell. This apparatus, however, did

not allow measurement of absolute partial pressures, but only

the relative abundances of species Sei(g) (i = 5–9) with respect to

Se6(g). According to these authors, the ions Seþi (i = 1–4) are formed

solely due to fragmentation of Se6(g). Almost at the same time,

Berkowitz and Chupka [18] also performed measurements on ele-

mental selenium as well as on selenides of Sr, Cd, and Hg. They em-

ployed both free and Knudsen cell vaporization in addition to a

variant of what the authors term as ‘double oven approach’ (for

HgSe). These authors sought to use the information on various

gas phase equilibria over the selenides to eventually deduce the

partial pressures of 5 gaseous species, Sei (i = 2 and 5–8) at

T = 469 K. The contributions are in the order: Se8 < Se2 < Se7 < Se5
6 Se6. Grimley et al. [19] used angular distribution mass spectrom-

etry to identify 6 gaseous species Sei (i = 2 and 4–8) and by combin-

ing with second-law ion intensity measurements, deduced the

mole fractions of these species at T = 483 K. The contributions are

in the order: Se8 < Se4 < Se2 < Se7 � Se6 6 Se5. Huang et al. [20]

performed vacuum balance rate of mass-loss measurements using

Knudsen and Langmuir crucibles in the temperature range cover-

ing both solid and molten selenium. However, since their mass

spectrometric measurements, again with both Knudsen and Lang-

muir crucibles, corresponded to molten selenium (in a narrow

temperature range), they combined the mass-loss and mass

spectrometric data only for molten selenium and reported partial

pressures of 7 gaseous species Sei (i = 2–8) only for molten selenium

at T = 500 K. The contributions are in the order: Se8 < Se2 � Se3 <

Se4 < Se7 < Se5 6 Se6. Yamdagni and Porter [20] used single and

double-oven type Knudsen effusion cells in their mass spectromet-

ric measurements to study molten selenium. Though they did not

give any relative compositions, they concluded that the vapor

phase contains 5 gaseous species, Sei (i = 2, 5–8). They also per-

formed simultaneous mass-loss torsion effusion measurements,
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Fig. 1. Ionization efficiency curves for ions Tei
+ (i = 1–7).
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the results from which enabled them to state that the mean molec-

ularity of the vapor species is between 5 and 6. That is, both Se6
and Se5 could be of comparable abundance. The present study

was conducted in the temperature range of 390–490 K, and pres-

sure calibration again was sought to be performed by using torsion

effusion total pressure data. Three series of measurements are per-

formed: (1) at high electron energy of 44 eV; (2) at low electron en-

ergy of 13.2 eV; and (3) at still lower, but not all at same electron

energy for all species. These measurements revealed a good picture

of fragmentation effects for Se2
+. In general, there is reasonable con-

sistency amongst different mass spectrometric results, considering

the complexity of the vapor phase. These aspects will be described

in this paper.

Besides p–T relations, we also seek to report sublimation reac-

tion enthalpies for Tei(g) and Sei(g) as well as atomization enthal-

pies of these species. Where possible, comparisons with previously

reported results are made.

2. Experimental

The vaporization experiments presented in this paper were performed essen-

tially with the same Knudsen effusion mass spectrometer (VG micromass 30 BK,

U.K) that has been described in detail in our recent papers [22,4] except that the

present study corresponded to the time when some of the operations were to be

performed manually and not through computer. Knudsen cells having a knife edged

orifice of �0.5 mm diameter were used to contain the samples of powders of tellu-

rium (Koch-Light Laboratories, U.K., purity: >99.7 mass%) and selenium (Leico

industries, U.S.A., purity: 99.999%). The Knudsen cell was placed inside a cylindrical

outer cup made of tantalum and closed with a tight fitting lid made of tungsten hav-

ing a 3 mm diameter circular hole, collinear with the Knudsen cell orifice. The outer

cup having three equidistant holes at its base (diameter: 2 mm and depth 6 mm)

was slipped into three ‘supporting rods’, one of which was a stainless steel sheathed

chromel-to-alumel thermocouple, employed for measurement of temperature.

Heating of the ‘Knudsen cell furnace’ was effected by radiation from two indepen-

dent tungsten filaments encircling it. During the time of these measurements

(1984–85), the temperature regulation was achievable only in power control mode,

with manual adjustment of power required to be done at times whenever the tem-

perature went beyond ±1 �C (that is beyond ±0.04 mV of the targeted thermocouple

output). Ionization of the molecular beam effusing out of the Knudsen cell was ef-

fected by electron-impact, the emission current of electrons maintained at 50 or

100 lA. To cover the mass range up to Te7
+ (m/z of the most abundant isotope = 896)

and Se9
+ (m/z of the most abundant isotope = 712), the ion-acceleration voltage was

kept at 3 kV. The mass separation of ions was effected by a 30.5 cm radius magnetic

analyzer with 90� sector angle, while the ion intensities were measured by a sec-

ondary electron multiplier, the first dynode of which was kept at 2.5 or 3 kV. A

‘molecular beam shutter’, which provides the means of deducing the net ion inten-

sities arising from the ionization of vapor species that effused out from within the

Knudsen cell was being operated manually at the time of these measurements.

The thermocouple calibration was performed against the melting temperature

of silver while the calibration of the ionizing electron energy scale was performed

by determining the apparent appearance energies (AE) for In+, Hg+, Ag+, Ar+ and

He+ and by ascertaining the linear relationship between AE and the known first ion-

ization energies (IE) [23]. The ionization efficiency measurements for the ions ob-

served in the mass spectrum of vapor over Te(s) and Se(s) were performed by

maintaining the temperature constant at �690 K and �480 K, respectively. Our

usual procedure was to measure ion-intensities by decreasing the electron energy

from 70 eV, at larger intervals of 2–5 eV up to �35 eV and at closer intervals of

0.4 eV in the region below the ion-intensity maximum. This permitted us to deduce

not only appearance energies (by linear extrapolation method) but also the energies

where dissociative ionization (that is, fragmentation) would be minimum. Mea-

surements of ion-intensities as a function of temperature were done subsequently.

Ion intensities used for calculation of partial pressures were those measured after at

least one hour of reaching the first temperature (usually the highest temperature)

and 20 min of reaching subsequent lower temperatures. At the end of each run,

the sample was taken to the highest temperature once again in order to ascertain

that the sensitivity of the mass spectrometer remained constant through out the

run. In each run, the focusing parameters and the Knudsen alignment (the position

of the Knudsen cell orifice with respect to the ion source entrance slit) were first

optimized to obtain maximum ion intensity for the most abundant ion, Te2
+ for

Te(s) and Se6
+ for Se(s). As mentioned in the introduction, two series of temperature

dependence measurements (590–690 K) were conducted on elemental tellurium,

each series consisting of three runs, the first series at a constant electron energy

of 44 eV and the second series at low electron energies, value for each ion being less

than 2.5 eV above appearance energy, and selected after examining the respective

ionization efficiency curve. In the case of selenium, three series of temperature

dependence measurements were conducted (380–480 K), again, each series consist-

ing of three runs. The first series of runs were conducted at 44 eV, the second series

at 13.2 eV, and the third series at still lower electron energies, value for each ion se-

lected after examining the respective ionization efficiency curve.

3. Results and discussion

3.1. Elemental tellurium

3.1.1. Partial pressures

The ions Tei
+ (i = 1–7) were detected in the mass spectrum of

the equilibrium vapor over Te(s). They were identified by their

mass, shutter effect, and by comparison of the net intensity of peak

corresponding to each m/z with the calculated relative isotopic

abundances. Fig. 1 shows portions of the ionization efficiency

Table 1

The parameters pertinent to electron-impact ionization of Tei(g). Appearance energies

(AE) of Tei
+ and ionization cross section r ratios at E = 44 eV and E < (AE + 2.5 eV).

i AE/eV [r(Tei, 44 eV)/rmax(Te)] E/eV [r(Tei, E)/rmax(Te)]

Set-Aa Set-Bb Set-Cc Set-Dd

2 9.0 1.50 1.44 11.3 0.128 0.123

3 9.4 2.11 1.76 11.3 0.142 0.119

4 9.3 2.73 2.04 9.6 0.029 0.022

5 8.3 3.36 2.28 10.5 0.297 0.201

6 8.2 3.99 2.49 10.5 0.373 0.233

7 8.1 4.62 2.69 10.5 0.456 0.266

a Calculated according to Eq. (3), proposed and used by Neubert [15] in his

measurements of tellurium clusters at E = (AE + 3 eV).
b Calculated according to Eq. (4), proposed by Rosinger et al. [24] as being valid

for measurements at 75 eV and used by them in their measurements of sulfur

clusters at 12 eV, after multiplying by (12 eV�AE)/(75 eV�AE).
c Calculated by multiplying Set-A value by (E�AE)/(3AE).
d Calculated by multiplying Set-B value by (E�AE)/(3AE).

Table 2

Partial pressure – temperature relations for Tei(g) (i = 2–7) over Te(s). T/K = 590–

690 K. Tmean = 640 K.

i log[p(Tei)/Pa] = �[A/(T/K)] + B p(Tei)/Pa at T = 640 K

Aa Ba

Set-Ab: E = 44 eV

2 7957 ± 77 12.44 ± 0.12 1.0

3 9966 ± 121 13.64 ± 0.19 1.2 � 10�2

4 10,405 ± 164 13.23 ± 0.26 9.3 � 10�4

5 9830 ± 362 13.67 ± 0.57 2.0 � 10�2

6 10,150 ± 428 12.67 ± 0.68 6.4 � 10�4

7 11,181 ± 704 13.03 ± 1.10 3.7 � 10�5

Set-Bc: E = 44 eV

2 7958 ± 77 12.44 ± 0.12 1.0

3 9967 ± 122 13.70 ± 0.19 1.3 � 10�2

4 10,406 ± 164 13.33 ± 0.26 1.2 � 10�3

5 9831 ± 361 13.81 ± 0.57 2.8 � 10�2

6 10,151 ± 428 12.85 ± 0.68 9.8 � 10�4

7 11,182 ± 703 13.25 ± 1.10 6.0 � 10�5

Set-Cd: E < (AE + 2.5 eV)

2 7782 ± 84 12.16 ± 0.13 1.0

3 9364 ± 119 12.95 ± 0.19 2.1 � 10�2

4 10,443 ± 116 13.21 ± 0.18 7.9 � 10�4

5 9493 ± 116 13.08 ± 0.18 1.8 � 10�2

6 10,110 ± 143 12.55 ± 0.22 5.6 � 10�4

7 11,538 ± 178 13.57 ± 0.28 3.5 � 10�5

Set-De: E < (AE + 2.5 eV)

2 7781 ± 84 12.16 ± 0.13 1.0

3 9363 ± 119 13.00 ± 0.19 2.4 � 10�2

4 10,442 ± 116 13.32 ± 0.18 1.0 � 10�3

5 9492 ± 116 13.22 ± 0.18 2.5 � 10�2

6 10,109 ± 143 12.73 ± 0.22 8.6 � 10�4

7 11,537 ± 178 13.78 ± 0.28 5.6 � 10�5

a Uncertainties quoted are standard deviations.
b Deduced with Set-A r ratios given in Table 1.
c Deduced with Set-B r ratios given in Table 1.
d Deduced with Set-C r ratios given in Table 1.
e Deduced with Set-D r ratios given in Table 1.
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curves from which the appearance energies (AE) for each ion was

determined. The estimated error on AE values is ±0.5 eV. For each

ion, the maximum intensity was observable at an electron energy,

Emax, close to 4 times the respective AE. The AE of Te+ (12.2 eV) was

much higher than the known ionization energy of Te(g) (9.01 eV

[23]) indicating that Te+ was formed only by dissociative ioniza-

tion. The low AE values of other ions were taken to indicate that

they were all generated by simple ionization, especially at

E < (AE + 2.5 eV). A constant value of I(Te+)/I(Te2
+) was obtained at

44 eV at all temperatures, an observation taken to infer that the

main contributor to I(Te+) was Te2(g).

The partial pressures, p(Tei), of the neutral species, Tei (i = 2–7)

at any temperature, T, were derived from the ion intensities, I(Tei
+),

measured at that temperature and by employing the following

relation:

pðTeiÞ ¼ k � IðTeþi Þ � T= ½rðTei; EÞ=rmaxðTeÞ� � gðTe
þ
i Þ � cðTe

þ
i Þ

� �

ð1Þ

where k is the pressure calibration constant,r(Tei, E) is the ionization
cross section of the species, Tei, at electron energy E, rmax(Te) is the

maximum ionization cross section for Te, c(Tei
+) is the relative elec-

tron multiplier response, and g(Tei
+) is the relative abundance of the

isotopemeasured.While c(Tei
+)was assumed to be inversely propor-

tional to square root of the mass number of the ion whose intensity

was measured, g(Tei
+) was calculated from the isotopic distribution

for Te. The pressure calibration constant k was computed for each

temperature of measurement by employing the total pressure

Ptot given by Niwa and Sibata [13] and the following relation:

Ptot ¼
X

pðTeiÞ¼ k �
X

ðIðTeþi Þ �T= ½rðTei;EÞ=rmaxðTeÞ� �gðTe
þ
i Þ �cðTe

þ
i Þ

� �

Þ

ð2Þ

The mean value of k for each run was calculated and used sub-

sequently to compute the partial pressures according to Eq. (1).

Following empirical relations were considered for deducing Ri,

the ratio [r(Tei)/r(Te)] valid for EP Emax:

Ri ðat E 	 EmaxÞ ¼ ½rðTeiÞ=rðTeÞ� ¼ i 1� ½ði� 1Þ=i�
i

n o

ð3Þ

Ri ðat E 	 EmaxÞ ¼ ½rðTeiÞ=rðTeÞ� ¼ 1:44ði=2Þ
1=2

ð4Þ

While Eq. (3) is the simplified form of the relation used by Neu-

bert [15] in his study of tellurium clusters, Eq. (4) is of the form

used by Rosinger et al. [24] in their study of sulfur clusters. Since

Emax for all ions were less than 44 eV, the ratios deduced by using

Eqs. (3) and (4) were directly used for measurements at 44 eV. In

the case of measurements at low electron energies, the values of

Ri were modified by using the following approximation suggested

by Drowart [25]:

Ri ðat E 
 EmaxÞ ¼ Ri ðat E 	 EmaxÞ � ½ðE� AEÞ=ðEmax � AEÞ�i ð5Þ

The idea of using [r(Tei, E)/rmax(Te)] in Eqs. (1) and (2) and of

deducing it through equations of type 3–5 is that absolute values

of r(Tei, E) or rmax(Te) are not required to be used. Since Emax for

each ion was �4AE, Eq. (5) got reduced to:

Ri ðat E 
 EmaxÞ ¼ Ri ðat E 	 EmaxÞ � ½ðE� AEÞ=ð3 � AEÞ�i ð6Þ

Table 1 gives the values of AE obtained by us and the values of Ri

deduced in accordance with the above description. For the sake of

clarity, the values of Ri have been designated as Set-A and Set-B

(44 eV) and as Set-C and Set-D (low eV). The Ri values of Set-A

are relatively higher than those of Set-B, and similarly the Ri values

of Set-C are relatively higher than those of Set-D. Table 2 gives the

least-squares-fitted partial pressure–temperature relations and the

values of p(Tei) at the mid-temperature, 640 K, of the investigation.

Comparison of p(Tei)s obtained in Set-A and Set-C or of those ob-

tained in Set-B and Set-D will reveal that the p(Tei)s deduced from

measurements at 44 eV and at low electron energies agree

Table 3

Comparison of partial pressures and mole fractions of Tei(g) obtained in this study with those reported previously by Neubert [15].

i p(Tei) at T = 640 K x(Tei) = p(Tei)/p(Tei) at T = 640 K

Present studya Neubertc Present study Neubert

Set-A Set-B Set-C Set-Db Set-A Set-B Set-C Set-Db

2 1.0 1.0 1.0 1.0 0.67 0.97 0.96 0.96 0.95 0.98

3 1.2 � 10�2 1.3 � 10�2 2.1 � 10�2 2.4 � 10�2 6.0 � 10�3 1.1 � 10�2 1.3 � 10�2 2.0 � 10�2 2.3 � 10�2 8.8 � 10�3

4 9.3 � 10�4 1.2 � 10�3 7.9 � 10�4 1.0 � 10�3 1.9 � 10�4 8.8 � 10�4 1.1 � 10�3 7.6 � 10�4 9.6 � 10�4 2.7 � 10�4

5 2.0 � 10�2 2.8 � 10�2 1.8 � 10�2 2.5 � 10�2 7.0 � 10�3 1.9 � 10�2 2.7 � 10�2 1.7 � 10�2 2.4 � 10�2 1.0 � 10�2

6 6.4 � 10�4 9.8 � 10�4 5.6 � 10�4 8.6 � 10�4 1.6 � 10�4 6.1 � 10�4 9.3 � 10�4 5.4 � 10�4 8.2 � 10�4 2.3 � 10�4

7 3.7 � 10�5 6.0 � 10�5 3.5 � 10�5 5.6 � 10�5 1.6 � 10�5 3.5 � 10�5 5.6 � 10�5 3.3 � 10�5 5.4 � 10�5 2.3 � 10�5

P

p(Tei) 1.1 1.1 1.0 1.0 0.68

a Reproduced from Table 2.
b Recommended in the present study. Measurements at E < (AE + 2.5 eV).
c Deduced from the p–T relations given in the paper.

Table 4

Comparison of equilibrium constants for reactions Tei(g) = (i/2) Te2(g) (i = 3–7) at

T = 640 K. p� = 101,325 Pa.

i K� = [p(Te2)/p�]
i/2/[p(Tei)/p�]

This study Neubert [15]

3 1.3 � 10�1 2.9 � 10�1

4 9.8 � 10�3 2.4 � 10�2

5 1.2 � 10�6 1.6 � 10�6

6 1.1 � 10�7 1.9 � 10�7

7 5.4 � 10�9 4.8 � 10�9

Table 5

Comparison of second- and third-law enthalpies for sublimation reactions,

iTe(s) = Tei(g).

i DsubHm�(Tei(g), 298.15 K)

Present study Neubert [15]

Second-

lawa

Third-lawa Recommendedb Second-

lawb

Third-

lawb

2c 156.6 ± 1.6 161.7 ± 0.5 163.6 ± 4 162.8 ± 4

2d 154.6 ± 1.6 161.9 ± 0.5 158.0 ± 6.6 161.1 ± 4 164.0 ± 4

3e 190.5 ± 2.3 197.1 ± 0.9 193.8 ± 7.5 207.1 ± 10 203.3 ± 6

4e 214.3 ± 2.2 227.6 ± 1.0 221.0 ± 11.6 214.6 ± 8 235.6 ± 2

5e 199.7 ± 2.2 185.6 ± 2.5 192.7 ± 12.8 207.1 ± 8 190.4 ± 8

6e 214.3 ± 2.7 207.9 ± 2.5 211.1 ± 10.3 236.8 ± 10 213.4 ± 8

7e 244.7 ± 3.4 228.2 ± 3.3 236.5 ± 15.9 223.8 ± 25 231.4 ± 8

a Errors quoted are standard deviations.
b Errors quoted are estimated values (presumably in the case of Neubert also).
c Auxiliary thermodynamic functions given by Mills [11] used.
d Auxiliary thermodynamic functions given by Grønvold et al. [12] used.
e Auxiliary thermodynamic functions estimated by Neubert [15] used.
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Table 6

Auxiliary thermodynamic functions used for the sublimation reactions, iTe(s) = Tei(g).

i Dr[Hm�(T)–Hm�(298.15 K)]a(kJ mol�1) Dr{[Gm�(T)–Hm�(298.15 K)]/T}b(J mol�1 K�1)

at T = 650 K at T = 600 K at T = 700 K

2c �7.6 �156.3 �154.5

2d �5.0 �157.5 �156.3

3e �11.3 �184.9 �176.0

4e �14.4 �207.3 �195.6

5e �18.0 �169.6 �155.4

6e �20.8 �177.7 �160.9

7e �23.8 �187.9 �168.7

a Enthalpy increments employed to convert second-law DrHm�(Tmean/K) to DrHm�(298.15 K). DrHm�(Tmean/K) was computed from the slope of the log(p) vs. 1/T relations.
b Gibbs free energy functions employed to deduce third-law DrHm�(298.15 K).
c Data from Mills [11].
d Data from Grønvold et al. [12].
e Estimated by Neubert [15].
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Fig. 2. Ionization efficiency curves for ions Seþi (i = 1–9).
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reasonably well with each other, especially if one considers that no

fragmentation correction was applied for measurements at 44 eV.

This observation could be taken to indicate the reliability of our

measurements and the mutual compatibility of ion intensities with

the relations employed to deduce ionization cross section ratio

Ri. The uncertainties in the coefficients of the p–T relations in

Set-C and Set-D are either the same or lower than for Set-A and

Set-B, which is taken to indicate good electron energy control of

the ion-source, so very important for measurements at low elec-

tron energy.

Table 3 compares the p(Tei)s determined in this study with

those deducible from the p–T relation given by Neubert [15]. The

mole fractions deduced from the p(Tei)s are also given in the same

table. Qualitatively, the findings of the two studies are consistent:

(1) that the vapor phase is almost wholly due to Te2(g); and (2)

that the relative abundances of minor species decrease in the fol-

lowing order: (Te3 � Te5) > (Te4 � Te6) > Te7. Meaningful quantita-

tive comparison of partial pressures from this study with those

from Neubert are with Set-A and Set-C values, since they have a

common basis of computation of ionization cross sections. It is

readily seen that the p(Tei)s obtained in the present study are high-

er than those reported by Neubert – by about 50% for the predom-

inant vapor species, Te2(g) (mole fraction of which is �0.95) and by

a factor of 2–5 for the other minor species. Since the discrepancy is

not uniform for all vapor species, we believe that besides the differ-

ence in pressure calibration procedures employed in the two stud-

ies, neglect of the term [(Emax � AE)]i by Neubert, and some

unknown factor (associated with measurements at electron ener-

gies that lie in the steep rising linear portion of ionization effi-

ciency curves) could be the reason. That in the present study the

p(Tei)s at 44 eV and low electron energy agree reasonably well

leads us to believe that our results are more reliable. We, however,

seek to recommend Set-D values in the present study based on the

reasoning that (1) the empirical relation (4) yields ionization cross

section ratios in accord with those selected by Drowart [26] for sul-

fur clusters or selenium clusters: r(S8)/r(S) = 2 and r(Se6)/
r(Se) = 2; (2) Set-B and Set-D values agreeing reasonably well,

uncertainties associated with fragmentation are likely to be mini-

mal in measurements at low eV (that is in Set-D). An uncertainty

of 20% was assumed in the value of total vapor pressure used for

pressure calibration. Accordingly, uncertainty in recommended

p(Te2) was estimated as 20%, and the uncertainty in partial pres-

sures of minor species could be higher, even to an extent of a factor

of 2, in view of their very low abundances and approximations in-

volved in the ionization cross sections.

It is gratifying to note that the p(Te2) deduced in the present

study (using the total vapor pressure value of Niwa and Sibata

for pressure calibration) is in excellent agreement with the results

of Langmuir free sublimation experiment by Korneeva et al. [27].

The apparent p(Te2) at T = 640 K deducible from the p–T relation

given by Korneeva et al. is 1.0 Pa, and the corrected p(Te2) is

�0.95 Pa. We sought to deduce equilibrium constants for the fol-

lowing gas-phase reactions:

Table 7

Comparison of Mass spectra, 100 � [I(Sei
+)/I(Se2

+)], obtained in this work with those by others.

i This worka Fujisaki et al. [17] Goldfinger and Jeunehomme

[16]

Grimley et al. [19] Berkowitz and Chupka [18] Yamdagni and Porter [21]

Low eV 13.2 eV 44 eV 40 eV 70 eV 18 eV 75 eV 75 eV

T = 480 K T = 448 K Se T = 473 K HgSe T = 484 K T = 483 K T = 544 K T = 600 K

1 0.04 0.11 14.2 21.5 16.3 20.3 1.7 34.9 19.5

2 100 100 100 100 100 100 100 100 100

3 86.3 68.3 53.4 50.9 45.6 32.8 71.9 31.2 23.2

4 190 126 56.7 68.7 86.1 67.0 64.9 16.4 14.4

5 983 733 185 129 154.8 82.5 117.3 31.7 37.7

6 1809 1396 319 306.7 396.8 525 189.8 36.3 41.3

7 393 451 84.4 70.6 52.0 80 46.7 11.5 15.4

8 63.2 81.0 15.0 14.4 9.4 25 8.2 1.9 2.1

9 1.46 0.99 0.16 0.1 – – – – –

a I(Se2
+) at 44 eV is 13.2 times that at 13.2 eV and 37.8 times that at low electron energy.

Table 8

Partial pressure – temperature relationsa for Sei(g) (i = 2–9) deduced by combining

the results from three runs over Se(s).

i No. of points Temperature range log[p(Sei)/Pa] = A/(T/K) + B

T1/K T2/K �A B

Series 1a: Measurements at low electron energies Ei/eV 6 (AEi + 1.2)

2 23 400 480 7555 ± 146 13.72 ± 0.33

3 26 400 480 7608 ± 88 13.77 ± 0.20

4 26 400 480 7341 ± 62 13.88 ± 0.14

5 32 380 480 7964 ± 54 15.53 ± 0.13

6 33 380 480 7277 ± 62 14.38 ± 0.15

7 27 390 480 8045 ± 62 15.28 ± 0.14

8 23 410 480 7901 ± 83 14.19 ± 0.19

9 12 450 480 8196 ± 704 12.94 ± 1.5

Series 2; Set-1b: Measurements at 13.2 eV

2 21 410 480 7680 ± 116 14.23 ± 0.26

3 28 390 480 7818 ± 70 14.41 ± 0.16

4 31 380 480 7323 ± 52 13.70 ± 0.10

5 33 380 480 7897 ± 64 15.39 ± 0.15

6 33 380 480 7348 ± 47 14.51 ± 0.11

7 30 380 480 8093 ± 76 15.41 ± 0.18

8 23 400 480 8213 ± 99 14.91 ± 0.22

9 11 440 480 9214 ± 574 15.17 ± 1.2

Series 2; Set-2c: Measurements at 13.2 eV

2 21 410 480 7676 ± 116 14.27 ± 0.26

3 28 390 480 7817 ± 71 14.32 ± 0.16

4 31 380 480 7323 ± 52 13.49 ± 0.12

5 33 380 480 7897 ± 64 15.40 ± 0.15

6 33 380 480 7348 ± 47 14.51 ± 0.11

7 30 380 480 8093 ± 75 15.54 ± 0.18

8 23 400 480 8213 ± 99 15.01 ± 0.22

9 11 440 480 9205 ± 574 15.17 ± 1.24

Series 3c: Measurements at 44 eV

2 28 390 480 7432 ± 66 14.25 ± 0.15

3 32 380 480 7689 ± 73 14.45 ± 0.17

4 32 380 480 7184 ± 51 13.37 ± 0.12

5 32 380 480 7905 ± 59 15.32 ± 0.14

6 33 380 480 7300 ± 44 14.26 ± 0.10

7 30 390 480 7969 ± 50 15.06 ± 0.12

8 26 410 480 8083 ± 77 14.51 ± 0.18

9 12 430 480 9528 ± 1492 15.44 ± 3.2

a Computed by using r(Sei)/r(Se) = [1.44 (i/2)1/2] [(Ei�AEi)/(Ei,max�AEi)]; Ei,max = 4

AEi.
b Computed by using r(Sei)/r(Se) according to the equation given above but with

Ei = 13.2.
c Computed by using r(Sei)/r(Se) = 1.44 (i/2)1/2.
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TeiðgÞ ¼ ði=2ÞTe2ðgÞ ð7Þ

Table 4 gives the results deduced from our recommended

p(Tei)s at T = 640 K and those from Neubert also. There is reason-

ably good agreement between the two studies, unlike in p(Tei)s.

It might be that different kinds of errors including the random ones

combine in such a way that overall discrepancy has got reduced to

within a factor of 2. The value of K� recommended by Mills [11]

(9.3 � 10�7 for i = 5) is very close to the value obtained in the pres-

ent study.

3.1.2. Sublimation enthalpies

The standard molar enthalpies for the following reactions were

evaluated by second- and third-law methods:

iTeðsÞ ¼ TeiðgÞ ð8Þ

where i = 2–7. Table 5 gives the results. Having recommended Set-D

partial pressures, only the enthalpy values corresponding to Set-D

partial pressures are given. The values from Set-A, Set-B, and Set-

C partial pressures were also very close to these values. The sec-

ond-law enthalpy value at Tmean = 640 K was deduced from the coef-

ficient A in the recommended p–T relation and converted to

T = 298 K. The third-law enthalpy given in Table 5 is the mean of

third-law values deduced from p(Tei) at each temperature. The rec-

ommended enthalpy value at T = 298 K is the mean of second- and

third-law values. The required auxiliary thermal functions em-

ployed in second- and third-law evaluations (enthalpy increments

and Gibbs free energy functions), were taken from Grønvold et al.

[12] for i = 2 and from Neubert [15] for i = 3–7. These are given in

Table 6.

In Table 5, we have also given the values corresponding to the

study of Neubert [15] for comparison. The agreement between sec-

ond- and third-law values for i = 2 is good in both studies, but

admittedly better for Neubert’s data. The difference between the

second- and third-law values is larger than 10 kJ mol�1 for Te4,

Te5, and Te7 in the present work whereas difference of such mag-

nitude was seen for Te4, Te5, and Te6 in Neubert’s results. Consis-

tent with the fact that the partial pressures obtained in the

present study are higher, the third-law values from the present

study are slightly higher (by �2–8 kJ mol�1). The uncertainties in

recommended values of the present study were deduced by error

propagation by considering the statistical uncertainties in second-

and third-law values as well as those that would arise due to pos-

sible errors in temperatures, partial pressures, and auxiliary func-

tions (all estimated).

3.2. Elemental selenium

3.2.1. Partial pressures

The ions Seþi (i = 1–9) were detected in the mass spectrum of the

equilibrium vapor over Se(s). These ions were also identified in the

same way as were Tei
+. Fig. 2 shows portions of the ionization effi-

ciency curves from which the appearance energy (AE) for each ion

was determined. The estimated error on AE values is ±0.5 eV. Low

values of AE for all ions were taken to indicate that at low electron

energies (that is, not very far from their AEs), simple ionization of

Sei(g) (i = 1–9) would occur. The AEs of Se3
+ and Se4

+ are slightly

Table 9

Partial pressures, [p(Sei)/Pa] (i = 2–9) at Tmean = 430 K, computed from p–T relations given in Table 8.

i AEi of Se
þ
i (eV) Ei of Se

þ
i (eV) p(Sei)/Pa at Ei

a p(Sei)/Pa at 13.2 eV p(Sei)/Pa at 44 eVd

Set 1b Set 2c

2 9.4 10.6 1.41 � 10�4 2.34 � 10�4 2.62 � 10�4 9.25 � 10�4

3 10.2 11.3 1.19 � 10�4 1.69 � 10�4 1.38 � 10�4 3.70 � 10�4

4 10.8 11.3 6.43 � 10�4 4.67 � 10�4 2.88 � 10�4 4.60 � 10�4

5 9.6 10.6 1.02 � 10�3 1.06 � 10�3 1.08 � 10�3 8.64 � 10�4

6 9.7 10.6 2.86 � 10�3 2.64 � 10�3 2.64 � 10�3 1.92 � 10�3

7 8.9 9.7 3.72 � 10�4 3.88 � 10�4 5.24 � 10�4 3.37 � 10�4

8 9.0 9.7 6.54 � 10�5 6.46 � 10�5 8.26 � 10�5 5.16 � 10�5

9 9.6 10.6 7.58 � 10�7 5.52 � 10�7 5.79 � 10�7 1.91 � 10�7

a Computed from the p–T relations given in Table 8, Series 1.
b Computed from the p–T relations given in Table 8, Series 2, Set 1.
c Computed from the p–T relations given in Table 8, Series 2, Set 2.
d Computed from the p–T relations given in Table 8, Series 3.

Table 10

Comparison of partial pressures [p(Sei)/Pa] measured in this studya with previous mass spectrometric studies.

i T = 469 K T = 500 K T = 473 K

This work Berkowitz and Chupka [18] This work Huang et al. [20] Keller et al.b [28]

Low eV 13.2 eVc 44 eV 18 eV Low eV 13.2 eVc 44 eV

2 4.10 � 10�3 7.16 � 10�3 2.53 � 10�2 6.12 � 10�3 4.07 � 10�2 7.41 � 10�2 2.43 � 10�1 5.78 � 10�2 3.57 � 10�3

3 3.53 � 10�3 5.50 � 10�3 1.14 � 10�2 3.58 � 10�2 5.94 � 10�2 1.19 � 10�1 6.08 � 10�2 4.07 � 10�6

4 1.69 � 10�2 1.22 � 10�2 1.13 � 10�2 1.58 � 10�1 1.13 � 10�1 1.00 � 10�1 1.11 � 10�1 9.82 � 10�6

5 3.54 � 10�2 3.56 � 10�2 2.92 � 10�2 3.34 � 10�2 4.00 � 10�1 3.94 � 10�1 3.24 � 10�1 9.52 � 10�1 3.07 � 10�2

6 7.31 � 10�2 6.96 � 10�2 5.00 � 10�2 4.90 � 10�2 6.70 � 10�1 6.52 � 10�1 4.61 � 10�1 1.22 1.50 � 10�1

7 1.34 � 10�2 1.43 � 10�2 1.19 � 10�2 1.30 � 10�2 1.55 � 10�1 1.67 � 10�1 1.34 � 10�1 3.55 � 10�1 4.03 � 10�2

8 2.20 � 10�3 2.50 � 10�3 1.89 � 10�3 1.93 � 10�3 2.44 � 10�2 3.05 � 10�2 2.21 � 10�2 2.94 � 10�2 3.62 � 10�3

9 2.91 � 10�5 3.34 � 10�5 1.33 � 10�5 3.60 � 10�4 5.55 � 10�4 2.40 � 10�4

Rp(Sei)
d 1.49 � 10�1 1.47 � 10�1 1.41 � 10�1 1.03 � 10�1 1.48 1.49 1.40 2.79 2.28 � 10�1

a The values attributed to this work were deduced from the p(Sei)�T relations valid for T 6 480 K. That is, by extrapolation slightly beyond the melting temperature of

493 K.
b Mass spectrometry coupled to a solid state galvanic cell (and not a conventional Knudsen effusion mass spectrometric study).
c Computed from the p–T relations given in Table 8 for Series 2, Set-1.
d Total vapor pressure.
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higher, but since clear negative breaks were not observed in Se5 or

Se6 (unlike that in Te2
+ at around the AE of Te+), we assigned Se3

+ and

Se4
+ as parent ions at low electron energies. Three series of temper-

ature dependence measurements were undertaken, one at very

low electron energies, E 6 (AE + 1.2 eV), at slightly higher but con-

stant electron energy of 13.2 eV, and at high electron energy of

44 eV. The ion intensity of Se+ was very low for convenient mea-

surements at many temperatures and also was not as steady as

other ions. Therefore, they were not considered for evaluating par-

tial pressures or thermodynamic quantities.

Table 7 compares the mass spectrum obtained in this work with

those reported in other studies. For each ion, the mean of ion inten-

sities measured in three runs at T = 480 K (the highest temperature

of our investigation), corrected for relative isotope abundances and

relative detective gains, is given in this table. The mass spectra of

vapor over solid selenium are consistent despite the differences

in the electron energies: Se6
+ is the most abundant ionic species

and Se5
+ closely following it. The results from this work shown at

three levels of electron energies show increasing effect of fragmen-

tation with increase in electron energy. The measurements of

Berkowitz and Chupka [18] and Yamdagni and Porter [21], both

over molten selenium and at 75 eV, yielded Se2
+ as the major ion,

apparently indicating very high level of fragmentation.

Like for elemental tellurium, the pressure calibration was per-

formed again by using the total vapor pressure determined by Tor-

sion effusion method [14], and hence the equation pertinent to

p(Sei) is similar to Eq. (2) used for deducing p(Tei). For ionization

cross sections, Eq. (3) was not employed since for tellurium, it

was done only to enable comparison with the results of Neubert

[15] who proposed the relation. Eqs. (4) to (6) were put to use

for evaluation, Eq. (4) for measurements at 44 eV as well as

13.2 eV, and Eq. (6) at low electron energies as well as 13.2 eV.

Thus, measurements at 13.2 eV provided the means of comparing

the results of evaluations with two sets of ionization cross section

ratios. Table 8 gives the least-squares-fit p–T relations for Sei (i = 2–

9) deduced from the ion intensities measured at different electron

energies. Table 9 enables a comparison of p(Sei) values at T = 430 K

(the mean temperature of our investigation) deduced from the p–T

relations given in Table 8. One infers that for i = 4–8, the partial

pressure values deduced from measurements at different electron

energies are in reasonable accord with each other. Even for i = 2, 3,

and 9, while the values corresponding to low electron energies and

13.2 eV agree reasonably, the values corresponding to 44 eV are

too high for i = 2 and 3 and too low for i = 9. The most likely reason

for such results at 44 eV is fragmentation, although why only Se9

and not Se8 and Se7 also were low is not clear. We seek to recom-

mend the values of p(Sei) corresponding to low electron energies

based on the reasoning that fragmentation would be minimum

and that the values at 13.2 eV (both sets of ionization cross section

ratios) are not very different from them.

Tables 10 and 11 compare the results from this study with those

reported by others, Table 10 dealing with partial pressures, and Ta-

ble 11 dealing with relative mole fractions. As for partial pressures,

Huang et al. [20] and Berkowitz and Chupka [18] gave their results

in tabular form at T = 500 K and 469 K, respectively, and we de-

duced our values from the p–T relations given in Table 8. With

the exception of Se3 and Se4, the results from different studies

can be reconciled as being reasonably consistent, considering the

complexity involved in determining the partial pressures of cluster

species. As for mole fractions, we have for comparison the results

from Grimley et al. [19] also, which place Se5 slightly ahead of

Se6 unlike all other studies in which Se6 holds the top position,

although Se5 closely follows it. The results for the species Se2,

Se3, and Se4 reveal inconsistencies amongst various studies,

although reasonable agreement with our results exists for Se2 with

those of Berkowitz and Chupka [18]; for Se3 with those of Grimley

et al. [19] and Huang et al. [20]; and for Se4 with Huang et al. In

general, it may be stated that the values of mole fractions obtained

in this study agree more uniformly with those of Huang et al. than

with others. In the last column of Tables 10 and 11 are given the

results corresponding to an investigation which is not a conven-

tional KEMS study [28]. It consisted of a solid state galvanic cell

Pt,Ag/AgI/Ag2Se,Pt, built into the effusion cell of a mass spectrom-

eter. The results from this investigation place Se6 at the top (but

much higher than do those from any other study) and place Se7
subsequently (even slightly higher than Se5). Overall, the composi-

tion follow in this order: Se6 > Se7 � Se5 > Se8 � Se2 � Se3P Se4.

There is reasonable consistency amongst the values of
P

p(Sei)

from different studies, but it is only a mask for some serious dis-

crepancy in p(Sei)s or x(Sei)s.

3.2.2. Sublimation enthalpies

The partial pressures of Sei(g) were evaluated by second- and

third-law methods to deduce sublimation enthalpies correspond-

ing to the reactions:

iSeðsÞ ¼ SeiðgÞ ð9Þ

where i = 2–9. Table 12 gives the results. The required auxiliary

thermal functions were deduced by using the pertinent Cp–T

Table 11

Comparison of mole fractions, x(Sei), measured in this studya with previous mass spectrometric studies.

i T = 483 K T = 500 K T = 473 K

This work Grimley et al.

[19]

This work Berkowitz and Chupkac

[18]

Huang et al.

[20]

Keller et al.d

[28]

Low eV 13.2 eVb 44 eV 18 eV Low eV 13.2 eVb 44 eV

2 2.75 � 10�2 4.92 � 10�2 1.78 � 10�1 2.75 � 10�2 4.97 � 10�2 1.74 � 10�1 4.90 � 10�2 2.08 � 10�2 1.56 � 10�2

3 2.40 � 10�2 3.86 � 10�2 8.27 � 10�2 3.00 � 10�2 2.41 � 10�2 3.98 � 10�2 8.45 � 10�2 1.20 � 10�3 2.18 � 10�2 1.79 � 10�5

4 1.10 � 10�1 7.97 � 10�2 7.64 � 10�2 <2 � 10�2 1.06 � 10�1 7.59 � 10�2 7.19 � 10�2 4.01 � 10�2 4.30 � 10�5

5 2.53 � 10�1 2.53 � 10�1 2.19 � 10�1 4.60 � 10�1 2.70 � 10�1 2.64 � 10�1 2.32 � 10�1 3.58 � 10�1 3.42 � 10�1 1.35 � 10�1

6 4.73 � 10�1 4.57 � 10�1 3.41 � 10�1 4.00 � 10�1 4.51 � 10�1 4.37 � 10�1 3.27 � 10�1 4.27 � 10�1 4.37 � 10�1 6.57 � 10�1

7 9.66 � 10�2 1.04 � 10�1 8.87 � 10�2 6.00 � 10�2 1.04 � 10�1 1.12 � 10�1 9.48 � 10�2 1.40 � 10�1 1.27 � 10�1 1.77 � 10�1

8 1.56 � 10�2 1.86 � 10�2 1.45 � 10�2 1.00 � 10�2 1.65 � 10�2 2.04 � 10�2 1.58 � 10�2 2.42 � 10�2 1.06 � 10�2 1.59 � 10�2

9 2.15 � 10�4 2.86 � 10�4 1.26 � 10�4 2.38 � 10�4 3.70 � 10�4 1.73 � 10�4

a The values attributed to this work were deduced from the p(Sei)�T relations valid for T 6 480 K.
b Computed from the p–T relations given in Table 8 for Series 2, Set-1.
c Deduced by us by employing the equilibrium constant – temperature relations given by the authors for sublimation to Se6(g); for various homogeneous gas phase

reactions involving Se6(g) and Sei(g) (i = 2, 5, 7, 8); and the reaction involving Se3(g) and Se2(g).
d Deduced by us from the partial pressures given by the authors and listed in Table 10 also.
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relations and the Sm�(298) values given in the recently brought out

book on chemical thermodynamics of selenium [7]. Absence of

thermal functions for Se9 did not permit us perform a third-law

evaluation, which would have been desirable in view of the fact that

for Se9, only very few number of points could be collected in each

run. Table 13 gives the values of thermal functions used by us in

our evaluations. That the agreement between second- and third-

law values is reasonably satisfactory indicates absence of any seri-

ous temperature dependent error in our measurements or auxiliary

functions. Table 14 gives third-law enthalpy values for all tempera-

tures in one run. There is no trend in enthalpy values with temper-

ature for any species. Therefore, we seek to recommend mean of

second- and third-law values corresponding to measurements at

low electron energy.

Table 15 compares the sublimation enthalpies obtained in this

work with those available in literature. Apart from the present

study, only the results of Huang et al. [20] are from partial pres-

sures of all species directly measured. The authors, however, con-

fessed that their temperature range of measurements is small

and that their main objective was to compare Langmuir and Knud-

sen pressures and enthalpy changes and not to obtain highly reli-

able enthalpy values. The results of Fujisaki et al. [17] were not

from partial pressures but from plots of log(IT) vs. 1/T us. The

agreement with our results seem to be best in this case. Thus these

are the only two mass spectrometric studies that appear to have

covered a good temperature range, and the present study appears

to be the only one that gives the p–T relations directly deduced

from ionic species representing the neutral species.

3.3. Atomization enthalpies of tellurium, selenium, and sulfur clusters

Atomization enthalpy is a thermodynamic property that is be-

lieved to be of fundamental interest – to obtain a good understand-

ing of bonding in clusters. Such information has been presented by

Berkowitz and Chupka [18] and Keller et al. [28] for selenium, Neu-

bert [15] for tellurium, and Rosinger et al. [24] for sulfur clusters.

Since monomeric species were not measured on all the three sys-

tems (S or Se, or Te), it was necessary to take from literature [12]

enthalpy of formation of monomer, which in turn was to be de-

duced by using dissociation energy of dimeric species, spectro-

Table 12

Results of second- and third-law evaluation of p(Sei)s from three runs corresponding to measurements at different electron energies.

i DrH�(298.15 K)/(kJ mol�1) for i Se(s) = Sei(g)

Low Ei (Ei 6 (AEi + 1.2) Ei = 13.2 eVa Ei = 44 eV

II law III law II law III law II law III law

2 146.1 ± 2.8 142.7 ± 0.2 148.6 ± 2.2 140.7 ± 0.1 143.7 ± 1.3 135.9 ± 0.1

3 148.9 ± 1.7 151.5 ± 0.1 152.8 ± 1.3 150.1 ± 0.1 150.2 ± 1.4 147.3 ± 0.1

4 144.2 ± 1.2 140.8 ± 0.1 146.6 ± 1.0 142.0 ± 0.1 140.9 ± 1.0 142.1 ± 0.1

5 156.0 ± 1.0 145.8 ± 0.2 154.7 ± 1.2 145.8 ± 0.2 154.9 ± 1.1 146.4 ± 0.1

6 143.0 ± 1.2 137.1 ± 0.1 144.4 ± 1.0 137.4 ± 0.1 143.4 ± 1.0 138.5 ± 0.1

7 158.1 ± 1.2 151.2 ± 0.6 158.9 ± 1.5 151.1 ± 0.1 156.5 ± 1.0 151.7 ± 0.1

8 156.0 ± 1.6 156.4 ± 0.1 161.8 ± 1.9 156.2 ± 0.1 159.1 ± 1.5 157.1 ± 0.1

9b 156.9c ± 13.5 176.4 ± 11.0 182.4 ± 29.0

a Deduced from partial pressures corresponding to Series 2, Set 1.
b Values are given at Tm = 465 K, 460 K, and 455 K, respectively at low eV, 13.2 eV, and 44 eV.
c DrH�(298.15 K) is estimated to be 161.1 kJ mol�1 by using Dr[Hm�(T)�Hm�(298)], based on a least-squares fit of Dr[Hm�(T)�Hm�(298)] against i (for Se3–Se8).

Table 13

Auxiliary thermal functions employed in the second-lawa and third-lawb evaluation

of enthalpies for i Se(s) = Sei(g) (i = 2–8)c.

T/K Se(s) Se2(g) Se3(g) Se4(g) Se5(g) Se6(g) Se7(g) Se8(g)

[Hm�(T)�Hm�(298)]/(kJ mol�1)

380 2.10 3.42 4.50 6.35 8.38 10.40 12.36 14.32

400 2.62 4.25 5.61 7.93 10.45 12.98 15.41 17.86

420 3.15 5.08 6.73 9.51 12.53 15.55 18.48 21.41

440 3.69 5.90 7.85 11.10 14.62 18.14 21.55 24.96

460 4.23 6.72 8.98 12.70 16.72 20.73 24.63 28.53

480 4.77 7.54 10.10 14.30 18.82 23.33 27.71 32.11

[Sm�(T)�Sm�(298)]/(J mol�1 K�1)

380 6.21 10.13 13.32 18.80 24.81 30.82 36.61 42.42

400 7.55 12.26 16.17 22.85 30.13 37.41 44.44 51.49

420 8.85 14.28 18.90 26.71 35.21 43.71 51.91 60.15

440 10.09 16.20 21.51 30.42 40.07 49.72 59.06 68.43

460 11.29 18.02 24.01 33.97 44.73 55.49 65.90 76.35

480 12.45 19.76 26.41 37.38 49.20 61.01 72.47 83.96

Sm�(298)]/(J mol�1 K�1)

298 42.09 247.38 308.9 340.6 398.3 428.5 487 526.2

a Second-law: DrHm�(298)] = DrHm�(Tmean)]�Dr[Hm�(T)�Hm�(298)]; DrHm�

(Tmean)]/(kJ mol�1) = (�A)8.3143 � 10�3ln(10); A is the coefficient of the least-

square-fit relation log(p) = A/T + B.
b Third-law: DrHm�(298)] = �T {8.3143 � 10�3 ln[(p/Pa)/(101325 Pa)] +DrGEF};

GEF = [Hm�(T)�Hm�(298)]/T–[Sm�(T)�Sm�(298)]–Sm�(298).
c Taken from Ref. [7]. [Hm�(T)�Hm�(298)] and [Sm�(T)�Sm�(298)] values were

computed from the recommended molar heat capacity-temperature relations.

Table 14

Third-law enthalpies DrHm�(298)/(kJ mol�1) for i Se(s) = Sei(g) at different temperatures in run 1 at low electron energy.

T/K i = 2 i = 3 i = 4 i = 5 i = 6 i = 7 i = 8

480 142.4 151.2 140.2 145.1 136.8 150.7 156.7

470 142.6 151.7 140.8 145.1 136.7 150.9 156.5

460 142.9 151.5 140.5 145.2 136.6 150.8 156.0

450 142.9 151.7 140.8 145.3 136.7 150.9 156.4

440 143.5 151.7 141.0 145.4 136.8 150.9 155.9

430 142.7 151.3 140.6 145.2 136.6 151.0 156.2

420 142.7 150.8 140.5 145.4 136.7 150.9 156.9

410 151.4 141.1 146.5 137.3 151.7 155.9

400 147.1 138.5

390 146.8 138.3

380 146.1 136.7

Mean 142.8 ± 0.4 151.4 ± 0.3 140.7 ± 0.3 145.8 ± 0.7 137.1 ± 0.7 151.0 ± 0.3 156.3 ± 0.4
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scopic data for which are available. Neubert has compared the re-

sults corresponding to all three systems and noted that (1) atom-

ization enthalpy decreases from sulfur to tellurium:

DatH�(S5) > DatH�(Se5) >DatH�(Te5); (2) atomization enthalpy per

atom, (DatHi�/i), increases with i (from 1 to 5) and then remains

nearly constant; and (3) increment of atomization enthalpy, Dat-

Hi��DatHi�1� shows a maximum at i = 5 for Te and Se and at i = 5,

6, 8 for sulfur. Table 16 gives information related to atomization

enthalpies for sulfur, selenium, and tellurium clusters. While

agreeing with Neubert’s [15] first remark that atomization enthal-

py decreases from sulfur to tellurium, we feel that it might be more

appropriate to make following statements: (1) atomization enthal-

py per atom increases with i, but the increase is at much slower

rate where i > 5; and (2) the increment in atomization enthalpy

shows a maximum for tellurium at i = 5, while for selenium and

sulfur, it is nearly uniform around a mean value of 281 ± 7 kJ mol�1

for sulfur (Rosinger et al. [24]) and 236 ± 11 kJ mol�1 for selenium

(this work). In this context, although the concluding statement by

Berkowitz and Chupka [18] that the abundance of a vapor species

is not just a consequence of greater energy per bond, but also its

accidental volatility might appear to be of some relevance, the

validity of this statement is arguable since the volatility in equilib-

rium (in Knudsen, if not in Langmuir conditions) is known to be

determined by thermochemical characteristics of condensed and

gaseous components, resulting from bond energy. Caution was also

advocated by Rosinger et al. [24] against the use of bond energy

data in thermodynamic cycles for assuming ring structure to the

sulfur gaseous species.

4. Conclusions

Knudsen effusion mass spectrometric studies on elemental tel-

lurium and selenium were conducted in the temperature range of

590–690 K and 380–480 K, respectively. The neutral species ob-

served were: Tei(g) (i = 2–7) and Sei(g) (i = 2–9). The major species

Table 15

Comparison of enthalpies (kJ mol�1) for i Se(s, l) = Sei(g) from different studies.

i This worka Berkowitz and Chupkab [18] Fujisaki et al.c [17] Huanag et al.d [20] Selenium Booke [7] Keller et al.f [28]

T = 298 K T = 298 K T = 418 K T = 500 K T = 298 K T = 0 K

2 144.4 ± 3.3 143.1 ± 3.3 144.2 ± 2.9 153.1 ± 7.1 141.1 ± 3.0 145.02

3 150.2 ± 2.1 160.7 ± 6.3 147.5 ± 1.9 144.3 ± 4.2 178 ± 10 184.5

4 142.5 ± 2.1 141.7 ± 1.9 142.7 ± 3.8 163 ± 12 190.8

5 150.9 ± 5.2 169.5 ± 6.3 151.6 ± 1.6 163.6 ± 4.2 144.4 ± 4.3 143.9

6 140.1 ± 3.2 157.3 ± 6.3 141.9 ± 1.7 157.7 ± 3.3 136.1 ± 3.8 140.2

7 154.7 ± 2.7 173.6 ± 6.3 160.6 ± 1.9 177.0 ± 3.8 150.2 ± 4.5 151.5

8 156.2 ± 2.0 186.2 ± 6.3 166.9 ± 2.8 182.8 ± 3.3 156.8 ± 3.0 160.7

9 161.1 ± 13.5

a Mean of second- and third-law values from low electron energy measurements except for Se9, which is second-law value.
b Direct information obtained for Se6 and the rest by combining this information with those for gas phase equilibria involving Se6(g).
c Computed by us from the slopes of the log (I+T) vs. 1/T given by the authors.
d Deduced by us by combining the enthalpy of vaporization given by the authors (that is, for liquid selenium) with enthalpy of fusion of solid selenium = 9.6 kJ mol�1

determined by Berkowitz and Chupka.
e Enthalpy of formation recommended in this book.
f Enthalpy of vaporization, presumably obtained by third-law. Mass spectrometric measurements with an effusion cell built into a solid state galvanic cell.

Table 16

Comparison of atomization enthalpy per atom, DatHi�/i, and the increment in atomization enthalpy, DatHi��DatHi�1� for tellurium, selenium, and sulfur clusters.

i Tei(g) Sei(g) Si(g)

Neubert [15] This work Berkowitz and Chupka [18] Keller et al. [28] This work Rosinger et al. [24]

Atomization enthalpy DatHi�/(kJ mol�1)

2 261.0 260.9 332.1 329.1 330.8 425.7

3 431.7 434.6 552.1 526.6 562.6 695.3

4 611.2 616.8 757.4 807.9 978.5

5 868.0 854.6 1018.6 1041.3 1037.2 1260.4

6 1057.2 1045.6 1268.4 1282.1 1285.6 1544.2

7 1249.5 1229.7 1489.7 1507.8 1508.6 1819.1

8 1714.7 1735.7 1744.7 2107.0

9 1977.4

Atomization enthalpy per atom (DatHi�/i)/(kJ mol�1)

2 130.5 130.5 166.1 164.5 165.4 212.9

3 143.9 144.9 184.0 175.5 187.5 231.8

4 152.8 154.2 189.3 202.0 244.6

5 173.6 170.9 203.7 208.3 207.4 252.1

6 176.2 174.3 211.4 213.7 214.3 257.4

7 178.5 175.7 212.8 215.4 215.5 259.9

8 214.3 217.0 218.1 263.4

9 219.7

Increment in atomization enthalpy (DatHi��DatHi�1�)/(kJ mol�1)

3 170.7 173.7 220.0 197.6 231.8 269.6

4 179.5 182.3 230.7 245.3 283.2

5 256.8 237.8 283.9 229.2 281.9

6 189.2 191.1 249.8 240.7 248.4 283.9

7 192.3 184.1 221.3 225.7 223.0 274.9

8 225.0 227.8 236.1 287.9

9 232.7
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over elemental tellurium was confirmed to be Te2(g) (1.0 Pa at

T = 640 K; �95%) and that over elemental selenium was found to

be Se6(g) (2.64 � 10�3 Pa at T = 430 K; �47%), closely followed by

Se5(g) (1.06 � 10�3Pa at T = 430 K; �25%). From the partial pres-

sures, the thermodynamic data for the sublimation reactions i

Te(s) = Tei(g) and i Se(s) = Sei(g) were deduced by second- and

third-law methods. The recommended enthalpy of sublimation at

T = 298 K for tellurium clusters varied from the lowest of

(158.6 ± 6.6) kJ mol�1 for Te2(g) to the highest of (236.5 ± 15.9)

kJ mol�1 for Te7(g). The recommended enthalpy of sublimation at

T = 298 K for selenium clusters varied from the lowest of

(140.1 ± 3.2) kJ mol�1 for Se6(g) to the highest of (160.1 ± 13.5)

kJ mol�1 for Se9(g). The atomization enthalpies of tellurium and

selenium clusters were also deduced by using the recommended

enthalpies of formation of monomeric species. Comparison of our

results with those from previous studies reveal that while there

is a general agreement amongst different studies about the near to-

tal dominance of Te2(g) in tellurium vapor and the highest abun-

dance of Se6 in selenium vapor, somewhat glaring discrepancies

still exist with regard to minor species. Perhaps, a new Knudsen

effusion mass spectrometric study by another group having mod-

ern equipment might help resolving these discrepancies.
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