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THE DISSOCIATION ENERGY OF THE GROUP IV-GROUP VI MOLECULES

Accurate convergence limits for one or more electronic
states of most of the group IV (Me: C, Si, Ge, Sﬁ, Pb)-
group VI (X: 0, S, Se, Te) molecules are known. This is in
particular the case for CO(l), a molecule not further dis-
cussed here and SiS, SiSe, GeS, Sn0O, SnS, SnSe and PbS,
molecules for which the best known convergence limit is
that of the excited E state. Accurate spectroscopic values
Dg for the dissociati&n energy of the ground state of these
molecules can be derived therefrom, provided the correlation
with atomic products is known. It has been postulated(2’3)
that the E states of these molecules are analogous and cor-
relate with the same atomic products. Recent rotational ana-
lysis for pbo(“’ ané SnO(S) showed that for the E state of
these molecules, the most likely correlation is Me(3P1)+0(3Pl).
Likewise the comparison of thermochemical and spectroscopic
data for SnS and Pbs'°) showed that their E state most pro-

bably correlates with Me(3P1) + S(sPl_ ).

»0
The purpose of this paper is to present a comparison
between the spectroscopic data and recent thermochemical deter-

minations of the dissociation energies of the group IV-group
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VI molecules, several of which were performed mass spec-
trometrically and to derive in each case the best present
value for the dissociation energy. The comparison gives
further support to the correlation of the E state with
Me(sPl) + X(aPl), which is then applied to all molecules
of this group for which reliable data for this state are

known, Other available spectroscopic data are also examined.

THERMOCHEMICAL DATA

The thermochemical data were in general obtained
mass spectrometrically or from total pressure measurements

supplemented with mass spectrometric analysis of the com-

. . . 7
position of the vapor, The mass spectrometric technlque( )

and the instruments(B_IO)

used have been described previously.

The system studied, the temperature intervals covered
and the composition of the vapor are summarized in Table I.
This table shows that above MeX compounds, including $i0, Ge0
and Sn0 known to disproportiocnate to 1/2 Me0,(s)+1/2Me(s,1),

the predominent molecule is MeX, polymers {(and elements for

GeTe, SnSe, 5nTe, PbS, PbSe and PbTe) representing in general
1071 to 107" in pressure, except for Sn0 and PbO, where (Sn0),_,

and (PbO)l § have comparable pressures. The MeX, compounds

vaporize mainly to MeX(g)+1/2X,(g). MeX, molecules were observed

(11)

above §i0, s SiSz, GeTe and SnTe.

2



L2 0'Zs8°€9 8T §°0%9°9T zT TLTT - €26 ‘orte1’ qatorad alqd
92 L*T36°€S 8T 0°2:0°8T ZT  0SHT - 08TT tagtqqg*tesad 25qd
9 9°T+L°SG 6T §°0s6°22 9  OhTT - 998 ¢g¢qq® ¢(sqd)*sad sqd
$°Z%5°99 6T 2°0%t°ZS 08TT - OhB "% 0ad) ‘0ad 0qd
¢(a1ug)

szte 9°T+5°2S 8T €°039°HT 066 - 0£8  ‘Zagug ‘sl ‘sl ‘sIus 3Lus
sz 0'ZsT°TS 0°2+6°6T 0T0T ~ 06¢ ag ¢¢(ogug)*agus agus
9 9°T=:9°2§ LT T°Ts1°S¢ 9  S00T - §¢8 ¢(sug)*sus sug
0°ZsL'BET 9T  Z°0sL°8€T 00ST - 0021 “(ous)*%o ‘ous ¢ous

£ T+T 1L 9T T'0%8°69 00T - 00TT "=2(ous)*ous usz/T+lousz/T

nzee 0°Z79°9h 9T 0°Zs3i’h nS6 - 0.8 tagenlal ‘aren 8199
e 9°0%L°8€ ST  €°T#Z°9T - $99 $®9
(0°Z%0°0ZT) +T  §'0s€°'8ZT 0Z6T - 0Z0T Zo ¢0o9 2oL
9°Ts6°SS  HT  £°0sZ°h9 056 - 0§ €(099)¢%(099)%099  e9z/1+%009z/T
§'2%9°0§ §*Z+6°8S - (%(099) ¢ ¢(029) ‘009) 089
0'€35°20T 0°€+5°T9 ORTT - 068 g1 *%g t*grs Csts
0°€s€°h9 0°€vL*8E OHTT - 068 STS STS

12 §'T+$"86T €T  2'0sL°LTZ IT  O0S6T = 0SLT 0 *%o1s ‘0 ‘o1s %ots
0z $'T+§°S8 €T T°0s6°80T TIT  09%#T - 00ZT ¢olts ‘o1s TS 2/T+%0TS /T

*Joy maomxﬁmwx *J¥oy mHmE\Hmox * 39y |ﬁpmmwmw WMWMW anodea
Anpan:m 85¢Hv F wmmmq| sanjeaadua] ay3l yo uoryrsoduwo) wa1sAg

UOTIRWT QNS JO PUP UOTIPWIO] JO SIP3Y PJIRPUPIS
spnodwoy 1A dnoag-A1 dnoas yits unTtaqriinb3 ut seroadg snoeges :1 374Vl



Legend of Table I:
a, this work
b, AH® refers to the equilibrium
298,subl
MeX(s) + MeX(g) or

MeX,(s)+ MeX(g)+X/2X,(g)




The dissociation energies Dg(MeX)

from thermochemical cycles of the type

MeX(s) +
MeX(g) +
Me(g) -
X(g) -
1/2X2(g) +>

MeX(g)

Me(g) + X(g)
Me(s)

1/2 X, (g)
X(s)

Me(s) + X(s)+ MeX(s)

were calculated

+

+

AHsub(MeX)
D(MeX)
AHSUb(Me)
1/2 D(Xz)
1/2 AHsub(X

AHf(MeX)

Additional determinations based on the equilibrium

)

2

MeX(g) + Me(s, 1 or g) + 1/2 X,(g) were made for GeTe, SnSe

snTe, Pbs{®), ppse(12)4ng ppre(l2)

The heats of sublimation AH

Sub(MeX) are summarized

in Table II, The heats of sublimation of the group IV ele-

(28)

ments Me and of the group VI molecules X2(28) as well

as the heats of formation of the compounds MeX or MeX
in general taken from the litterature,

the dissociation energies D°

(28)

298
(29)

119.10:0,05 , 102.0£2.0 , 75.4£2.0

kcal/mole respectively.

(30)

and 52,5:2,0

2 were
The values used for

of 02, 82, Sez, and Te2 were

(12,31)

(It may be noted that the agreement between spectro-

scopic and thermochemical values of the dissociation energies

of the group of molecules discussed in the following chapters

is an indirect confirmation of the Dg(Sz), d;Sez) and Dg(Tez)

values used).



For all the gaseous species Me, X2 and MeX, values for free

(28,32)

energy function given in the literature were used.,

For those stable compounds MeX and MeX2 for which values

32 .
(32,33) estimates were made

. (32 .
as follows. For solid SnTe, PbSe and PbTe ), the entroples

are not given in the literature

at 298°K are known, For these compounds only the heat capa-
city, while for SiS, GeTe and SnSe both the entropy at 298°K
and the heat capacity were estimated from the corresponding
quantities for the elements using approximations discussed
by Kubaschewski and Evans(ls). The corresponding gquantities
for GeS were derived from thermodynamic data for the reac-
tions GeS(s) -+ GeS(g)(QZ) and GeS(s) =+ Ge(s) + 1/2 82(15).
The values obtained for the free energy functions are at
298°K, 12.0(SiS), 18.6(GeS), 20.3(Ge3e), 22.2(GeTe), 22.5
(SnSe) and at 900°K 16.2(818), 23,0(GeS), 24,8(GeSe), 26.8
(GeTe), 28.0(SnSe), 29.8(SnTe), 30.0(Pb3e) and 31.8(PbTe)
cal/degree/mole,

The thermochemical data for each molecule are briefly discussed
below

(34}

Ccs Thermochemical determinations of the heat of formation

of CS(g) were based on the reactions
C(graphite) + CS,(g) + 2 CS(g)
MnS(s) + C(graphite) - CS(g) + Mn(g)

Using the latter reaction for which the enthalpy change

AH%QB was measured to be 178.5%0.5 kcal/mole(BH), AHggg’f(MnS(s)

(35)

= 49,5t0,5 kcal/mole and AHgga(sub Mn)= 66.6%1.0 keal/



[72]
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7
e(28’30), Freeman(3 ) calculated a value of 62,5

mol
3,0 kcal/mole for the standard heat of formation of
CS(g). This leads to a value Dz(CS)=l73.6t3.5 kcal/mole
(7.53:0.15 eV),
Thermochemical data were obtained(38) for the reaction
C(graphite)+Se(g) =+ CSe(g)AHg=-3l.4t2.0 kcal/mole
whence D] (CSe)=138.422.5 kcal/mole (6.00:0.10 eV)
This molecule has hiterto not been observed. Its dis-
sociation energy is estimated here as Dg=111=9 kecal/
mole (4,8:0.% eV) by comparison with the other IV-
VI molecules.
The mass spectrometric data(ll) confirm earlier con-
clusions that the main vaporization processes are
1/2 8102(3) + 1/2 Si(s,1) » Sio(g) I
Sioz(s) + 5i0(g) + 1/2 02(3) II
The heats of these reactions were taken as AH,gq=8B5.5
(20) (21)

£0.5 and AH398=198.3t1.5 kcal/mole respecti-

vely. To derive the heat of formation of SiO(g), the

(20)

reaction SiOi(s)+H2(g) + SiO(g)+H20(g)(III), AH® =

298
134,8%2.0 kcal/mole was further taken into account.

(For a more complete review, see Kubaschewski and Evans(ls)
and Schick(ss)). The determination for reaction I and

I1I are in good agreement with one another, while those
for reaction II lead to slightly higher values. The
recently redetermined standard heat of formation of

Si02, 4

0 . ) (13)
Hzgaf(8102(s))-—217.7:0.2 kcal/mole was used

7



Sis

and the heat of sublimation of silicon taken as

D . : 7 . t . L .
AHZQS,sub(31) 107.9%1 OZu;?ls being the average
of several determinations . The resulting mean

value for the dissociation energy of 5i0(g) is

Dg(SiO) = 191.9t3,0 kcal/mole (8,32t0.13 eV).

No independant thermochemical data for this molecule
were yet obtained. The spectroscopic value for the
dissociation energy Dg = 6.3820,06 eV was used to
calculate the heats of formation of SiS{s) and
SiSZ(s) from mass spectrometric study of mixtures

of SiS and SiS2 and from total pressure for SiSz(ql).
The heats of formation obtained in this manner from

the reactions

SiS(s) + SiS(g) AH398=53.H*3 kcal/mole
518, (s) + 5i5(g)+1/25,(g) AH398=101.5*3 kcal/mole
o . = -
are AHzgaf(SIS(S)) = -38,8:3,0, and
AHggsf(SiSZ(s))= -61,9¢3,0 kcal/mole

The heat of formation of condensed SiS shows this com-
pound not to be metastable up to about 1250°K, in agree-
ment with observations by Retzlaff and Kohlmeyer(HZ).

The heat of formation of SiS2 is quite different from

the discordant values given in the literature, which

have anyway to be corrected for the recent values for

(13)
the heat of formation of Si0 . The average value



selected by Kubaschewski and Evans(la), 61.6:6,0

kcal/mole (corrected for AHf(Sioz)) is in agreement
with the present value. The latter also makes it pos-
sible to explain the apparent boiling points of SiS2

at about 1400°K as being that of the Si + SiS2 system.

Earlier thermochemical values were based on vapor
pressure determination for Ge0(43) and Ge + Ge02(lu'43)
The evaporation behavior of Ge + GeO2 and Ge02 were
examined mass spectrometrically, The evaporation pro-
cesses are
1/2Ge(s) + 1/2Ce0(s) -+ 1/n(Ge0)p(g) n=1,2,3
GeO0,(s) + GeO(g) + 1/20,(g)
The mass spectrometric results for Ge0, obtained
here are in disagreement with an earlier investiga-

tion HH)

» also by mass spectrometry, which seems to
be characteristic of Ge + Ge0, rather than of GeO,
The enthalpy for the reactién

1/2Ge0,(s)+1/2Ge(s) -+ GeO(g)AH§98=55.9*l.B kecal/mole
was calculated from mass spectrometric pressure mea-
surements made independently, as well as from the
total pressures given in the literaturpe(i%:143) cor-
recting these for +the presence of (Ge0); and (Ge0)j,

A similar procedure was adopted for GeO(=), for which

a heat of formation AHg98 ==58,9%3,0 kcal/mole was



Ges

. . 43y .
derived from the earlier data( ) in satisfactory

(45) ' The best

agreement with direct determinations
average of all data gives Dg(GeO) = 156,6%+3,0 kcal/
mole (6.79¢0.13 eV). The enthalpy of the reaction
Geoz(s) + GeO(g)+l/2 Oz(g) was not measured. As a
result of interaction with SiO2 crucible the pres-

sures in the 1iterature(u5)

are low. The enthalpy
given in Table I was calculated from the heat of
formation of GeOz(s) and the above dissociation

energy of GeO(g).

The mass spectrometric analysis of the vapor showed
only the monomer GeS in the gas phase.
The enthalpy of the reaction

GeS(s) > GeS(g) aH) . = 38.7#0.6 kcal/mole
is hance very well known from a number of pressures
measur-ements(22 which are all in very good agreement
except that of Kenwonthy and coworkers which seems to
be a factor of approximately 3 too high. The heat of
formation of GeS was evaluated from the reaction(IS)

2 GeS(s) + 2 Ge(s) + Sy(g)
and yields

AH;gaf(BeS) = -16.2t1.3 kcal/mole

Inserting these values in the cycle given above, one

obtains DS(GeS) = 133,3¢3.5 kcal/mole (5.78:0.15 eV).

10



eSe The total vapor pressure above GeSe was measured by

Liu Ch'Un-Hua, Pashinkin and Novoselova(zu). Using

the spectroscopic value of the dissociation energy
DYl{GeSe) = 113.1:0,7 kcal/mole discussed below, it

can be shown that the decomposition pressure of

Se2 is low compared to that of the main species GeSe(g).
The total pressure measurements yleld therefore a

value of the heat of sublimation aH® (GeSe)

298sub
44.6*1.5 kcal/mole obtained by Bnd (44%.2) and 3rd

1

law (44,8) procedures. Combinipng this value with
D"(GeSe), a heat of formation aH®° (GeSe(s)) =
o 2887F

- 14.42¢3,0 kcal/mole is obtained.

GeTe The mass spectrometric investigation of the decom-
position of the vapor showed the presence of GeTe,

Tez, (GeTe)2 and GeTez. The pressure of the Te2 mole-

cule, relative to that of the main species GeTe(g)

is 10'l at 880°K. Using total vapor pressure measu-

(23,24)

rements to evaluate the partial pressures,

a heat of sublimation aH° (GeTe) = 46.6¢2.0
298 ,sub

kcal/mole and a heat of formation AH;gsf(GeTe(s)) =

-4.2%2,0 kcal/mole were calculated from 3rd law pro-

.8(23) (24)

cedures (2nd law: AH;g8 b(GeTe) = 47 y 46,7 ).

su
. . . ]
These values lead to the dissociation energy Do(GeTe)=

92.4+3,0 kcal/mole (4,00:0,13 V.)

11
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The heats of both reactions

Sn0,{s) + Sn0(g) + 1/20,(g)
and 1/2Sn(1l) + 1/28n05(s) + 1/n{(Sn0),(g) n=1,2,3,4
were studied mass spectrometrically. The values
optained are AHgga = 139,7¢2,0 and 71.1¢1.3 kcal/
mole (for n=1) respectively. Whence Dg(SnO) =
127.2%¢2.0 kcal/mole (5,.53:0.10 eV).
Total pressure determinations were examined for com-
parison. The vapor pressure measurements of Sn0, (s)
by the Knudsen method(u7) were not included, since
the sample interacted with the crucible material

(16)
Sio . The pressure determination by the transport

2
method(16) gives too high values because the polymers
(Sn0)2_u contribute to the weight loss. Estimating
their contribution from the mass spectrometer data
yields Dg= 130.5:3.0 kcal/mole (5.64:0.13 eV) in

agreement with the direct determinations.

The thermochemical value for the dissociation energy
based on mass spectrometry and vapor pressure data
is D(SnS) = 110.1#3.0 kcal/mole (4.78+0.13 eV). For

a detadled discussion see reference (6).

12



SnSe

SnTe

The composition of the vapor as well as partial pres-
sures were determined mass Spectrometrically. The
pressure of the main component, SnSe, was found in
good agreement with pressure determinations by the
effusion method(25). These data lead to a value for
the heat of sublimation: AH;gsﬁub(SnSehSl.lt?.O kcal/
mole (3rd law). From the partial Se2 pressure, a heat
of formation aH] __(SnSe) = -19,9:1.5 kcal/mole was

298f
derived compared to the estimated value =16,5t2 kcal/

(18)

mole + These values lead to D%(SnSe)=94,8:4,0 keal/
[+]

mole (4,11:0,17eV),

The composition of the vapor and partial pressures
were determined as above. The SnTe pressure was again
in good agreement with total pressure measurements by
the effusion method(zs) The Te2 partial pressure gave
a value of =14,7%2,0 for the heat of formation of
SnTe(s), in good agreement with ¢H398f=-lu.6t0.3 kecal/
mole(la), thereby confirming the values of the free
energy function of SnTe(s) used., The 2nd and 3rd law
values, 47,5 and 52,3 kcal/mole respectively, for the
heat of sublimation are in less good agreement, Prefe-

rence is given to the 3rd law value, which leads to

D%(SnTe) = 79,8%3,0 kcal/mole (3,46:0,17 eV),
)

13



PbSe

The mass spectrometric analysis of the vapor above
PbO(s) showed the presence of (PbO)l_“. The enthalpy
change for the reaction

PbO(s) + PbO(g)
was calculated as being AH298= 65.8t1.5 kcal/mole
from total pressure measurement given in the lite-
rature(ua) taking the composition of the vapor into
account. This value combined with the heat of forma-

9
tion of PbO(s),.AH298f= -652,420,2 kcal/mo].e(1 ) leads

to Dg(PbO) = 92.2t3.0 kcal/mole (4.,00%0.13 eV).

Mass spectrometric(S) and vapor pressure data com-
bined with AH298f= 22.5%0.5 kcal/mole(ls) lead to
DO(PBS) = 78.9:0.25 kcal/mole (3,42:0,12 eV). For

a detailed discussion see reference (6.

The knowledge of the dissociation energy of this
molecule is not satisfactory. The mass sPectrometric
investigation of the vapor by Porter(lz) shows PbSe
to be the main gaseous species. Hence one caleulates
from the published pressure measurements(zq) a heat
of sublimation of 53.9 kcal/mole (2nd law: 53.2),
which combined with the estimated heat of formation
AHD g ¢ (PbSe)=-18.02.0 keal/mole‘l®) gives DO(PbSe)s
65.0 kcal/mole (2.82 eV). Direct measurements made

in double oven type Knudsen cells by Porter(lz) give

14



PbTe

for the reaction PbSe(g) » Pb(g) + Se(g) values
ranging from 60.0 to 64.5 kcal/mole, with an ave-
rage of 62,9 kcal/mole. Simultaneous measurements
for the reaction Pb(g) + Se2(g) + PbSe(g) + Se(g)
give however AHSQB = 2.7 * 1.0 keal/mole, which
combined with D;98(8e2)= 75.4 = 2.0 keal/mole’?’

0
would give D (PbSe) = 72.7 * 3.0 kcal/mole

298
(Dy = 72.0 ¢ 3.0). Until a direct determination
of the heat of formation of PbSe(s) is available,
an average value Dg(PbSe) = 63:5 kecal/mole

(2.8520.22 eV) is selected.

The dissociation energy of PbTe was measured mass
spectrometrically by Porter(l2), who obtained
DO(PbTe) = 51.4:2,0 kcal/mole. Fhis figure is in
agreement with the value Dg(PbTe) = 55.02,0 kecal/
mole (2nd law: 52.9) that can be derived from the
Vapor pressure measurements(QS) {main component
PbTe) and the heat of formation of PbTe(s), AH;98f=
-16.60,5 kcal/mole(lg). The average, value D:(PbTe}=
$3.1%3.0 kcal/mole (2.30%0,17 eV) is selected.

The thermochemical values D: for the dis-

sociation energies of the group IV-group VI mole-

cules have been assembled in Table V.

15



SPECTROSCOPIC DATA

The spectroscopic data considered in the present
paper have been collected in table II and were all taken
from the literature. Only the following comments Seem
necessary for the purposes of this paper. For the mole-
cules SiS, GeS, GeSe, GeTe, Sn0 and SnSe graphical extra-
polations for the E state could be made. For GeS, GeSe,
Sn0, SnS, SnTe and PbS, the extrapolation were confirmed
or supplemented by direct observation of convergence limits
(continw) for the same or other states, For GeTe, PbO
and possibly PbSe the value given for the convergence
1imit of the E state corresponds to the wavelength down
to which vibrational structure lines could be observed.
For the molecule GeTe the value of the convergence limit
is somewhat uncertain, since it was estimated by analogy
with GeS and GeSe. It should however not be lower than
4.38 eV, since the vibrational levels are known up to
that energy. For the molecule S5iTe, for which the linear
Birge Sponer limit for the E state was not calculated
because of the presence of large anharmonic and cubic
terms, the extrapolation was nevertheless made here to
serve as a guide for obtaining a spectroscopic value for

the dissociation energy, since no other data are available.

16



ST'T = mz

17

6L°S 6L°S 68°9 80°2 E4°T  £°0TE 0°Z9L8E 3
96°9 68°2 13°1  0°§LE 2°685Z¢E a
s 0L*S oL"S 08°T  8°G4§ 0 X g99
$6°TT 5S¢ 99°S  £°608 SBELY i
9L° L $9°T 8°h  £°h0g S*96€£6H q
LLL AR TZ° 4 0$9 S*66SLE a
£ 1072 20°L 6Z°h  $°S86 0 X 099
(0L°h) (0S°0)  (ST'0+)(89°€) Zhe TL8E¢ 3
#9°g 60°Z 04°T  8°8ee h*06582 a
£s 25°¢ 25°S 0E*T  Z°T84 0 X 311
99°g 8Z*9 25°1 ZE0°0- $6°T  8°'80€ £°0LESE I
L5°9 95°Z €6°T B8°66E 2°09€2¢ a
€S 98" 98°s 8L°T  0°08S 0 X 3S1S
Zs hh 9 6L°8 T9'c  _6Z£0°0= On'T #§°EOh 8°0SLTh q
5 (60°9)  ZT'y 6L° €6°Z ZT°ETS T°0T6hE a
q 26°9 26°9 95°2  S°6hL 0 X SIS
hE'ET 9g°s 22°L  S°9TTT  Z°LGhho E
166 oh*g ST h SL9 6°6.529 q
8L°8 05°¢ hh'9  TL'ZG8 h*Oh9Zh a
£ L0°8 80°8 Z6°S  hh'ThZT 0 X 0IS
Oh8 9°heTSE v
0$ z8°9 28°9 88t  6°S£0T 0 X o5
L@ an'eg £°0T €°ZL0T 8°H08SE v
6h 88°¢L 88° L §'9  T°'S82ZT 0 X 2
A2 AS AD
* 39y *Azasqo  ‘ydea® awsurt a® 1-1° r-"° 1-"° HIEU X3
3TUTT @22usdasauc) OXh/ g™ mK mx m °%0  e3e1g PTNOSTON

9397 dtdoseoayoeds II TTEVY



(062) (oe8Lh) d
78 h 9¢g°g 96°T §T00"0- LL*O 9*96T 9°TL90f 3
63" S 822 $59°0 1°s2z 9°'96hnLZ O
(0Z2) 6922 D
(022) S6LTZ €
ST h 9L°'T 880 AR XA A £°66Z6T V
8BS LS £9°h £9*h 9€L°0 FAREN 0 X agusg
0" LY 068=-0Lh9S 4
96°9n gz65g b
(s6€) S°heTzs 4
94 90°§ 8S*9 6h°2 Z10°0- 60°T §0°S6Z 9°'6£62¢ I
T0*9 18°2 §9z°'T 80°Oft g°08T8Z @
5§ BE*S 6E°S gse°T 6°68h 0 X susg
S0°"8 LL*O 12 hel zsL8s  d
T6hts d
Hh°9-0n"9 SLLIGN ©
89°G £2°L 9L'Z 6°2 0°806% geT9e 13
nhio.mu 80" L Zh*€ 80°¢€ 8°28% T°50$6Z2 Q
(SLS) (sz2¢s2) €
£ 29°'S 29°'S EL*E h°228 0 X oQus
8€"Ht Bh*h (L9°h) LL'O (2°T) 0LT (€6ETE) 3
ST*S TL*T 68°0 0°1Z2 £*669LZ Q
hs 86°% 86°S $2'0 B*EZE 0 X al29
R A £2°S £8°% hh*T Z0°T L*LTe  T'i9gse 3
G£°9 £5°2 68°0 h"69Z 0°9LL0¢ Q
08°¢ 0g°¢ ge*T L*80h 0 X CRED)
A® AD AR A® _uo _uwd _wo _uo
*yoy ‘*Agesqo  ‘ydead JESUTT T T T - 1
ITWTT 90U3BAIAUOD X4/ ® mA mX m %% 2383138 2TNO3TONW

(ponuizuon) “II FIEVL

18



(8°L) 6ELLh J
BS S h 7
fin'g LL'T hiS*'T  hE'66Z 0°98S6Z 4
AR nT'Z TLI'T  S6°€82 £°CS6HT 4D
L8°h 00°Z 9EH'T E€6°E0E  L*0OSTEZ O
6S°S 68*Z 958°0 LT*Z8BZ 8°hwiliTZ 4
£1°8 08°¢ §9€°0 BO°T9Z 0'89L8T V

09 heth hith T0Z°T HTI°*8Zh 0 X sqd
BS 98 " H%< (Oht) 089he 13
(LL*9) (66°2) (Z6°2) s7088° hghee g
(SLh) 0ZLSZ 4D
(92°9) (LZ°2) (6°¢) (hES) 80ThZ 2
Z0'9 £€°¢ 9z°¢ S*E6Hh TESZZ €
-4
8E*h 68°T EEE L°TSH 88007 V

f LE*h LE*H oL*E 8°TZL 0 X 0qd
(0€2Z)  (ShZLh) O
35°g 8L*9 Ze°'1 £00°0~ SZ°'T L*62Z h°BTOHh J
T6°§ 60°Z 9°0 0*T0Z O°'BBLOE T
78°L LT £°0 8°000Z S°Zh06Z H
£8°¢ 0€°0 0°'1 0°*86 0°G9H8Z 9
(LO*h) h9'¢ zz'0 §°¢ 0°SET  Z'08S.Z I
£9°S 8h'e 0h'0 T*6LT T°h0hSZ d
LT*h 16°T 86°0 T*8TZ 8'LBETZ D
q(hee) T9°'¢ 80°T ETO*O~ £S°T €£°0€Z 0°08E0Z €
EE€*h §2°2 hh*0 g*'8LT G'€089T V

85 LS 8T "t 8T " 05°0 §°652 ) X alug

AD AR AD AD HIEU HIEO T uD Wa
g imen ooveBasaucy Ul Xn/om  mA nx o 83, 23235 anostoy
(PeMUTIUG)) *IT TIGVI

19



juadaIITP oq Aew 3T

.m>3> + ZAOX 4 A®

= q eTnuxoJ @2yl BUISn PIIBTNOTERD AfTeotasuny *q
*gg*Jod UT Pasn 1yl woedj

¢pejonb *jyag ay3l JO 1By} ST ToqeT I2113T 2Y3 SOSED jsow uj °*®

LE®Q 09°0 n°T 9*6ST  S°STS9h O

60°9 26°0 0°T 2°9LT O THOTH J

9L°€ 040 86°1 9*zhT 8°'ThTILZ d

06°€ 9h° 1 ahh*0 68°hnT OE*HOL6T €

§0°L LLth SO0T*'0 80°LZT GSO°€9€8T V
29°66 LT'O LT"¢ £H'0  96°TITZ Q X a1dd

£L°8 £T"€ 0$°0 g*hzZz  G°h6ISh J

ZE*hE 1

(SL*Hh) h9°'s AR H00° 0= £6°0 h*0BT  h°hLESZ Q

R wO'L ST*h $2'0 0'c8T §°89Z€Z D

90°§ ah'2 £Eh°0 g*hgT  h'6960Z 4

SE°8 £0°9 hT°0 §°agT  §°T998T V
19'6% B9 H 69°Hh 150 9°LLT 0 X agad

AD A®O AD AD 1 H el T wo 1 wo HIEU
*yed . .. - - .

AdDSQO ydead JBIUTT MXh /@ A nx “ oon 21P1S  2INOSTON

ITWIT dOUBIBAUOY

ﬁuuzqﬂ»noov

*II T1dVYd



COMPARISON OF THERMOCHEMICAL AND SPECTRCSCOPIC DATA.

This comparison will be started with the E state,
since this is the only state for which in general accurate

values for the convergence limit ape available,

It had already been concluded, on the basis of the
agreement between the convergence limits for this state
and the Birge Sponer value for the dissociation energy
of the ground state, that this state correlates with

Me(®p ) + x¢3p )¢,

Inspection of the multiplet splittings given in
Table III, shows that, in order to decide on the basis
of a comparison of spectroscopic and thermochemical data,
which Me(aPO’l,z) and X(3P2,1,0) sublevel are involved
the more favorable cases would be CSe, CTe, SiSe, SiTe
and perhaps GeSe and GeTe for X(3P) and Sn0, SnS, PbO
and PbS for Me(aP). Unfortunately, the available data
preclude such comparison for CSe, CTe, SiSe, SiTe and
GeSe. This comparison can however be made for GeTe, S5no0,
SnS, Pb0, PbS and also SnSe, SnTe and to a certain extent

PbSe,

It has already been shown for SnS and PbS that such
a ‘comparison leads to the conclusion that the E state cor-

relates with He(sPl) + X(aPl.o)(s).
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. X 3 1
TABLE III. Excitation energy of PO,l,Z and D, states of

the elements of Geoup IV and VI(in ev).

*® P Py '»,
c 0 0.002 0.005 1.27
si 0 0.01 0.03 0.78
Ge O 0.07 0.18 0.89
Sn 0 0.21 0.43 1.07
Pb O 0.97 1.32 2,68
0 0.03 0.02 0 1.97
5 0.07 0.05 0 1.15
Se  0.31 0.25 0 1.19
Te  0.58 0.58 0 1.31




This conclusion is confirmed by a similar compa-
rison for the molecules Sn0, SnSe and Pb0 and to a cer-
tain extent GeTe, SnTe and PbSe, as shown in Table IV.
The only molecule for which there seems to be a discre-
pancy between the dissociation energy so derived from the
spectroscopic data of the E state and the thermochemical
value is SnTe. It may however be noted that the spectro-
scopic data for the E state of all tellurides are not
satisfactory. For SnTe only a region of apparently con-
tinuous absorption is known and interpreted as a possible
convergence limit of the E state leading to the value
4.07 e.V, which according to the authors(57) "should be

treated with considerable reserve",

The accuracy of the thermochemical data makes it
difficult to distinguish between the X(3Pl) and X(3Pl)
sublevels, the separation of which is maximum 0.06 e.V.
for X = Se. From the rgtational analysis of several states
of the molecule PbO, Barrow, Deutsch and Travis(q) have
concluded on the basis of the 2 correlation rule and the
non-crossing rule, that the most likely correlations for
several 0' states of this molecule are as indicated in
Table IV. Professor Barrow has kindly informed us that
a similar analysis for Sn0O also gives as most likely

correlation for the E state, Sn(3P1) + 0(3P1).
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The interpretation of the rotational analysis and
the comparison of the thermochemical and spect®oscopic data
are thus in agreement and in fact confirm and supplement
one another,

The conclusion that the E state of the group IV-
group VI molecules correlate with Me(3P1) + X(3Pl) has
therefore been extended in Table V to the molecules 5iS,
SiSe, SiTe GeS and GeéSe for which accurate convergence
limits of the E state and no thermochemical data are avai-
lable. The dissociation energies of SiS and GeSe so obtained
were already used in the section dealing with thermoche-
mical data to derive the heats of formation of the corres-
ponding compounds.

If the correlation of the E state thus seems esta-
blished it is less easy to derive the correlations of the
other states. The fact that most combinations of Me(aPl) +
X(aPl) sublevels can lead to one ot several 2 = 1 molecular
states make it difficult to propose off hand a correlation
for the B(l) and D(1l) states. The convergence limit of the
B state for SnTe, 3.34 e.V., calculated from the formula
E = wv + xwvl+ ywv3 with w = 230.3, % = 1,53, yuw = —0.013cm_1
would indicate that this state correlates with Sn(3PE)+Te(3P2).
The B state in PbTe, known up to 2.65 e.V. can however not
correlate with Pb(SPO) + Te(aPz) at 2.23%0.10 e.V, and should

at least correlate with Pb(3P0) + Te(aPl) or any combination
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Pb(3P1) + Te(3P2’l’0). If the convergence limit of SnTe

is considered to be low, but not off by more than 0.5 e.V;
and if the B states of both molecules is analogous as would
be indicated by the same ratio wy/wys then the probable
correlation of the B state would be Me(gPO) + X(SPl).

(Table IV).

TABLE IV. Correlation of the X, A, B, C, D and E States

of the Group IV-Group VI MeX molecules.

Atomic States Possible 2 values likely mole
Me X cular states
3PO >, o', 1, 2 x(o*)
3P1 07, 1 B(1)?
3P0 ot acoh)
3Pl 3p2 07(2), o*, 1(3), 2(2), 3 ccot)
3p1 0”7, 0*(2), 1(2), 2 E(o™)
%y 07,1 D(1)?
*, 392 07(2), 0%(3), 1(u), 2(3), 3(2),u
391 07(2), 0%, 1(3), 2(2), 3
3P0 o*, 1, 2

It is even less easy to speculate about the corre-
lation of the D state, In PbTe, the difference between the
convergence limit of this D state, 3,.67t0.20 e.V. obtained

from a linear Birge Sponer extrapolation and the thermoche=

25



mical value for the dissociation energy D$= 2.30:0.17 is
1.37%0.37 e.V. It may be noted that the uncertainty quoted
on the Birge Sponer extrapolation corresponds to an uncer-
tainty as high as $70%, which still would not affect the
conclusion since the linear dissociation energy of the D
state itself is only 0.4% e.V. This difference compared to
the excitation energies of the different 3P0’1’2 + 3P2,1,O
combinations for Pb and Te, 0, 0.58, 0.58, 0.97, 1.55, 1,55
1,32, 1.90 and 1.90 e.V., indicates that possible corre-
lations are Pb(’p)) + Te(’py ) or Pp(’p,) + TeC(P,). A
selection between those two correlations cannot be made on
the basis of the highest vibrational level of the D state
observed in any of the MeX molecules., A possible argument
for the 3Pl + 3Pl,0 correlation could be that the linearly
extrapolated convergence limit of the D state lies either
above or below the similarly evaluated limit of the E state
when the excitation energy Me(aPl) + X(3Pl’0) is either
larger or smaller than Me(aPz) + X(3P2) for 8(SiSe, SiTe,
GeSe, GeTe, Sn0, SnS, SnSe, SnTe) out of 12 molecules of
which two (Ge0, GeS) haverboth limits essentially at the
same level and two (Si0, SiS) present the inverse situation.
The F states, have already been Shown(a) to corre-
late with Me(ng) + X(le). They have not been observed
for all molecules of this group and will not be discussed

here., For SnSe the combination Sn(lDZ) + S(lDQ) leads to
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one shallow and one repulsive state, from which accurate
values of the dissociation energy can be derived (see foot-
note c, Table V).

For SnTe, higher molecular states G, H and I are
known. Perhaps could these states be correlated with
sn(3p ) + Te(3p ). The term values v increase regu-

2 2,1,0 00

larly for the A to I states and an abrupt increment for the

F state. The same situation occurs:for the other mole-

cules of this group as can be seen seen from Table II.
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TABLE V. Comparison of spectroscopic DJ and thermochemical
DOvalue of the dissociation energies of group IV-

group VI molecules (in e.V.)

Molecule Convergence Excitation
limit energy Dy Dg
E state Me (3P )+X(3P))
co 11.111£0,06
cS . 7.5320.15
CSe 6.00%0.15
CTe (4.8 0.4)(a)
510 8.3220.15
Sis 6.4420,06 0.06 6.38:0.006
SiSe 5.66:0,15 0.26 5.400,15
SiTe (4,70%0.25) 0.59 {4.11%0,25)
GeO 6.,7920.13
GeS 5.79+0.03 0,12 5.67:0,03 5.78+0.15
GeSe 5.25¢0.0% 0.32 4.9320,03
+0,30 +0.30
GeTe 4,49 ~0.10 0.65 73.8H_0-10 4,000,155
Sn0 5.68+0.05 0.23 5.45:0,05 5,53%0.13
5.37(b)
SnS 5.06%0,10 0.26 4.80%*0,.10 4,7820,12
4,74 (c)
4,83(c)
SnSe 4,540,006 0O.u6 4.08%*0.06 4,11%0,17
SnTe (4.07)? 0.79 (3.28)? 3.u5*0.17
PbO 34,86 0.99 2 3.87 4.00%*0,13
PbS 4,55*0,20 1,02 3.53%0.20 3.42%0,12
* PbSe 34,32 ? 1.22 > 3.10? 2.95%0.22
PbTe : 2.30%0.17
a estimated (3)
b from absorption_continuum at 1926 to 1937 R, correlated

with Sn(1D2)+O(3P). It was assumed here that the 0(3P2) sub-
level is involved. If the absorption occured from v"=1, which
could be the case as a result of the large interatomic equi-
librium distance in the shallow upper state, the value obtained
D8=5.47 eV would be in perfect agreement with D"=5.45 eV.

¢ from shallow g and repulsiYe T stati respectivegy, assuming
both to correlate with Sn("Djy) + S(°Dy)

28



REFERENCES,

(1) A,G. Gaydon, "Dissociation Energies™, Chapman and Hall
Ltd (1953).

(2) E.E. Vago and R.F, Barrow, Vol.Comm.Victor Henry, Li&ge
Desoer (1948),

(3) R.F. Barrow and H.C. Rowlinson, Proc.Roy,.Soc., London,
A 224, 374 (1954),

(4) R,F. Barrow, J.L. Deutsch and D.N. Travis, Nature,
191, 374 (1961).

(5) R.F. Barrow, private communication.
(6) R. Colin and J. Drowart, J.Chem.Phys., 37, 1120 (1962).

(7) M.G. Inghram and J. Drowart in "High Temperature Tech-
nology” (McGraw Hill Book Co, Inc., New York, 1360).

(8) J. Drowart and R.E. Honig, J.Phys.Chem., 61, 980 (1957).
(9) J. Drowart and P. Goldfinger, J.Chem.Phys.,55, 721 (1958),

(10) M. Ackerman, F.E. Stafford and J. Drowart, J.Chem,Phyd.
33, 1784 (1960),

(11) R.F. Porter, W.A. Chupka and M.G. Inghram, J.Chem, Phys.
23, 216 (1955),

(12) R.F. Porter, J.Chem.Phys., 34, 583 (1961).

(13) C.N. Cochran and L.M. Foster, J.Phys,Chem., 86, 380 (1962);
W.D. Good, J.Phys.Chem,,66, 380 (1962); S.S, Wise, J.L.
Margrave, J.L. Feder and W.N. Hubbard, J.Chem. Phys,

66, 381 (1962).

(14) W.L. Jolly and W.M. Latimer, J.Amer,Chem.Soc,, 74,5757
(1953).,

(15) K. Ono and K. Sudo, Sci.Repts.Research Inst., Tohoku Univ,
(A) 7, 385 (1955).

(16) J.C. Platteeuw and G. Meyer, Trans.Faraday Soc., 52,
1066 (1956).

(17) A.W, Richards, Trans. Faraday Soc., 51, 1193 (1955).

29



(18)
(19)
(20?
(21)

(22)

(23)

(24)
(25)
(26)
(27)
(28)

(29)

(30)
(31)
(32)

0.Kubaschewski and E.LL. Evans, "Metallurgical Ther-
mochemistry”, Pergamon Press (1958).

F.D. Rossini, D.D. Wagman, W.H. Evans, S. Levine and
I. Jaffee, Nat.Bur.Standards, Circ.500 (1952).

H.F. Ramstad, F.D. Richardson and P.J. Bowles, Trans.
AIME, 221, 1011 (1961).

AN, Nesmayanov and L.P. Firsova, Zhur.Fiz.Khim, 34,
1032 (1960).,

R.F. Barrow, P.G. Dodsworth, G. Drummond and E.A.N.S.
Jeffpies, Trans. Faraday Soc., 57, 1480 (1955); U.L.
Davydov and N.P. Diev, Zhur.Neorg.Khim., 2, 2003,
{1957); H, Spandau and F. Klanberg, Z.anorg.u.Allgem.
Chemie, 295, 291 (1958); K. Sudo, Sci.Repts.Research
Inst,, Tohoku Univ., (A) 12, 5% (1960); H. Kenworthy,
A.G. Starliper and A, Ollar, U.S. Bur.Mines Rept.Invest.
5190 (1956).

C. Hiramaya, J.Phys.Chem., 66, 1563 (1962).

Liu Ch'fin-Hua, A.S. Pashinkin and A.V. Novoselova,
Zhur.Neorg.Khim, 7, 965 (1962),

Ya.M. Nesterova, A.S. Pashinkin and A.V, Novoselova,
Zhur.Neorg.Khim., 6, 2014 (1961).

M.V. Lonomosov, Zhur.Neorg.Khim., 4, 2657-60 (Through
C.A. 16971 g(1960)).

U.P. Zlomanov, B.A. Popovkin and A.N, Novoselova,
Zhur.Neorg.Khim,, 4, 2661-% (1959).

D.R. Stull and G.C. Sinke, Advances in Chem.Ser. 18 (1956).
D.G. Marsden, J.Chem,Phys., 31, 1lluu4 (1959); L. Brewer
J.Chem.Phys., 31, 1143 (13597; R. Colin, P. Goldfinger

and M. Jeunehomme, Nature, 187, %08 (1960).

This laboratory, unpublished work.

R. Colin, Ind.Chim.Belg., 26, 51 (1961).

K.K. Kelley, U.S. Bureau of Mines, Bull,584, (1360);

K.K., Kelley and E,.G. King, U.S. Bureau of Mines, Bull

592 (1961); J.P. Coughlin, Contribution to the data

on theoretical metallurgy, XII, U.S. Gov.'Printing
0ffice, Washington (1954).

30



(33)

(34)

(35)
(361

(37)

(38)

(39)
(40)

(41)
(42)

(43)

(44)

(45)

(46)
(47)

(48)

JANAF Interim. Thermochemical Tables. The Dow Chemical
Co., Michigan (1961).

H. Schdfer and H. Wiedemeier, Z.anorg.Allgem,Chem.,
290, 841 (1958); "Chemical and Thermodynamic Properties
at High Temperature” XVIIIth Intern,Congrees of Pure
and Applied Chemistry, Montreal, Canada (1961),

A.D. Mah, U.S. Bureau Mines Rept. Invest. N°5600 (1960).

P.L. Woolf, G.R. Zellars, E. Foerster and J.P, Morris,
U.S. Bur.Mines Rept. Invest. n®5634 (1360).

R.D. Yreeman, "Thermodynamic Properties of Binary
Sulfides", Research Foundation Repprt n®60, Oklahoma
State Univ., (1962),

M. Jeunehomme, Thesis, Université Libre de Bruxelles
Brussels (1962),

R.L. Schiek, Chem.Rev., 60, 331 (1960).

R.E, Honig, J.Chem.Phys., 22, 1610 (1954); J. Drowart
and G. DeMaria in "Silicon Carbide"; J.R. 3'Connor

and J. Smilten, Eds.Pergamon Press, New York 1960,p.163
R.L. Batdorf and F.M. Smits, J.Appl.Phys,, 34, 659(1961);
35.G. Davis, D.F. Anthrop and A.W. Searcy, J.Chem,Phys.
34, 659 (1961); P, Grieveson and C.B. Alcock in "Special
Ceramic" Heywood and Co, Ltd, London 1961,

H.S. Spandau and F. Klanberg, personnal communication.

E.J. Kohlmeyer and H.W. Retzlaff, Z.anorg.Chem. 158,
743 (1959).

W. Bues and H. von Wartenberg, Z.anorg.allgem,Chem.
266, 281 (1951).

S.A. Shuchkarev and G,A. Semenov, Doklady Akad.Nauk.
SSSR, 120, 1059 (1858),

Jolly and Latimer, quoted by L. Brewer, Chem.Rev,.52,
1-62 (1953),

V.I. Davydov, Zhur.Neorg.Khim. 2, 1460 (1957),
B.K. Veselovskii, J.,Appl.Chem. URSS 16, 397 (1943).

E. Feiser, Metal Erz., 26, 269 (1929); A.W. Richards,

31



(49)
(50)
(51)
(52)

(53)
(54)

(55)
(56)

(57)
(58)

(58)
(60)
(61)

(62)

Trans. Inst. Mem., Met. 65, 151 (1956)(through ref.(18));
A.N. Nesmeyanov, L.P., Firsova and E.P. Isakova, Zhur.
Fiz,Khim,, 34, 1200 (1960); Zhur.Fiz.Khim. 34, 1699 (1960).

A. Lagerqvist, H. Westerlund, C.W. Wright and R.F.
Barrow, Arkiv,Fysik, 14, 387 (1959).

R.K. Laird and R.F. Barrow, Proc.Phys.Soc., BEA,
836 (1953).

A. Lagerqvist, N. Nilheden and R.F. Barrow, Proc.Phys,
Soc., 65A, 413 (1952).

S.J.Q. Robinson and R.F. Barrow, Proc.Phys.Soc. 67A,
95 (1l954),

E.E. Vago and R.F, Barrow, Proc.Phys.Soc., 58, 533(1946).

G. Drummond and R.F. Barrow, Proc.Phys.Soc., 65A, 277
(1952).

A.E. Douglas, L.L. Howe and J.R., Morton, J.Mol.Spec-
troscopy, 7, 161 €1961).

R.F. Barrow, G. Drummond and H.C. Rowlinson, Proc.
Phys.Soc. 68A, 685 (1953),

E.E. Vago and R.F., Barrow, Proc.Phys., 58, 707 (1946).

G. Herzberg, Spectra of Diatomic Molecules, Van Nos-
trand (1961).

E.E. Vago and R.F. Barrow, Proc.Phys.Soc., 59, W49
(1847).

G6.D. Rochester and H.G. Howell, Proc.Roy.Soc., London
148, 157 (1935),

J.W. Walker, J.W. Staley and A.W. Smith, Phys.Rev.,
53, 140 (1938).

R. Grove and N. Ginsburg, Spectrochim. Acta, 16,
730 (13860),

32



