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iii

UCRL-19131

* DIATOMIC SPECIES CONTAINING SULFUR

Chapte::i3 for “Sulfur Chemistry,

" Inorganic and Organic: . An Integrated View",

~ A. Senning, editor, M. Dekker, Inc.

Beat Meyer

Inorganic Materials Research Division
Lawrence Radiation Laboratory
University of California
Berkeley, California 94720
and University of Washington-

- Seattle, Washington 98105

v ‘and
Dan D. Jensen and Thottathil V. Oommen
Chemistry Depértmeht
University of Washington
Seattle, Washington

Table of Contents

13.1 Introduction

- 13.2 Preparation
13.3 Spectral Properties
13.4 Thermodynamichata

13.5 Summary



13.1 Introduction

Diatomics are not normally stable aﬁ
room température. The diatomic species exist only at high temperature and
at low éreéghfe, or in ineft loﬁ'température.solﬁtion. The;efdre, this
chapter deals essentially withihigh température chemistry and cryochehistiy.
' Some fifﬁy-foﬁ£ | ' '-\compounds} for e#ample Césh Fés, Coé, Nis,
HgS, ' seem‘to‘cohtradiét‘the ébove stateﬁént; becahse they are stable and
can‘be descfibe& by éiatbmic formulas. Theigbproperties_aré ,‘however, not
representative of their.diatomic felatives; they are nét molecular solids.
They are mérély binafy éompounds witﬁ a 1l:1 molar ratio.  This is evidenced
by the faét that they have large lattice enérgies and high melting points
ahd‘that their vapor'¢6nsists of ﬁahy different speciés. o
A detailed review of the properties and preparation of gaseous diatomics
would exceed the scope of this book. Theref§re, this review is general in
nature. The literature references do not aspire to be complete; no justice
is giQen t§ priorities of work. We have ohitted most references to work
summarized in Gmelin (l)v;nd Pascal (2). Morxe details on individual species
are available in referénced originél work ahd review articles. Instead of
presenting sequences of individual description, much of the data is sum-
marized in tables and figures. In many of these compiiations
we include éredicted properties of diatomics which

have not yet been prepared or observed.



For discussibn.of preparation and properties,_diatomics aievgrqubed .

accoring to the position of the sulfhr'partner in the-periodic chart. The

_first diatomic is HS. Since diatomic alkali sulfidés_do not exist, alka-

line earth sulfides are next. Then cqmejthird to‘seventh row-compounds,

followed by those of row Ib and IIb. Transition‘metal sulfides are listed

according to increasing atomic number.IALanthénide elements come next, and

actinide sulfides are at the end.. in-tableS‘offnumerical:daté,'the order

is different; all diatomics are listed in alphabetical order of chemical

symbol.

'TABLE 1: Organization of gulfides

aA)

" B)
" ¢)

D)

'E)"

By
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‘Transition Metals
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Actinides

As_msntiohed, diatomic sulfides are only stable at slevated temperature.

At room tempexature,;diatoﬁic sulfides react, or théy'form ionic or metallic

and sometimes semiconductor solids. In these the sulfur often
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diherizéé under formation of 532. A typical example is provided by FeS,

. __2 . ) )
2 "ion and as S which' is bound to the

in which the sulfur occurs as S

_iron. The sﬁifur-iron'fbond" is so delocalized, that-the ratio of iron

to sulfur is not 'fixed} “iron sulfides are non-stochiometric and form
stable solids of the CompositioniFeSx, where 0.81<x<1.00. Vaporization of
such solids does hot yield pure diatomic sulfide, but the vapor can be

adequately'deécribed in terms of elemental species, S., and other sulfur

2

molecﬁles,‘and the'metal sulfides Ms and Ms The relative yield of

2"
diatomic Sulfidé’dépehds"dn the‘suifur pértﬁer, but it can be influenced

by the'compdsitiéh’df the solid. Thé'presénce of elehentélA silicén ,» for
example, will enhance the diatomic vapor pressure if SiS

2 is sublimed.

Vapors of stable sulfides can he made in quartz furnaces, Figure la.

_ Aﬁove-12005c,'a'xing furnééé‘is used, Figﬁre lb."This type of_furhace

consists of a graphite tube in which thevpatent-cénpdund is blaced. The
tube serves as an éieétrical resistoi which is heéted bf.the flo& of 200-.,
600 A at 6 volts. Properties of the vapor can be observed through-the end
of the tubes. The entire tube is inside a vacuum systen, apd filled_with
atgon'at;a'pressure of about ﬁeﬁ torr to delay diffusion from thé hot tube
to the éﬁid 6bservatioﬁ window. If sﬁlfides are to be condensed or
studied-in a mblé;ular beam, the vapor ié prodﬁced by effusion from
cruciﬁles or Knudsen cells. SnS, for_example,vdan be vaporized in, 6r
from, a quartz dbuble furnace, figuré«lé. BeS is vaporized from a.carbon

ceil,_Figufe l14. At higher temperature molybdehum or silicon éarbide

cells, heated by induction or electron bombardment, can be used.




| . \
Many sulfides cannot be made under equilibrium conditions. CS, for

example, is under no condition the prevalent vapor species. In such cases,

mclecules'muSt be nade as'transient species in low pressure vapor, by

flésh photqiysis,rFigure le, or dischérge techniques. In the flash photoly-
sis experiment, the tube must be refilled with new reactant after each
flesh. In cbntraet; a discharge £ube‘§$h be conﬁinuoucly_operared. The
lifetime cf a discharge tube, as shown in Figqure if, can.be several hcurs.
It contéins the'parenc'compounds and about 1 torr of argon as evstarter

gas. For NS, a flow system is a convenient source. 'Other nolecules~cen

best be made in solid low temperature solutxon by in situ synthes:.s, '

Figure ig, as discussed for the case of S The same apparatus can be com-

9°
bzned w1th a furnace or flash source to trap metastable diatomic¢ sulfides.

References to all these technlques can be found in reference 3 Figure 2

shows all observed solid and gaseous sulfides.
- A) HS

. HS has been observed in radiofrequency (rf) discharges of H,S at low

pressure (4), in microwave dischargee and through photolysis. It can ailso

be made by reaction of CHCl, + SOCL, + K at 485°C at 10 torr (5). HS is, .

normally,unstable in the gas phase. Metastable HS has been prepared by

photolysis of H Svin rare gas matrices at 15°K (6). In such matrices

2
radicals can be stored indefinitel? (3,7).

B) Second row sulfides

BeS has been prepared by the reaction of Be with sulfur vapor and

hydrogen at 1150°C (8), by the reduction of BeSO, with dry CO, CaC, or

4 2
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sulfuf (9), of by the reaction of vapors ofBéCl2 and Hés (10) . The
Vapofiiation of BeS is not a cénveniéht préparatién hethod, because solid
alkélinevéafth sulfides are ionic. Solid Bés melts ét 2275°K. The vépor
cdntaihsze, Sz, S; as‘wéll'aﬁ Beé. 'Mgsbcan be Ereparéd byvthe redﬁction
.9f Mg304 with1CSé a£'7505Cv(ii), and ;he reéétion of Mé with st ‘12)', .
cas caa'se prepared by the reacti9n bf ca¢o3 withbﬁzs at ;000°é (13). srs
and-éaS $ie.prépaiea ih the same way. The reduction is accelerated by the

presence bf hYdrogen}

C) Third row sulfides

BS is formed in a discharge of B,S; in helium or argon (14). Als

could prObabiy be formed in anélogous discharges and by reaction of Al_Cl3

and H.S vapors. GaS is the stable vapor of solid GaS which can be made by

2
‘direct reaction of the elémentsvat_900°c (15-17). It sublimes at 950°C.
Ins and T1lS are obtained in the same way (18). 1In all three cases, other
sulfides are also stable. Solid sulfides have the composition (GaS)4; InS,
’Inzs, and T1s, les and les3.

D) Pourth row sulfides

- CS is formed in discharges through Cs,, but S, is also formed (19, 20).

2

‘'CS also occurs in carbon arcs through sulfur vapor, and, at room tempera-

ture, in low pressure reactions of CS2

with excited atoms and molecules

(21). sis is formed by heating Sis2

énd Si, Si and sulfur vapor, or a

and si (22, 23). At low temperathre $is dispro-

misture of 51253, 5102



portionates into sis, and Si (24). GeS is a stable vapor above solid GeS.

It can be made by'reacting Ge02 with HZS and hydrogeh at 500°C, or from

GeCl, and H,S (25). GeS sublimes at 430°C; it melts at about 530°C. Di-
atomic GeS ¢an be trapped'in rare gas matrices. SnS.is the vapor above

SnS which is formed by heating the elements (18) or -a mixture of SnO2 and

KNCS. It also forms from aqueous,Snr2 solutions with st. SnS can be
‘trapped in solid rare gases. PbS is formed in the same way. -

E)  Fifth row sulfides

'Ns'is.formed'by feactign of‘activé'hitrogen oﬁ-SClz'(Zé), sﬁlfgrtvapor
mixéd with Spé>and'SZC12'(27); and a discharge throﬁqh.nitfogen gﬁd:suifur
Vapcr‘(Zé)}' PS iS'obServed_in dischérjésvcohﬁaining phoéphofousvand
| sulfur (27, 28). sBs'and BiS have been observed in vépor phéseAby the

decomposition of the stable sulfides (29).

F) Sixth row sulfides

SO results by reaction of COS and oxygen atoms (30), a discharge -

through SO2 (31, 32) and photolysis of - S.O (33). It is observed in sulfur

2

containing flames, beside SO.. S occurs in almost all sulfur-rich flames,

2 2

' discharges through CS._, SZClz) and sulfur (34). It is a stable component

2

of sulfur vapor, in equilibrium with other sulfur species of the compo-

sition sx' where lexc<l2 (35). S2 has been trapped in inert matrices at

20°K (36}737). It can be synthesized in inert low temperature solution

through photolysis of H and COS (38). SeS has been

2 2

S, S Brz, 82Cl2



obséiVéd Qiﬁhvé masspectrometet in the Vaporvphase (39). TéS’has been
oggerbeé:spéﬁtfoécopicéily (40). ”Pbs is:radioaétivé.> It caﬁ be.bfepared
byvﬁreéfing.aequeous PoClz.with HZS' Above 275°C it decomposes intp the
elemenﬁsv(41);" |

G) nSeventh ¥ow sﬁifides

SF has been observed in a microwave diécharge by the reaction of F

atbﬁs,'madeifrom CF4; with COS (42). ' Other diatomic sulfur halides have

ndt'Yet been éyntheéized} but their properties_cahAbe predictéd by analogy
with»the oxygen halides. Since the Cl-S and Br-S bonds are weaker than

2'and'SCié-ih the gaé'ﬁhase or in matrices does not

S-S, photolysis of s,Cl
yield SC1;‘butv32‘aﬁd"C1'atoms, which, on recombination, formilarger
molecules (43). »

'H) Row Ib sulfides

. - ' ' Lo 42
CuS forms a stable solid. It is formed by reaction of Cu  and H,S,

(44). The solid contains S;2 and S”2 ions.

or reaction of Cu and C52

Gaseous CuS has not yet been reported. AgS has not yet been made. ‘Although
gold:is the only element which aoes not react directly with sulfur, solid

AuS can be made by the reaction of AuC13 and H_S below 40°C, or AuC13'with

2

Na3Au(SZO3)2. (45). AuS decomposes above 140°C.

I)'_Row iIb'sulfides

; L +2. ' '
ZnS, made by reaction of Zn 2 with HZS' melts at 1650°C and can be

vacuum distilled. It is a colorless semiconductor. At room temperature,

‘it occurs in two different crystal forms (Zinkblende and Sphalerite. Above



1000°C it traﬁéforms into Wurtzite. Cds aiso formé two solid stablev
éliotropes; Above 20 kbars ZnS and CdS transform into é fock~saltvtype
form (46). CAS sublimes at 980°C and melts at about 1750°C. B-HgS is
black ; oh75£anding.dr heating it conQerts into ré&ktfigonal 0~HgS. a-HgS
céhtains helical -S-Hg-S-H - chains (47). It sublimes at 580°C in

diatdmic‘form.

“'3) Transition metal sulfides
'Solid ScS is prepared by heating stoichiometric quantities of the '

elements to 1150°C (48). TiS is reddish and has metallic properties. The

structure is Ni-As type (49). VS isvprepared by heating'vzs3vto 1000°C,

_or by reducting v,0. with HZSQ It melts at about 1900°C (50). CrS is

obtained_byzheating stéichiometric quantities of'the element to 1000°C
(18)."Ab9ve 660°C’it dispropértionates into metal and highef sulfides.

MnS exists in three modifications. q-MnS is formed by MnC12 and HZS under

a nitrogen atmosphere in the presence of NH4C1. FeS can be made directly
" by heating the elements. As other transition metals, FeS occurs in many

non-stoichiometric forms with compositions of Fo 85S to Fesz. CoS has

two forms. Other cobalt sulfides with Col-xsx up to'C0958 (B=Cos) are

formed. The sulfide is formed at 650°C from the elements. g-CoS melts

at 1100°C (24). NiS can be made from the elements, or by precipitation of

+ +2

‘ ' , + B .
Ni 2 with st. In aequeous solution Fe 2, Co and Ni 2 form mixed

sulfides~hydroxides with compositions depending on the pH.



A‘ Ys ékisté in stoichiometric and nbn~stoichiometfic compositions. It
can be made froﬁ élementé.'_ZrS is made in the same Qay, and also has
mahy diffefént“compositions. NbS in two forms ié obtained from the.ele-
ments at 85b°é;‘;PdS}is'formed by the elements ;t.500°c. HfS is made in
the Same'wéy, wiﬁh SubééQuent ahhéaliﬁgvat 1450°cC. -Pt.and éuifurbreéct
unde# forﬁétioh of éﬁs. The.sﬁifidg i§.als6 formed f;om Ptélé + ﬁZS}.

PtS is tetragonal and a semiconductor (51).

K)' Lanthanium sulfides

Ali lanthénide elémehts; éxcept bm, fofﬁv5inary sulfidés with the‘f.
_éohbositign-l:l (24, 52). Lé,‘Pr and.Nd react with éieméﬁtal.shlfur‘;t
: 10005C; 'CeS.is forhed wﬁen CeZS3 ig heafed to-2200°C>in the presence of

CaH3'ih mdlybdenum.conﬁainer. . |

‘L) Actinide sulfides

ThS, US, PuS and NpS are made by reaction of the metals with st at

'500°C (53). PuS can be made by reduction of PuF3 with Ba metal in a BaS

crucible.

Summary

Twénty-séven_elements form stable diatomic sﬁifides at high température;
seventeen sulfides can be  -formed by vaporization of the solid.sulfide.
Howéver,:tﬁe diatomic species exist only in a narroﬁ §ressure and tempera-
turé range, and even then the vapor is norﬁally not pure, but contains

measurable, if not appreciable, quantities of atoms, 52 and polyatomic
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sulfides. Anéther ﬁhirty—nine sulfides form binary solids with a l:i
Cbmpositioh;'bdt decompose upon heating. The vapor composition‘over'hot~
sﬁlfides héévbeenvextensively studied by Goldfinger and Drowart (83, 84,
86) . For the preparation of other diatomics, gas‘phase non—equilibrium
syhthesis éi matrix isolation methods must be used. Cas phase non-equi-
libfium syhthesié Haévbeen_used for thevpreparation of NS, HS and CS. VNS
can be preparea in a flow.systeﬁ by the reaction of active nitfogen with
sulfuf vapor. It obtains‘mainly in‘the excited B 2H sfate, wﬁich relaxes
: tq the ground State'undér emissién 6f’blue light. Ns.can also be.§btained
>by 6£her techniqués,vfor exampie in a microwave diécharge throgqh'a hitrogen
and'SZC12 mixture. HS and CS are best obtained by flash‘photélysis qf the.
stéble'parent molecules. In all of thé.above cases, the diatomic sulfides
" are only'short lived and recombine with other vapor components within
milliseéohds,‘or-a shbfﬁjfr;ctibn of a second.
| Unstable molecules can be stored and preserved if they are trapped in

" matrices. Matrices are formed by condensing a mixture of the'sulfide'ahd
a rare gas at 4° and 20°K (Figure lg).‘ If enough inert gas is present,
'diatomic spécies will bé‘su:rounded'by'weakly interacting rare gas atoms
and will_not chemically react with other sulfide molecules. Thus, solids
are_fofﬁed,-in which the ﬁulfidé is metastable. Another advantaée of

rare gas'matrices is that molecules can be sypthesized in gitu. ,52, for
example, can be formed by photbljsis of s Cl orlSlBrz. CS can be made

"2772 2

by photolysis of CS_,, and BeS and BaS could be made by the reaction of

2
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the alkaline”éafth atoﬁ with sulfur atoms prepéred by in situ phﬁtolysis
of Cb;'ﬁFAf this pufﬁosévﬁ molecular beam of Ba and argon,-in a molar
ratid-of 1:500 is condensed on é window at 20°K, simulténeousiy with a
beam of COS in atééﬁ (iﬁ.fh; ratio 1:100). COS i$>ph6t§1yzea.with
253.65 nm méréufy‘light, yielding‘é a;omé and inert CO. S and Ba atoms
are Eroﬁght“tb reﬁctionfby évtempetature increase to 33°Kk, where diffu-
Sion:sets in (3). sSimilar syntheﬁié'reactions could be used to make
otherﬂsulfideé. Such matrix éynthesis are not far fetched projects for
the'futdre;?:similér, and much ﬁore complicated reactions ha?élaireadfz'

been ehployéd for many yééiﬁ to p;epare other new free radicals (5).

13.3 Spoéii&i Ptbﬁerties |
. ‘*spectfal'profe}ties:of 16 dia£§mic sul fides are'suiﬁatized in iablekz
‘iﬁ élpﬁébeficéi brder‘of'the cheﬁical symb01 §f the sﬁlfur parther.. Much
of the data on sulfides results from the work of Barrow énd his studentsf
Table 2 iists only references to the latest available publication on each
species. Detgiled discussions of the spectra exceeds the scope of this |
chaptgr. Earlier literature is suﬁmarized.in>books by Rosen(55), Herzberg
(54) and Géydon (34), in an article by Barrow (63), in a newsletter (76),
and in a summary by Mulliken (77).

The purpdse bf Figure 3 is té give a comparison of the présently
known‘statés. The figure does not list the character of states and tran-

sitions, because. this can be obtained from Table 2. Table 2 is probably
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not compiete'because_speétra of new molecples and new daté for presently
known mdlecules are continuously feported. So £ar,>Only.visiblevspectra
of sulfides are known and most corraspond to alloWéd ﬁransitions betwéen
lower lyihénstéteé. If ohly>eﬁission is known, it can be assumed éhat
the'moléculé‘is notYStabIé enough for‘absorption étﬁdies. In ﬁhe fuﬁuge,
matrix wotk’suteiy-wiii yield more abéorption data on new, unstable méieéules.
and'emission from the lowest excited state which is normally spin forbidden
(56);' fﬁe khdwledge of lowe; lying states is important for coméﬁting
ythermodynamic'data, and.for'unaerstanding.thé reaction of exciféd moiecuies.
.Déta'fdr thejelectronic transitiohs of group II,IiII; IV, V and VI sulfides
‘are represenﬁedvin Figure 3. The figures also:showvthe data for ihe
co#reépondigg'oxidés. Thé abscissa lists'ﬁoléculés iﬁ Srder of iﬁéreaéing
atéﬁic'wéighﬁ."it is genérally established that for_avgiﬁen‘eiectron'éon-
figuration'ﬁiﬁh increasihg atomié wéight,'the eleéﬁrénic.énefgy 1ev§lS
move towarés lower values; as a result, the absorption edge moves toward
the red;r_In Figure 3-c for CO, for example, the first allowed transition
is.in the'vacuum uv. The molecule is colorless. In CS, the transition
lies in the far uv. SnS vapor is blue agd PbS, with an allowed.transitioh
in the visible, is brown. A similar trend is_observed for all states of
these molecules, for example the lowest excited state, a 3H. Emissionvof
3H+1Z in Cs'is.predicted to be light blue, Sis dark blue, and GeS is
observed to be yellow, SnS green and PbS is red. This treﬁd holds only

qualitatively, and it is invalid for Rydberg states. However, if for a
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giveh.molécule the assignment of an obsérved state 6r the basis of ﬁhe

spectral analfsis is doubtful, it is well worth cémparing states of simi-

lar molecnies, This procedure vas used to predigf ' " the location
- . © '

of théJE 3ﬂ stétes in GeS and SnS, vhich.wefe all prévioﬁsly unknown, but

have now been observed in matrices (62, 72). .

Group’iI sulfideg have a ground state 12+, butvthey also havé a low
lying 3Hstate. Siﬁcé 3n-127tran§iti6né aré fprbidden and therefore weak,
the reiétive_pdsitibn_ofAthe t;o states is not directly obser§ed. The
specﬁfa coﬁsist, théreforé, of éwd‘diécoﬂngcted;systehs,vbﬁe‘inﬁolvingv
singlet_sﬁétéé, aﬁd the'othef iﬂvolvinq triblét-stateﬁ. vAithoﬁgh the
corresponéing 6xides afe -’éxtenaiéely studiéd (74), the order of
excited states is not yet conclusively established. This is compiicated
by the occurrance of hydroxide impurities, which furﬁher complicate
aﬁalySis.v |

Group III sulfidesvare not Qell known, because the molecules are not
stable. Mosﬁ data comes from emission studies, where small amounts of
the desired molecule emit in the presence of lafge impurity conéentrations.
Under such conditions, the identity of the emitter must be established by
thorough.rotationai analysis, and by analysis of isotope shifts. The
recent a&éilability of pure 345 should simplify identification and knowledge
of unstablé molecules of this group.

Group IV sulfides are relatively well known. In Figure 3c, all

molecules have ten valence electrons, like N2 or CO. The ground state is
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1%; the first égcitéd orbital is o°mT which yiéids one?state each with
3H,>32,'1H and lZQ The lowest lying fully allowédrtransition is B'1H++
X gt .in'v'Nz. and lII4-+x“1‘):+ in CO. | The lowest excited state of
ten electionimolécﬁlés is 3H, ﬁhicﬁ'is closé in‘enérq§ to 32 of the same
_electron cdnfigﬁratioﬁ; The traﬁsition.a 3H+ X 12 is spih forbidden, but
appearsvin matfiées.asTs£rogg phosphorescence because of ﬁatriﬁvinduced
intérs?stéh éroSsing froﬁ the firs£ excited singlet state 124”;3H (56) .

Group.V sﬁifidés'até isoelectronié with'Nd. The grouhd state ishzﬂ,
the lowesé éxcitéé éﬁaté 4H.‘ dﬁl& allowed tiansitioﬁs of NS and PS are

ﬁ .kh&wﬁ: ”De£ailéd ¥§taﬁion§1 gnaijsis and sulfuf isotopes have bégh
used for identifying the states of'NS.

Group—VIkﬁulfides'are isoelectronic with 02, andvhaQe a ground state
357, The 10We§t lying allowed transition corrgsponds to the séﬁﬁmann-
'Runge bands, which are responsible for the atmospheric absorption of
ultraviolet light by 02; In the last five years, several tréhsiﬁions
involving singlet stétes have been observed and analyzed; However, so
far; the singlet and friplet states have not been conclusively correlated.
For 52;'knowledge about eighteen states is now available. Due to the work
‘of Barrow and his cowofkers (67, 68), data is so thoroughly established

and carefully collected that S, is probably the best known diatomic mole-

2

cule.
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13.4 Thermodynamic Data

A. Disséciation Energies
‘Tablé.S gives the dissociation'energiés f6r some diatomic sulfides.
_ o _ _ T .

- The data 15 éﬁbje;ﬁ éo soméluhcértéinty,ubecause of'conflicting'vélués in
ﬁﬁé:iitéi;ture; A éefailed ahaiysis?of“the data-excééds.tﬁe scope of this
chaptef.' Sﬁlfides;'ihvéeneral, have lowef aissoéiatiéh eﬁéfgies thah
qxidés,‘But, fortunately, the pattefn for oxides and sulfides are strikingly
gsimilar. This is éhowh'iﬁ Pigure 4 fdt group II and IV elements. The oxides
are ﬁuéhfbetter known ahd'are reviewed in ;'véry Qeceﬁt, excellent article
(74). | N |

1f we compaie the dissociation energies as a function of the vaience
electrons, a trend analogous to tﬁét for homonuclear diatomics is obtéihed (79%.
Bond éneréiés'iﬂcféase withvfﬁe nﬁmbér of éieétféns“in bbndiné orbitais

minus the numbér of electrons in the anti-bonding orbitals. The high
stability of CS and other group IV sulfide#’is thus undérstood through

" comparison with Nz. | |

Comparison with oxides explains why many diatomic sulfides are not
observed. The alkali metal And halogen oxides,_forvexample, have very
low bond energies. Thus, the sulfides are too unstable to exist, except
for SF fér which only little is known (42). The most stable of the ﬁot

yet obgerved diatomic alkali sulfides should be LiS. The dissociation

energy of LiS should be about 60 kcal/mole, which is the value of NaO.
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B. Heats of Formation

.The data in Table 4 indicates that diatomié sulfiaes exiéﬁ onlyvat
high temperatures: Transition element sulfides decéﬁﬁose 6n'heatin§ and
cannot be made from éolid sulfides. Exceéf for;Sns'and'GeS, diatomic
sulfideslcénnoﬁ be pféparéd in pﬁre formbﬁnder equilibiium.conditions.'

TheISQiid'sulfides_érebforméd sponténeéusly froﬁ Ehe elements, but
preliminary héatin§ is’féquired to overcome the activation energy barrier.
Thé'general pattern of sulfide fdrmation reflects the change in the elec-
tronegatiﬁe charaéter of the elenents. Lattice fbrces alsotﬁiay a signifi-
cant'rélé. The heétsbf formation of solids decrease across the transition
series, and rise in the group B metals. If the heats of formation
from - o ‘metal étoms'rafhef than from the solid elementé are-éomparea,
one obtains a‘pattern aiﬁosﬁ gimilar to thé.metal biﬁding energies,
 Figure 5. This‘séqﬁeﬁce contains curiously high #alues-for TisS and VS.
This may bé due to back II-bonding from the 8 anion inpo the empt§ a-
orbitals of Ti and V cations. The diatomic sulfides of the first trahsi;
tional series should be more stable than those of the second and third
'series, for which a higher oxidation state is preferred, although the
heats of formation decrease generally in the order of pxides < sulfides <
~ selenides % tellurides. There is a steadilyvinéreasing preference
for the more polarizable sulfur, through the transition series, in the order:

Mn(II) > Fe(II) > Co(II) > Ni(II) > Cu(II) > Zn(ID).

On reaching the B subgroup this preference decreases again.
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13.5 Summary

Only twenty seven sulfide species are truly diatomic. They are all
gaseous and exist under equilibrium conditions only at high temperature
and at low pressure; even then, the diatomic species is usually not pure,

2 Accoring to this pehavidr, the bond

but contaminated Qith atoms and S
enefgies of sgifideé are low. Theii bond strength.is.always lower, but
analogous;to that of the correspoﬁding.oxides. The elect?onic states and
properties shbw ﬁhe same analogy. The stability of ﬁhe yét unknown dia-
tomic sulfiées is so low that they are hﬁt expected to occur as predomihant
vapor séeciesvabove their elemental solids and compounds. However, loﬁ |

temperature matrix synthesis is a promising tool for the study of new

species, such as SC1l, SBr and SI, and for the study of reactions and

spectra of all diatomic sulfides.
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TABLES:

Table 1: Organization of sulfides
Table 2: Electronic States of Diatomic Sulfides. 'Té = transition energy
_in reCiprocal micrométérs; me =,vibrational‘quantum;'Be
rotational constant, and re.- internuclear distance at equilibrium
o] 0

distance. In cases whefe data is incomplete, T, and W, are listed.

For S_, 4G (# w, - 20 x ) is listed instead of w_. The literature

2’ 1/2
‘always refers to the latest awailable reference. Earlier work is

summarized in references 34, 54, 55, 63, 76 and 77.

Table 3: Dissociation Energies of Gaseous Diatomic Suifides_and Oxides (kcal/mole)

Table 4: Standard Heat of Formation, AH§@9Q' of Diatomic Sulfides (kcal/mole)v
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TABLE 2

ELECTRONIC STATES OF DIATOMIC SULFIDES R

Electronic -1 -1 » -1 o :
State T (um )| W  (cm )l B (em-)| r (A) | References
. _ e | e | "e | e ° :
Als
2 + N ’ . . ' . . >.
A ‘L 2.3434 510.91 0.2461 McKinney (57)
x &t 0 617.12 0.2799
BS
3/2 .3.8899 884.7 0.702 - | - Zeem;n (14)
1/2 ‘.3.8785 884.7 0.702
- C zni/z : }.5997 . 749.4 0.621
2
A H3/2 1.5663 749.4 0.621
x % 0 1173.6 0.775
BasS
A (?) ' 2.5934 | 253.0 ’ Barrow (58)
X (2) 0 377.1
BeS
1.+ _ - |
B L 2.5868 850.4 0.726 1.818 Gissane (59)
x&t | o 997.4 0.787 1.745
Bis
A 2H1/2 B 1.3292 - 303.7 Barrow (60)
2 .
X Hl/Z 0 . 408.7
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TABLE 2 (Cont'd)

25~

ELECTRONIC STATES OF DIATOMIC SULFIDES

- - - (-]
" State T (um l) lw (cm l)' B (cm l) |r (A) ‘References
e - ] e . e e :
cs
a in 3.8913 1072.3 0.781 Lagerqvist (19)
X-lZf 0 _'128551 1 o.821 Barrow (20)
- GeS
‘B 3.8890 310.4 Drummond (61)
A .3.2890 378.0 Meyer (62)
3 ce : ‘
a “n 12,0000
x 1zt 0 575.8
HS and (DS)
2 i 1971.0 '
AL 3:1036. (1415.0) ~ Ramsay ,(4)
2 2711.6 9.660 1.34 -
x 0 (1947.0) | (4.950) | (1.34) Pathak  (5)
Mgs
B 2.3056 1 495.3 Barrow (63)
A 0 525.2
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TABLE 2 (Cont'qd)

ELECTRONIC STATES OF DIATOMIC SULFIDES

Electronic

S;ate l Te (um-l)l'we (cm-l)| Be (cm-l) re_(;). I’ : Referenceé
NS
P2 _‘ 5.6000 | - | ] smien (26
EVZH. .._ 5.26§d :‘ | 1 : : ngron (27)
@ %z |. 4.4280 o | - |
c? ) 4.$3ésA % 1401.0 | 0.827 | 1.447
B ZH. | g:gigg 800.0 0{612 1.680
» % 3lsemz | scoo | 0676 | 1577
x| o 1219.0 | 0.774 | 1.49
os
B 31" 4.1629 |  630.4 | 0.502 1.775 | colin (s2)
a’m, 3.8617 412.7 0.616 | | Abadie (64)
AV3H1 | s.sass | a13.3 | o.611 | 1.609  Norrish (32).
a 3H0 3.8293 415.2 | 0.607
b g+ 1.0510 1067.7 0.703 1.500
a ta ‘ ~0.6350 : 0.709 1.493
x 3 1148.2 0.721 1.481
PS
c | 3.4687 535.5 0.260 ' 2.030 Dressler (27, 28)
oz o

x a1 0 739.5 0.290 1.920
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" TABLE 2 (Cont'd)

ELECTRONIC STATES OF 'DIATOMIC SULFIDES

Electronic

State AITe (um-lij w, (cm-l)l B, (cm-l) r, (;) | ‘ References

PbS
Fo | 4.7770 370.0 | 3 Vago (65)
E . | 2.9651 | 299.3
b , ‘2;5924 ' 284.0
c f_2.32;3 " 303.9
BV , 2.1848 - 282.2 |
alr* C1.ess1 | 261.1 | o0.086 | 2.666
x 1zt | 0 a28.1 | 0.106 2.394

S2
c! lz: 6.4000 | 785.0 >0.290 <1.900 Lakshminarayana (66)

lAu " 5.9900 g v ' - Bar#ow . (67)
c lz; | s.8900 814.0 | >0.290 <1.900° | Barrow (68)
D 3ng' | s.8700 786.0 | 0.306 <1.890 Ricks  (69)
e 32; 5.6984 0.290 <1.890 |
g 1Au | *5.6700  811.0 0.322 1.811
c 32; : 5.5581 822.5 0.321 1.810
£ lAu ~4.1000 432.8 0.227 2.166
e lng - | ~3.7000 | 533.7 0.240 | 2.080
B' 2 ~3.6000 - 6.244 2.080
g,i _ .

B 323 ' 3.1689 428.5 0.224 | 2.172
1 ~3.2000




ELECTRONIC STATES OF DIATOMIC SULFIDES

TABLE 2 (Cont'd)

Electfonic -1 | -1 -1 ° ' _ .
State Té (bm ) ]we {cm ) B, (cm ™) r, (n) l References
82 (cont'd) ' |
B" Il ~3.,1700. >0.200 <2.280
a ~2.2500 | 477.0
c 12; ~2.3000 0.230 ©2.150
A"3Au’-i ~2.1900 | ~483.0 0.228 2.150
b lzg ~0.9000 | ~693.0
a lAg 0.5000 695.9 0.293 1.900
X 32; 'Q 719.4 0.295 '1.892
sis
g | 4.1924' 403.5 0.266 2.059 | Nilheden (70)
o 3.5020 | s12.0 | 0}364VY 1.928' | Robinson (71)
x 1zt 0 749.5
Sns
E °3.2940 295.1 Meyer (72, 73)
p In 2.8360 331.9 0.120 . 2.357
c () 2.3613 324.0
B (%) 2.2756 325.0
a (°l) 1.8300
x lz 0 487.7 10.137

2.209
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TABLE 3

DISSOCIATiON ENERGIES OF GASEOUS DIATOMIC

SULFIDES AND OXIDES .

be | o
o (a) 298 o (b) . 298 .
“Sulfide: ~kcal/mole Oxide- v kcal/mole
als (95)* Alo 115 + 5*
BS 123 + 18 BO 192 + 5
' Bas 95 + 5% Bao 131 + 5*
cas 72 45 cao 84 + 7
cs 183 + 5 co 257 + 1
CoS 136 + 2* ' coo 190 + 2*
Ges 133 + 4 GeO 158 + 3
HS 81 + 0.5% HO 101 + 0.3*
HgS (64.4) Hgo (65
Ins 68 + 4* Ino <(76)*
Las 137 + 2% Lao 137 + 2*
Mgs (68.9) MgO 79 + 7
MnS 65 + 5+ MnO 87 + 5
NS 116.6 + 25 NO 150.8 + 0.2
PS 124.5 + 15 PO 119.6 t 3
PbS 76 + 5 PbO 89.4 + 2
s, 101 + 0.5 S0 124 + 0.5*
ses 113 + 2 sco 161 + 2
Ses €90) * Se0 (100) *
sis sio 192 + 2
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TABLE 3 (Cont'd)

| D® pe
T ) 298 by 298
Sulfide kcal/mole Oxide kcal/mole
sns. 111.7 + 3 Sno 127 + 2
ses 80 + 4* Sro 92 + 6*
Tes . '_v(zla_o)‘%k Te0 (90) *
Tis ‘ 108 1 7% TiO0 160 + 5*
us - 118.6 % 11 uo 182 + 3
YS . 126 % 2* YO 169 + 2*

o
* D values
o
(a) Main Sources:

JANAF Tables
Spectroscoplc Data

- Heats of Formation and Heats of atomlzatlon data

" References (80) and (81)
(b) Data from:
Brewer and Rosenblatt, reference.

Paul Coppens, reference (80)
Bert Scholllers, reference (81)

N

(74)



STANDARD HEAT OF FORMATION, All%gé, OF

DIATOMIC SULFIDES (kcal/mole)*

31-
TABLE 4

()

Molecule AH;E98) Molecule AH;@9§) '

Als <g), +48 + 20 Mgs (s) -83

BS (g) +80.5 i‘lé MnS (s) —49,4 + 0.4

Bas (q) +54 NS (g) +63 + 25

Bas (s) ~108.1 + 8.0 NiS (s) 22.2 + 1.4

BeS"(s) ' _55.9 +°2.0 PS (g) +22.5 + 5.0 -

cs'<g> +55.0:ij5.0 PbS (g) +37.2 + 5.0
- cas (q) +37 | PbS (s) ~23.0 + 0.5

cas (s) ,  -114.5 + 2.0 étSI(S) 419.7 + 2.0
.VCdS'(S). -37.6 + 1.0 s, (g) +30.84 +0.15
ces (s) -109.1 + 1.0 so (g) +1.64 + 0.3

Cos ' (s) 21,1 + 3.0 sis (g) +16.93

Cus (s) -12.5 + 0.8 sns (qg) . +27.1 + 3.0

FeS (s) -23.7 + 0.7 sns (s) -25.3 + 10

Gas (s)' -46.4 + 3.0 srs (g) 4510

Ges (g) +22.9 + 4.0 srs (s) -108.1 + 8.0

Ges (s) -17.0 + 3.0 TiS (s) -63.4 + 6.0

HS (g) +34.6 + 4 ThS (s) . =105 + 10

Hgs (s) -12.7 + 1.5 us (g) +74 + 8

InS (s) -33.6 + 3.0 us (s) -83 + 8

MgS +33.2 zns (s) -49.2 + 0.5

*From R.D. Freeman, "Thermodynamic Properties of Binary Sulfides",
Oklahoma State University Research Foundation (1962). Reference (75).
JANAF Tables. ' o
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FIGURE CAPTIONS:

Figure 1: Experi@énﬁgi appatatus;' All equipment is described in reference 3.
: a) Quartz absorption céll for optical studieg; H = heéter; | -
| Q = quartz cell with side arm; M = metal sulfide mixture.
: b). King éarbon.resistéﬁceifufﬁacé;>vv;vQﬁcﬁum.portlfAr‘othAssing
énd ihttoducing inert argon‘atmospheré; W= dbservation window;‘
' CVQ éérbbn tuﬁe heater; MS ? meﬁél sﬁffide; | |
c)  Quafﬁz”knﬁdsén double furhace; the orifice diameter is
1/2 nm; The bottom furnace temperaturg.is adjustedvtb control
tﬁe vapbr pressure. The front furnace allows overheating of

the vapot.' MS = metal sulfide.

d) Carbbnbkhﬁdéen cell. fﬁe sulfide coﬁtainér is ; 6 mﬁ diam.
éarbon tube witﬁ 5.0.5 mm diam. effusion‘hoie. B: flange;
C: water cooled electrodes; E: molybdenum he#t_shield;and collineator;
Ecuxnudsentéell; G: effusion hole;

a) ‘Flashphotolysis cell. D = cell for reagents; F = xenon flash
iamp; G = gas inlet; HV = high voltage leads.

f) Microwave discharge cell. A = 0.l torr argon as starter gas;
G = baked quartzbtube; Ms = meﬁal sulfide.

g) Matrix isolation Dewar. a = cold sapphire sample carrier;
N2 = liquid nitrdgeﬁ reservoir with copper shield; He # liquid

helium; Vac = vacuum connection.
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Figure:2:

"Figure 3:

Figure 4;

Figure S5:
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Presénfly known géseoué-diatdmié éﬁlfides ;na.éolid binaries
with‘approximétely'l:l fatib;l.

Low lying electronic energy levels 6fv5£§tbmic sulfides.
Levels are only identified by letter names. The fuli spectro-
scopic characteristics of eéch state are listed in Table 2.

Dissociation energy of selected oxides and sulfides.

a)  Row II compounds; b) Row IV compounds.

Bond energies of metals (M) and heats of formation of
sulfides (MS) from atomic metal atoms.  For the upper

curve the ordinate is AH_ - AH

£ atomization '(metal); for the

loﬁér, it is the bond energy of the pure metal.



T MS§

=l U

-34-

XBL 702-356

Fig .1



-35-
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LEGAL NOTICE —

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person -acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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