Group VIB (Group 16)“"\;~
Oxygen, Sulphur, Selenium’
Tellurium and Poloniym,

This group has as its members oxygen, sulphur, selenium, tellyrjy, ang
Oxygen is the most abundant of elements and makes up ~ 47% of the eqryp, Cryg
form of oxides and oxosalts. It occurs to ~ 21% by volume in air, and g 869% 1, i
in oceans. Natural oxygen is an isotopic mixture of O-16, O-17 and O-1g. Oxyge, zu“’@igh
respiration and is essential for life. A grown-up person consumes ~ 2() litreg of oxy Phoy
hour. Sulphur occurs in the native state in considerable amount and also In the form, ngenpa
sulphides (pyrites, FeS, ; galena, Pbs ;-zinc blende, ZnS etc.) and metg| S“lphates Mey

. . . (gy
CaS04.2H,0 ; epsom salr, MgS04.7TH,0 ; celestine, SrS04 ete.). Sulphyr makf:u”L
~ 0.04-0.03% of the earth’s crust and oceans have a sulphur conten "

g

tof ~ 0.09 in the fop

of sulphates. Selenium occurs in trace quantities (0.00006%) and accompanieg sulphig, "

. . patlie s

as metal selenides. Tellurium is even less common and occurs as minor Constituep

sulphide ores. Polonium was discovered by the Curies from pitchblende ip 1898, T, "
decay product of radium and like radium is also an alpha emitter.

Oxygen, sulphur, selenium and tellurium are often collectively called a5 chalcogey,

20.1. COMPARATIVE STUDY OF THE GROUP.VIB (GROUP 16) ELEMENT

20.1.1. General Consideration : The autermost. quantum shell of oxygen, sulphy,
selenium, tellurium and polonium consists of the s?p* electronic conﬁguration. Oxygn
alone does not possess any d-orbital since its n = 2 quantum shell cannot have any. Oxyr
cannot therefore show a valence beyond 2 as it cannot expand its valence shell beyond
octet. But the other elements of the group can use their vacant d-orbitals for bonding purpos

giving valences 2, 4 and 6.

; ", 4 ) ' .\ , . 1

down the group. That metallic character is favoured with increasing atomic number ISShO“u

-0 AN ¥ - - \ \ \ \ 2. LA - m 3“

by a decrease’ in the resistance of the elements - sulphur is an insulator, selemuloﬁ):
tellurium are semlconductors“and.poloqium§a ‘metal., Specific. resistances are : S

{ \

Se(10') ; Te(105) and -~ Po(40) micro ohms cm.

* IUPAC recommendation ~ 1T . o adi®
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IR, SELENIUM, TELLURIUM AND POLONIUM
. jenium is not much attacked by HCI while
X polonium dissolves in HQCJ (o giv

'lir' nts arc .llSl tw
of ©1 o Licunents Are JUSLtwo electrons ghoy o ion. which
1c ¢! . ort fth ne r (e ruration, |
Tl 4 in several ways : Xt noble gas configur:

i nchicv.cl’ o glisToanid x“(ﬂ) by gaining two clectrons to form dincgative ions
] A) . , aes o= !
(‘_h”f A (’f”:ie ble e ( X)l Tl )s ([)) by mzlklng twWo Sing]c covialent bOﬂdS (__X——-) or
> dou = . ; . . / .
Fons ¢ trend in the formation of the divalent anions should be

[) 3 K H 1tie o .
| octed 10 the electron affinities of (he elements but these vary rather irregularly along the

r tant it is to note th; :
up- Impol . ¢ that although the first electron capture releases energy

grouf = . e :
.—Con\,enuonally ta}\en1 '?ls pfosmve_: » Chapter 4) the overall affinity (X + 2¢ — X2-) is
S-oniﬁca"”y “egamec‘i '* formation of X2~ jons is-thus unfavourable. In practice, however,
m:"’ jonic compounds with oxides, sulphides, etc are known, their formation being possible

cough faV?umble lattice energies (Chapter 5). Electronegativity of oxygen is only next to
o of fluoring, and the va.lue.s of the other chalcogens decrease down the group. Oxides of
etals are thereftore. more 1onic than the other chalcogenides of the same metal. According
o the SHAB principle (_Ch.apter 8) the large anions being. the more polarisable ones will
efer 10 bind‘strongly polarisable cations. So sulphides, selenides, tellurides being soft bases
combine to &Ive stabler compounds with soft acids (class ‘b* acceptors) such as Ag*, Cu*,
o2, P, Hg?* etc. . n

rable 20.1. : Electronic Configurations and Some Properties of Group VIB
(Group 16) Elements '

r . N wenee
Ie dissolves to some extent in the presen

¢ solution of polonium(II). n
ca

—_ 3 . = y E——
Element Atomic Electronic 10(zisati'olz Electronegativity
Number Configuration Potential
eV/atom
(kJ/mole)
Oxygen 8 [He] 2s%2p* 13.6, 35.11, 54.89, 77.39 3.5
| 113.87
(1313, 3387, 5296,
| \ 7466, 10986)
Sulphur 16 [Ne] 3s23p4 10.36, 23.4, 35.0, 47.29, 25

72.5 _
- (999, 2258, 3377,
4562, 6995)
Selenium 34 [Ar] 3d!%4s524p* 9.75, 21.5, 32.0, 42.9, 68.3 2.4
(941, 2074, 3087, - :
4139, 6589)

telurium 52  [Kr] 4d'05525p* 9.0, 18.6, 31, 38.60 2
‘ : (869, 1794, 2991,
im 84 [Xe] 4/145d106526p* 843 ........ ST

— (813 vveveenn, )
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188 - INORGANIC CHEMISTRY

B(15), multipje
In keeping with the trends in groups 1VB(14) nd VE(I9) PIe bong

i is multiply bondeq " Bey
With increasing atomic number. Thus Wh]lb-s? x's . anI:l}:wo " ,imOno . W
olymeric (20-XVII) (each Se having a terminal O YE _ n8ing ox %0
polymeric (20-) { bridging OXYEens in a i, ns)'T ,
is also polymeric (each Te being linked to four Eona| bi My U‘
gcomeltry). 1

ation. This is evident ip ;
Sulphur has a prominent tendency to catenation Its

. ; is known, Tang;,
metals. Tendency to catenation is less in Se although Seg is known ‘ll;,{

Table 20.2 records some other properties of the group YI'B(IG') elements, Note th
increase in atomic number the atomic radii and ionic radii also increase, iy

Table 20.2. : Some More Properties of Group VIB (Group 16) Elemeng

Element Atomic lonic (X#7) - MP. B.P. Dey;
Radius Radius (A) (°C) (°C) (L’/ms]?
(A)(pm) (pm)

Oxygen 0.66 (66) 1.40 (140) =219 m
Sulphur 1.04 (104) 1.84 (184) 12.8% ; 119+ 445 2
Selenium 117 (117) 1.98 (198) 217 685 45 |
Tellurium 1.37 (137) 2.21 (221) - 450 1390 6.4
Polonium- 1.64 (164) 2.30 (230) 254 962 95

* rhombic form : +monoclinic form - o

20.1.2. Chemical Behaviour : Hydrides : All the elements form volatile covly
hydtides. Leaving aside H,0, all the other hydrides H,S, HySe, H,Te follow the iy
sequence of increasing boiling point with increasing
due to hydrogen bonding. The reducing properties of the hydrides increase down the gro

this trend being due to their instability which again is connected with the size of the pat
element. The thermal stability decreases in the order '

molecular weight. H,O is highly associu

H,0 > H,S > H,Se > H2Te > H,Po

The acidity of the hydrides, contrary to ex
from H2

i e el tnarefl
pectation from electronegativity, incre
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23 Comparative Study of Group Vig -

e

0’ —— %P VIB (Group 16) Hydrides

ol H,0 s et
o —_— P H,Se | H,Te

pr 100 - 60 =

pr 0 1 x 10-14 I x 10-7 - M o4

4 104° X 107 17 x 1074 23 x 107

l\“ \’/H ' 92.20 0 0

BT 096 L84 9l o

- T B & .

A AO (96) 1 1.46 1.69

‘ ) (146) (169)
‘sociﬂ‘ion and hydrogen bonding decreases ;
cin ability . increases ;
al stability decreases 5

S
yides and Oxoacids : Oxides are commonly classified from their acid-base behaviour

Jidic ba'sic or amphoteric. Oxides of group IA/IIA (groups 1 and 2) elements are
erally basic oxides of group IV to VII (groups 14 to 17) elements are acidic, others being
-pphoteric: Many of the lower-valent metal oxides are ionic and form close-packed systems,
» metal ions .occupymg the h.Oles created by the close packing of oxide ions. As’the
oxidﬂﬁ"“ state .mcreases the oxides tend to be covalent (cf : Fajan’s rules). The melting
nts of the oxides of group IA (group 1) and those of group IIA (group 2) metals fall down
e group- This trer‘1d lelf)WS ffom Coulomb’s law because structure type remaining the
e (ionic) increaSIH'g Catlo“'énlOH separation dgcreases the force between the ions (Chapter
5,Compafi“g the oxndc?, sulphide, selenide and telluride of the same metal ion it is observed
it the heat of formation decreases from oxygen to tellurium. Small and highly charged

ations (hard acids) prefer oxide ions to sulphide ions. The high oxidation states are rather
aasily reduced by sulphide ions.
The acidity of oxoacids of the same central element increases with increasing oxidation

(state) : HySO3 < H,S04 ; HySeOs < H,SeO; etc. This is the trend expected from
me oxidation number (state) acidity decreases down the series -

a8

number
Jectronegativity. With the sa

(Chapter 8 and Table 20.6).
Halides : Oxygen halides are all covalent and are restricted to a maximum of two
ed to one oxygen. These are of the type F—O—F or CI—0—Cl or 0—CI=0.

halogens link )
halogens must be linked with the inability of

That one oxygen cannot bind more than two
otygen to expand its octet. _
A number of hexahalides, tetrahalides and dihalides are known with S, Se and Te. In all
uses combination with fluorine provides the highest halides: SFg, SeFg and TeF are volatile
wvalent molecules of low boiling points. They have octahedral (sp3d?) structures. SFg is
'y stable, SeFy is more reactive and TeFg is hydrolysed by water to HF and HgTeOg.
Albough all three S, Se and Te possess d-orbitals to assist nucleophilic attack by Hp0

'
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al characier

o decreasing non-met
ahalides often act as Lewis baseg

acids as in Hy[SeClgl. Note thy
1s. The dihalides have a valenee
| bipyramid (sp3d) structure
a lone pair. The dihalidc;

190

-(:-:'r:?ill:,)l:jlrl:h“b lhc‘.\\'cuk.ncs.s of Te—F h()llt.ls ('JEIU‘I =
ably responsible for its casy hydrolysis. The tet!
(electron donors) as in F4S—BF; and sometimes s Lewis
the tetrahalides possess a valence shell of (6 +4) 10 electro!
shell of (6 + 2) 8 electrons. The tetrahalides have @ \]l-“'iB_U"“'
Ifour positions being occupied by four halogens and lhlc ﬁ“l)] ,l:l);
ve tetrahedral (sp3) array of two halogens and two lon¢ pairs. "
Donor I’rOIic’rt.'{vs : Thjsc elements if—-—X—‘ g SIS posscssli‘())"ejp““;‘o‘- o
so that they may serve as ligands. Examples are H,0. Ro3, (Cemss b;tsci lol\l:lcc (_)XYQCn
does not possess d-orbitals but sulphur does. oxygen nc.)rs Cflfmot Stfl HHsE o l'(DXI’-luuon
states of metals but sulphur donors can, by virtue of the‘1r ability to llecewe ‘;c .donaled
electrons from low-valent metals into their d-orbitals. with heavier elements O this group
nor properties fall down the. grotp- 't may b
o cannot stabilise low OXidatig,

non-metal character decreases and hence do l
recalled that trivalent nitrogen donors (such as NHj, en) als A
Chapters 10 and 24).

states whereas trivalent P and As ligands can (
OF SULPHUR

20.2. STEREOCHEMICAL FEATURES o
stereochemical features in its compounds. The Wide

Sulphur exhibits a wide variation of .
dation states, coordination numbers and £€0Mmetrie,
itals adds to the variety. Some of these

ranging variation is due to the many oxi
that the element can adopt. Availability of d-orb

do

features are given in Table 20.4.
Table 20.4. : Stereochemical Features of Sulphur :
= - *“.\
Coordination  Geometry Examples Hybridisati,
Number _ :
= = N . e~
1 Linear S = WClg, [S = C =N] »
2 Linear [(CsHs),(CO), Cr=S = Cr (CO); (CsHs)l 5
2 Bent HS | P
L Triangular SO, . 57
_ planar : )
3 Triangular SO, s
planar _ )
3 Pyramidal SSF,, OSCl, s
: (y-tetrahedral) |
4 Tetrahedral S042-, 0,5Cl, i
o) y-Trigonal SF4 st
bipyramidal : ‘
5 * Square pyramidal SFs~ sp3(ﬂ
(y-octahedral)
6 )
Octahedral SF, spBL{’
____’——'/
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6) : OXYGEN, SULPHUR. &1
LPHUR, SELENIUM, TLLURIUM AND POLONIUM — 19]

o of molecular Oy has been d;
2 has been discussed f
' discussed from the view points of valence bond

al theories in Chapter

> « I3 { ' i ,

i mL;ILCI(CO)(l’l’hJ):l reacts with dliox S and in section 20.5. Vaska in 1963 reported tha
" [ dioxygen complexes have b YBen 1o give [Ir(Cl)(COYO,)(PPhy)y). Since then @
er ol dit - CCn synthesised and charac . vt e ik
ty of ways : yaracterised. Dioxygen can act

The structur
cular orbit

0] (0) |
| RN L 0o—— 5
M . \M/O M/ \O/M

(20-1) (20-11)
‘ . (20-111) (20-1V)
end-on bridging
superoxo SuUperoxo PHIBED bridging
peroxo

:ous forms in most diox
f these various ; ygen complexes th . )
Orm 20-110). Details appear in section 24.8. e O, molecule is linked in the peroxo

o |
44, SULPHUR AS A LIGAND

over the 1ast twenFY years Or so a vast amount of coordination chemistry has accumulated
one Or more sulphur atoms have participated as donor ligands. The area is too vast
obe treated adequately in a text of the present size. By virtue of the larger size and éasy
deformability of the electron cloud sulphur is rated as a soft donor (class-b). Because of the
ailability of the d-orbitals the coordination number and geometries have further multiplied.
[1can act as @ terminal aqd.a bridging ligand. S = WCl, may be taken as a simple example
of sulphur acting as a terminal ligand. Its bridging behaviour is wide ranging indeed :

(a) bridging twO atoms as in [(EtsP)Au-S-Au(PEt3)]. It acts as a two electron donor using -

wheré

wo unpaired electrons. |
®) bridging three atoms a5 i [{(Ph3P)AU}BS]- Sulphur acts as a four electron donor

ired electrons as also the lone pair.
d S, is very versatile in its coordination mode. It can attach itself to

-§-S-(20-VI) with further scope of using

ising two unpa
The disulphur ligan
imetal fon as a side-on S2 (20-V) or a bridging

be lone pairs -for attachment :
. | y
AN s/ > s
v |
A

M
N s
(20-V) 20V
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'[M%OQSQ(S::)z]:“ is an ¢

IS an ey
ample of bridgin

cause of the
Solutiong
of coordinate

Xample of side-on coordination while [Ru(NHj3)s(S;) Ru (NHy),

- & -S8-8-. Didentate chelation of S3 (20-V) will be quite Slriling(}
¢-Membered ring at the metal.

of polysul
d ligands

Phides often react with coordination complexes leading to substit
by catenatez sulphur ligands (20-VII) :

HQP[CIG + (NH4),S,(aq) — boil _, (NH4)2[PlIV(SS)3]

ul‘l()n

2-

B N [

Pt!Y ol \

/| \S\S/S_

(20-VII) _
Complexes with chelating didentate (-Sg)- are also known. [Mo(= S) (Sa)2]*~ is an eXan,

3
20.5. ELEMENTARY FORMS OF THE GROUP VIB (GROUP 16) ELEMENTS
Oxygen is a diatomic molecule conventionally written with-a double bond, 0 =, hay;
4 Px—px 0-bond and a py—p, (or p,—p,) n-bond. However this \{alence bond picture Cany,
explain the paramagnetism of the O, molecule. Molecular orbital theory of O, py tiy
unpaired electrons in the two m* antibonding orbitals (Chapter 5):

U U A o A O

* *
Oog O 25 O2px Tapy Mapz T 2py T 2p2

O, M.O. electron distribution :

r 4

The molecular oxygen, O, with two unpaired electrons in the two T*M.O.’s i cally

triplet oxygen. Triplet state 'means it has a spin multiplicity 2S5 + 1 =3 (S being 2 x ! S
Excited states. of molecular oxygen are possible with the two antibonding electrong in

two T* orbitals occupying one *M.O. or occupying two m*M.0O.’s with opposite spins. T
singlet state (2S + 1 = 1 ; S = 0) with the two n* electrons

- ™ Tl
1A -
(2py, 2pz) triplet oxygen singlet oxygen singlet oxygen
30, (S=1) 10, (S =0) 10, (§=0)

occupying the same m*M.O. is of lower energy than the singlet state with the twot
electrons occupying the two M.O.’s with their spins opposed. Whereas triplet oxygeni
péramagnetic (S = 1), singlet oxygen (S= 0) is diamagnetic.

Ozone is an interesting molecular allotropic form of oxygen. It is obtained by passi!
electric discharge tlirough oxygen or by the anodic oxidation of a concentrated a**
solution of perchloric acid at — 50°C. Under these conditions oxidation of water OCC“;E
the anode and ozone is liberated. It is a blue gas freezing to a purple solid at ~.-19
Ozone is one of the strongest oxidants known. In acid solution the formal PO‘e"“alo
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S ) " age " . v i (l
yuple 18 2,07 volt being lower than those of only Fp/2FF, atomic oxygen/water 41

3 Og cc IPILW ‘
N = col oA
F:Ol:l ‘ C2HY 4 ) .
(i.: 2HY 4 20 =2 0) 4 Hy0 5 B° = + 2,07 volt
0+ JH* + 2¢ =— H20 3 E° = 4 22 volt : 50 4 2H* + de == Hy0O + 2K

[ = 2.1 volt

s silver(D) to silver(I) and is used iy many organic oxidations. Some of the oxidising

]ri, ?C\l::lw'n* of ozone are recorded below
PbS + 405 — ppso, + 40,7
2FeS04 + HaSO4 + 03— Fey(S0,), + HyO + 0,7

2HCI + 03 - Cly + H0 + 0,7

38nClz + OHCl + 03 — 38nCl, + 3H,0
380, + 03 - 350,

2KI + HO + 03 — 1, + 2KOH + 0,T

Hy02 + 03 = H,0 + 20,1

HoC = CHy + O-_—O—)Hg(i-O—CHz _ M9 | SHCHO + H,0,

|

| O 0——o0
Ozone has a planar structure with 0—0—O angle ~ 117° and O—O bond lengths
ntermediate between single bonds and double bonds. The oxygen-oxygen single bond and
jouble bond lengths are 1.4?9A (149 pm) and 1.21A (121 pm) respectively while actual
oxygen-oxygen bond lgngth In ozone is 1.278A (127.8 pm). Following resonating structures

can be written (20-VIII) :

;6\ > 6+8
' 6—62 :0 :()//:\6:-5

(20-VIII)

Each oxygen is _spz hybridised. The central oxygen has the following electron distribution in
the hybridised orbitals : . ‘

' NN T T
.2(sp2) 2(sp2) 2(,sp2) 2p

One sp2 makes the lone pair and another the coordinate link. The third sp? with a proper
verlap with the other oxygen orbital (with one unpaired electron) makes a sigma bond. The
%cond electron in a 2p orbital then overlaps with another single electron of the other oxygen
Making the n-bond. The double bond is thus composed of a sigma and a pi bond.

n. Cp, 11;25 ,
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> \ . onstitue "our environment,
me» La\»m- in the Sfl‘llfm‘phl’r«' « Ozone is an important (.On.smm.nlwof l(:; r 6% T
e * . L) ' . v slratos e —_ . e
M is foung MOstly 15—25 km above the sea level in the stratosphere* (

- - (8

Ultravioler v . .. - to generate O3 :
Violet radiation of (he solar energy splits up O2 10 &

02 a Aoias > Thus a steady state havip
This Ozone further absorps hv (200—350 nm) to l’chd“cc. Ol.:-r?jiulion is held back from
O + O3 is Altained, A good amount of the hzll'm’fl'll ultr.uwlo. bes Jischarging NO and N02 )
Dcslruc(ion of this ozone layer by supersonic acrop fml todecomposed to produce Q|
Undesirabe, Chlorofluorocarbons (CFCl3 and CF2Clp) are pho en :
atoms which cyp also catalyse decomposition of ozone L0 OXYyg
S O3+NO‘902+N02
NO, + O — Oy + NO
NO; + 03— O, + N93
NO; —v 50, + NO.
03 + Cl = 02 + CIO
010 + 0 > 0z +Cl-
Destruction of the protectivé ozone layer leads to an increase of Surfacﬁot:’iem;)::ir;ture, ki
cancer etc. Unfortunately due to depletion of ozone layer, an 0zone S aroypg

Antarctica. . . . :
" cations. C :
Sulphur has indeed the most varied range in is allotropic modifi ~atenation n

sulphur is quite pronounced. Furthermore catenated sulphu.r Ci(ljnfadOPttgjr\‘:iC:iélfran_ge.rnen}s
within the crystal. The range of variation may be appreciate o romlgooc Thvanatlon in
S-S distance (1.8—2.6A ; 180-260 pm) and S-S-S angles (90. to = ). The allotropig
forms are very sensitive to variation in temperature. Many amazing varieties of sulphy, units
have been synthesised. ‘

The most stable allotrope is the yellow rhombic form. The usual roll s.ulphur, sublime
flowers of sulphur and precipitated milk of sulphur belong to the rhombic form, It has 5.
puckered cyclo-Sg ring (Fig 20.1). As the temperature is raised to about 95°C it changes to
monoclinic sulphur. The Sg ring still persists although the packing becomes somewh
disordered. Above 119°C other structures start forming. Sg unit is established throu
molecular weight determination in CS; and structural studies. Monoclinic Sg is best obtained

by heating ordinary sulphur to 100°C and then cooling rapidly to room temperature (s
minimise formation of the rhombic form). '

*  (troposphere — from earth’s surface upto & 15 km ;
stratosphere — from ~ 15 km to ~ 50 km :

mesosphere/ionosphere— ~ 50 km to ~ 90-100 km :
thermosphere— ~ 90 km o ~ 500 km).

lonosphere and thermosghere contain ions such as 0,*, 0%, NO* and also electrons.
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\YAY
‘ s/ \s

- Sg ring Monoclinic

t Crystalline forms of sulphur

Rhombic

Fig. 20.1

gudden cooling of the liquid sulphur from 160°C of dropping the liquid into water gives
stic sulphur: This variety of sulphur can be drawn into fibres. The fibres are made of

.

1 - e
Ii:elical chains of sulphur atoms. Plastic sulphur is insoluble in organic solvents and slowly

¢ to the crystalline rhombic form. Just above the boiling point sulphur still persists with
e S unit but further increase in temperature leads to dissociation of the Sg units successively
(0 561 S4 and Sp. A cyclo-Sg form is best obtained by the reaction :

eturn

ether
HyS4 + SCly ——— cyclo-Sg + 2HCI

S
S -'—S\S
(20-1X)

The S ring has the chair conformation (20-IX). Many cyclic forms of sulphur eg. cyclo-S7,
S0, =S12s S8, —Sz0 have been synthesised.

‘Note that oxygen is Oy under all normal conditions. The difference between oxygen and
sulphur supports the general rule that structures with multiple bonfis are common with the
first short perjod elements while the later period elements prefer structureslwith formal
single bonds. Recall that nitrogen is N = N whereas phosphorus and arsenic are P4 and Asy.

Also note that carbon dioxide is monomeric O = C = O whereas SiO is polymeric with
$i-0-Si bonds.

Selenium also has rhombic-and monoclini
forms are obtained on evaporation of CSy solution of
forms are, however, unstable and slowly change to @ gray,
"ais of selenjum atoms spiralling around 2 crystal axis. |

Only one ‘form of tellurium is known, and this is isomo'rphous with the gray form of
eleniym.

¢ forms with Seg puckered rings. Both these
selenium below 72°C. Both these
polymeric form containing infinite
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p = = y P on
Po(OH), reacts with acetylacetone to forman

20.7. DIOXYGENYL CATION
The M.O. electron distrlibution of Oz mole

SCICLU UL v~ ~~esspoavn | F - IR
(4 J L O(dCaC)q urh‘.‘

cule is as follows :

Il T T |
T4 i 1 Lo —= = 1
. e ’ any 2p; ' 2py m,
o e X O,, g 2py 2,

This triplet 30, with two unpaired electrons has a bor;d ozrqser 2ciO and g bon, Q
1.21A (121 pm). The dioxygenyl cation, O,*, has a bon—d Ofd e(r) 2-_ and a b?nd ]e“gth 1[:g
(112 pm). Details of M.O. description of Oy, Og, O27 and L™ appear in S€ctiop 24“*

s with PtFg at room-temperature to give the dioy .
. y
Wilh

el

|

Bartlett obser\;ed that oxygen react S

cation compound O,* PtFg~ (yellow orange). This compound is 1SOmorphg,,q

K*PtFs~. Thus the oxidising agent PtFg was able to remove an electron from 0, to iy
cation O,*. In the process PtFg is reduced to PtFs~ (O2 + PtFg - > Op* PFF6')-

Bartlett recognised that the ionisation potential of Xe (712-13'CV)'b€ing about the 0

as that of O, (12.12 eV), Xe could also be oxidised by PtFg. It is now history thy By

succeeded (in 1962) in prepafing the first ever and genuine noble‘ gas compound XeP(Fh

(section 22.3). . e | : |
Photochemical fluorination or thermal fluorination of oxygen in the presence of Ly
acidic (i.e electron acceptor) fluorides (eg. BF3/AsFs/PtFs) also gives dioxygenyl catin,

20, + Fp + 2BF; — ™ 203BF,

20, + F, + 2ASF5 LZO;AsFé‘

20, + F; + 2PtF5 : 2 & » 203 PtFg~
280°C

0, + 3F, + Pt , O} PFg

SR
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o VIR (Group 16) * ONYGEN ¢

‘:RN p V1 } \NYGEN, SULPHUR, SE1 ENIUM. TEL <D POl ONIUM 107
LNIUM, TE IRIUM 1 ! )

‘\\_\R\' ONIDES LURIUM Al

‘ .

, B

N
N
haviour

v iae u\' \\ \;\.“\ .
ovides M be classified in thiee diffe \
acid-base X

’ ol
sl . O \ ‘ | ‘
gt L from structural Viewpoi tentways : (1) from their
VPomt and (3) from 1l
. e

N » e .
W T spasification of oxides
d 'l\.5~ ‘ Nides based on acid base behaviour in W

2O et with water to release protons

ge MU e term it a basic on s we call it an acidic oxide.
W ol ion we term it a basie oxide an acidic OX!
WL

e = M+ OH-
H-0 - ZMOH{ ... basic oxide

SY(U
-
= MO~ + H* SR b
O+ H .. acidic oxide

nmpusil on.

ater ¢ When an

i it reles

viewpoint of ¢

1SCS

. oxide is capable of showi
an | of show ing both these characteristics the oxide 1S (crlm‘d

Wwhether the intermediate v
a high polm'ising

will allow
r the basic

whet

\(L‘l'iC &

¢ s1éh =
s:;:t of the ;1?’0\‘(‘ t“ql‘“'l\l bria l\cF omes dominant. If the cation M"* has
\\\n‘r (-““‘n“, S‘?'.C ' ‘m:gt‘ charge) it would strongly attract the oxide ion and thus
tﬂ" ¢ acidic dlSSOL“lllIIOII (Chapter 8). Again if M™* has a small polarising powe
o ~i;\li°“ alone will occur. In order to have umphmcric pmpcrtics [Iu‘ element musl
oo much nor too low polarising power, The alkali and the alkaline earth ions

di-‘-“\ .

3088 peither

:“ o polm‘iser;\; and hence they form basic oxides. The group VB, VIB and VIIB (grovp

1 16 and |7) eleman’s (N, P. S. F. CL. Br etc) can bind the oxygen via covalent bonds
the oxides

R:sulli“‘.l in acidic oxides. Amphoteric behaviour of the oxides is exemplified by
(AL Be: 7n., Ga, As etc. On the basis of acid-base behaviour we have the following types :
pasic oxide : Na»O, BaO, Lay0; ete.
: COa, SO, N,Oj5 etc.
: BeO, Al>03, ZnO etc.
. these do not react with water or aqueous a

acidic oxide

amphoteric oxide
cids or bases CO. NO.

peutral oxide
gome periodic trends ar
(a) Ina given group basic

MgO < Ca0 < SrO < BaO.

¢ now noted :
properties increase with increasing atomic number : BeO <

rough amphoteric (0 acidic nature :

(b) In a period the oxides gradually pass from basic th
Na)0 MgO Al>O3 Si0; P4O10 SOy Cl0;
basic basic amphoteric acidic acidic acidic acidic
easing oxidation number (state) :

ature increases with incr

For a given element acidic n

‘ HCIO < HCIO: < HCIO; < HCIO4
oxidation + 1(D + 3(11) +5(V) + 7(VID
number (state) of
chlorine
: ~MnO < MnO> < Mny09
oxidation '
number (state) of
Manganese + 271D : + 4(1V) + (V1)
—_— )
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in l“b)«. CrLV/0r S I3iNU), Fe(COY,(NO),)
ol OV assification  base ltton
I 20,&-3' Cl ased on composition

Oxides
; : —
Metal\Loxides | Non-metal oxides
i ! g r— !
Normal oxide Peroxide Superoxide ° mixed metal BNOTE

oxide stoichiometric

oxide

prmal oxides : The formulae of these oxides are decided on the basis of the oxidation
number (state) (= II) for divalent oxygen (eg : MgO, Na,0, etc.).

peroxides : These are salts of hydrogen peroxide (oxidation number (state) of oxygen

being — and have the peroxo links ~O-O-. Peroxides of the alkalies and the alkali
;nd peroxosalts of S, C, P are well known.

Superoxides

ne earths

: These are formed by the larger alkalies and the alkaline earths. They aré
the final products of interaction of these metals with oxygen. The superoxid

5 uninegative oxidation state. On changing to the heavier alkali cations the stability of the

peroxide and in particular, the superoxide increases relative to the normal oxide.
anions we need large

e ion Oo~ has

For larger
r cations to counteract ‘rattling’ in the close-packed type lattice (Chapters
6 and 15). Both peroxides and superoxides crystallise with large amounts of water due to

strong hydrogen bonding. The alkali metal peroxides are among the strongest oxidants and
often convert elements to their highest oxidation states.

Mixed metal oxides : On close packing of spheres (say of 02 ionsj two kinds of holes
are created—octahedral and tetrahedral. Mixed metal oxides will arise when one metal 1on

occupies a particular hole and another metal ion occupies the other kind of holes. The type
of holes filled depends on the size and the polarisability of the cation. Spinels have the
general formula AB,Oy4 (A is a divalent ion and B is a trivalent ion). In normal spinels
divalent ions occupy the tetrahedral holes and the trivalent ions the octahedral holes. In
inverted spinels the divalent ions occupy the octahedral holes while half of the trivalent ions
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amp band €0, renpectively,

’ COMP()UNI)S OF Th GROYyp
09

V|l‘ ; \ \ M g
" 090, Hydrides t The pe (GROUP 16) BLEMENTS

neral properies

‘ s Sand trends of the X1 v hydrides have
sen enumerated, The ele . ool the 5 Lype hy
ol peen ¢ he elemenyg form (e lollowing hydrides : 4
LS
H0 S e HaP0
H,02 HaS,
HyS4
HyS,

"H,Sq
ides H,O is str ' ‘
ofhese hydrldCS. 20 alone is strongly hydrogen bonded, 20, is rather unstable, carrics
L 0% -0-0- linkage and behaves

: US4 weak acid and, depending on surroundings, as an
ouidant or as a reductant. Details of hyd

. 0gen peroxide and peroxo salts are given in 20.9.5.
Hydrogen sulphide : 1t is generally obtained in the |

, aboratory by the action of non-
oxidising acids such as HCI on tron(lI) sulphide ;

FeS + 2HCI — FeCl, + H,8
Direct combination of the elements at elevated temperature
cooling the reaction mixture to ~ — 60°C HyS may be liquefied
A convenient laboratory method consists of heating

also provides the hydrides. By
and then purified by distillation.

' a mixture of solid sulphur with paraffin
(C4Hans2, n being large). The chemistry of H,S may be grouped under the following heads :

(1) acid properties, (2) reducing properties, (3) precipitating properties (4) polysulphide
forming properties. .

The gas is soluble in water to form ~ 0.1M solution. This is a weak dibasic acid with
Ky ~ 107 and KU ~ 10-15 ;

| - [m]Hs) ,
HoS @ HY + HS™5 Ky = “Tpg) =~ 10
| 1+ |2
HS- 2 H* + 8% ;K = - [H][S‘] ]. =~ 10-1
LH+]2[82—] & 22
Then KiKh = e =~ 10

. Ch. g
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=
8]

. S2- and H,S wil|

concentration of H*
g in solution such that the product f)l' K'Y and K
+ (acid) o @ saturated solution apprecigy,
S molecules (undissociated form) 1
almost unaltered. Conversely
appreciably increaseg lh:-

Water saturated with H,S has [H,S] = 0.1 M. The

be rc.gulmcd by the conditions prevailin
remain the same i.c. 10722, Thus addition of H
lowers the [S27] and the [HS™]. Concentration of the l:lz
comparatively very high (0.1M) and (herefore remains sy
removal of H* ions (by the addition of alkali 1.¢: OH~ 10ns
concentrations of both the HS- and S~ ions.
The insolubility of the metal sulphides varics (0 a g
precipita

form very sparingly soluble sulphides can be
are CuZ*, Hg?+, As3+, Cd2* ctc. Metals which form mo 3 o .
g , Cd=* ete. o that a higher concentration of S~ ions ¢qy
_ 2, Mn2*. Each sparingly solube sl
[

2+9 Ni2+’ CO . .
Ksp) which is the product of "
;

ility product ( . , kit
solution each raised to q
saturated Pow,

ood degree in solution. Those whigy
ted even in acid medium. Such on
re soluble sulphides need to hﬂvea

)

alkaline medium since it is in such mediu
reached. Metal jons of this category are Zn
is characterised by a constant called solub
concentrations of the two ions of the salt in @ 1f precipitates out of
equal to the coefficient of the ion. The sparingly 501”?16 5d ‘p oxceeds its K Solll!io,l
when the product of the concentration of the tWo ions U’l- solulth” P 3P Value,
divalent metal sulphide MS will be precipitated from s.olutzwi 5v12) ,zel;1 'l cob it:(mon Prody,
(IM2+][S2)) exceeds its Ksp. The Ksp value of HgS 18 ~ 10~># wheteas those tor Mns§, Nig

becomes possible by regulating

708 are ~ 1013, ~ 10722, ~ 10723, A separation of metal ions oromes P
the acidity of the solution prior to introducing HpS for precipitating the metal sulphig,,

Experiments show that the §2- concentration in a satqrated solution -(3221‘125 in 0.3 MHQ) i
just high enough to precipitate insoluble sulphides like HgS (Ksp - 10 _ ), CuS (Kgp ~ 10%)
whereas it is too low to exceed the Kgp of more soluble sulphides like ZnS, NiS.

In acid solution the standard potential of S/H,S couple is + 0.14 volt.

S 4+ 2H* + 2¢ 2 HaS E° = + 0.14 volt
Consequently HpS can be readily oxidised to sulphur by a large number of oxidants :
+ 2MnSO4 + K3S04 + 8H0

5H,S + 2KMnOj, + 3HzS04 — 5S
3H,S + K;Cr07 + _4H2$O4 — 35S + Cry(SOy4)3 + K»,SO4 + TH,0

' H,S + 2HNO; — S + 2NOy + 2H0 |
When sulphur is boiled with solution of alkali sulphide, polysulphides are formed. Th

resulting solutions are yellow to dark red. Depending on the concentration of the solutl
sulphide apd the amount of sulphur added, the composition of the polysulphide ions varie

(20-X)

Disulphid 2-), tri i &
knoer:. lS sm(eszo : t)l;et”SU'Phlde (852 ), tetrasulphide (842‘) and pentasulphid®
e can be represented as in (20-X), The formation of the P°
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Group 16) : OXYGEN, §
‘ v SULPHUR, SELENIUM, TELLURIUM AND p— "
whibition of the basic reacti .

o l‘t:(;:::l::' l“‘l)"““ll’hidc sululi:::: ([l;l'LO\z;sl d(":;’f) of the sulphide ion. Cautious distillation
iy | i i des the free e LG . e
of N 1 ccosity and boiling points of thes ce hydrides HpSz, HzS3, HaSa etc
e I of these hydrides increase with inzcrzasinzg ghainzlcngth.

pensttys © nides on standing after acidifi m
N olysuiphides ¢ 3 acidification ultimately lead to decomposition into S%°
Al ‘1 ‘

'rhc
and O 1
) el § "('Hil (L This ¢t ) .
II){!m.un “. e can be obtained by the hydrolysi :

.,mmi"""" selenide, in water or a dilute non-oxjdisin y,JO ysis of a metal selenide, sy

‘ Al,Se : g acid :
IE ;3 + 3H20 — 3HySe + AlLL0;
| sclenide is obtain \dc bL + 2HCl > HySe + FeCl, _

e mc“rc LThC hyciridc ‘C'mL'l Y the interaction of the metal and selenium at elevated
Icml’:‘: }‘lillll h.ydrocurbon at 3(30::8058 Osbllained by heating finely powdered selenium with
) ng ¢ . . e eniu . . ' : '

'ff,, the dehydrogenation of hydrocarbons via Il{];ézoﬂe" used in synthetic organic chemistry
H,Se is more soluble in water than H,S. Al | |
. [ _7 . | 2 N though a Weak 'd o, . f S
21 for HaS ~ 10775 K'j for HySe ~ 104 acid it is far stronger than H2
’:;1 as silver and lead as metal selenides f)r'olr:ydrlo gen selenide precipitates heavy metals
K R H . SO uthnS Oll_' th o ] . . .
s oxidised to sele . eir salts. This is a reducin
nd1 selenium by oxidants such as oxygen, nitric acid, permanganate etcg.

H,S -does with SO3, HaSe also reacts with SeO, to form Se :
2H,S + SOz — 3S + 2H;0 ; 2H,Se + SeO, — 3Se + 2H,0

If Hz.se is t.r,eated with sulphur a substitution occurs with the formation of H S and Se
¢ reaction being analogous to that between halogené and halogen hydracids i ,

Just S

Hydrogen !tcjllurtd.e : This is formed by the hydrolysis of aluminium telluride in water
n-oxidising aCI.d. Aluminium telluride Al,Te; can be made by heating finel divided
gluminium with tellurium. HpTe is also made by the electrolysis of 25% a ueou); H,SO
with Te electrodes. The gas is liberated at the cathode. It decomposes abovcclz 0°C o
209.2 Oxides of Group VIB (Group 16) Elements : The important and all well-
esuablished oxides of this group are included in Table 20.6. | '

Table 20.6. : Oxides of Group VIB (Group 16) Elements

orin nO

Oxidation State S Se Te Po

> 9
+4(IV) SO, Se0, TeO; P00, |5 §
+6(VI) SO; SeO3  TeO3 8 2

—_
7

acidity falls

—
——

) The lower oxide SO is prod
'y unstable decomposing to SOz an

suc}? loxides : All the dioxides are made by burnin
8 Cu,S, also produce SO, on burning in air.

uced when a glow discharge is passed through SO,. It is

d polymeric oxides.
g the elements 1
On treatmen

1 air. Some metal sulphides,
t with hot dilute nitric acid
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204 INORGANIC CHEMISTRY

SCIenium
these aci
ha\'e Vv

o =k : d 2TeO,.HNO re _
and tellyr; 0duce selenic acid HZS‘JO4_ 4l ) 3. § ect'\’cl
and tellurium pro o e obtained. The two dIOdees S Y,
d solutiong are heated the dioxides a! S i g, 2ar
ery different properties. Whereas S.Oz IS lm'o (sublimes, 315°C) g Se0u3,

Polymeric, Covalent and comparatively high melting

sonating forms (20-x1).

The structyre of SO, can be represented by Fhe reke smaller contribution)[ " Pogy,
forms cap also be written (Chapter 5) but these anll L 2 hybridicat O the . Mih
hybrid. The bond angle 0-5-0 s ~ 120° indicating sp~ hybridisation of

b,
d SQ(;:

S°°z i;

Sulpy. 0
2 hybridised stage ;. U ThenCe
. " . .
outer orbjtg] electrons of sulphur can be arranged in sp? hy ate as . f)
'\ 7\
0: 0: :0: :0:
(20-XT)
SN T s o N1 r 1
35 3p3p3p () 36s%) 3(5%) 3,

One sp2 orbitg] carries the
makes the coordinate bond

lone pair of electrons and another sp? orbital With paireq electy,
Unpaired electrop in the sec

to one oxygen. The electron in the third sp2 orbita] Overlg
ond oxygen orbital, The last electron in the

bond character of the S-0 bonds.

Sulphur dioxide is 4 reducing agent s js

2KMnO, + 380, + 2H,0 — K250, + 2MnSO, + 2H,S0,
I + SO, + 2H,0 — 2HI + HyS0,

Cl; + S0, + 2H,0 — 2H(] + H,S0,

KzCl‘207 ok HQSO4 + 3802 - K2304 + CI‘2(SO4)3 + HQO

SO3 + H20 — HQSO4
€S as an oxidant -
2H,S + S0, - 3S + 2H,0

' 80, + ¢ —_1100°C

In the platinum O)c
sulphur.
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OV vIB (Group 16) : OXYGEN, 205

SULPHUR, SELENIOM, TrLLuRIUM AND POLONIUM

glso function as a1

WIS acid by recatvin . S g - ia
Y receiving clectrane fr “molecules Vi
s valence shell : ng c¢lectrons from domor mo

et
p.mdi"g ! MesN + SO

“" - ‘) L} Al ' .

¢ 22 MesN SO, : Lewis acid

\ . . ' . A . = ¢()2t
lvent, Liquid SO, ionises as 2502 = SO7" *

s peen studied as a non-aqueqys 50
jo _ g
2) is an acid while (57805 is a basc In this

A (Chaptcr 9). Thionyl chloride (S0C

' jour of SO, : - '

,onl" bch‘gm, imcfrcs?z ch“tl.l modes of coordination of SO, in complexes have
pfe orted. Une lng “SPCCI 1s the ability of the molecule to coordinate through
wet "o through oxygen (cf. nitrito-N ang nitrito-0 linkage of NO,). The sulphur atom

r . .
Jphv P pa
eual; Jffer 8 lone pair t0 lrecelvle one from a metal, It can act as a bridging ligand also. Most
™ Jexes are known tohave the metal in zero or +1(1) oxidation state. Modes of coordination

P e xamples are given below : '
0 O
\/
Z s

ﬂl on gW
0)

S M‘.“/
N o\

0-X1) © - (20-X110) (20-X1V)
pyramidal Planar Bridging
6P (sp?) . (sp*)
S/O - % .
/ , /S
M\ ' 0 \
0 | 0
' | M
(20-XV) (20-XVI)
Side-on chelating - (sp?)

Pyramjdai (S-bonded) monodentate coordination : '
[RhCI(CO)(PPh3)2(SO2)], [Pt(PPh3)3(SO2)]

Planar (S-bonded) monodentate coordination : _
* [Ni(PPh3)3(SO)], [RuCI(NH3)4(SO2)IC1-

MM bridging (S-bonded) : [Fea(CO)g(#-502)]
(O-bonded) monodentate : [FsSb(OSO)] | -

Sulphur trioxide being the anhydride of sulphuric acid, is of great'industrial importance.
ltis obtained .by the oxidation of SO, by oxygen in the presence of a catalyst (V205 or

Matinupy sponge). In the gas phase it may be represented as a resonance hybrid of the

ollgw: :
Ouow'"g Planar, triangular structures (20-XVID) :
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IN()RGANIC CHEMIS I

20(\ .('5, :('13:
T
S " /N , 10 \
Y\ 00 0 O
Q0 :
(ZO.XV”)

tron pairs forming the ¢

, . electron pal Wo

: ottt P ur & (WO e gy
We invoke sp? hybridisation for sulPlh. 4 s hybrid overlaps with an electrg, in "y,
. . ‘tran 1 > (hir ; ’
links ; one unpaired electron m.lh(,l t = sl p-orbltil] of sulphur forms , 7T~bon0xyg°!
orbital and the second electron 1n the v‘“h

oxygen : .
- T
T T "T'T o
B I O R
3(sp~) 3(517
fi * form
s
form coordinate Gf)br;':ld | n-bonii

bonds with oxygen

The extremely short S-O bond-length (1.43A) (143 p m)' points to additiona] T-bong;,
between filled oxygen p-orbitals and vacant sulphur d-orbitals. ' ;

At low termperature SO4 stays as‘a polymeric solid (SO3)3 or as infinite helicy| chyi
SO; is a powerful oxidant, oxidising HBr to Bry and P to P4O1o. ' "

Selenium dioxide forms infinite covalently linked chain (20-XVIII). The bopg angh
show that the chain is non-planar. Each selenium is linked to a terminal oxygep and tw&
bridging oxygens. The lone pair on selenium gives a flattened pyramidal shape. The polyme;
structure breaks down in the gas phase to the monomeric covalent form.,

AN SN e
~Se N
' “ ' “,"98°

0 0
(20-XV1II)

The Se = O bond-length is 1.73A (173 pm).
Selenium dioxide behaves as an oxida

. nt parti ;
Se0, is used in oxidising al dehydes and particularly towards some organic compounds

ketones -
202 + 4HI 5 Se 4 91, 4 2H,0

. ifé;;gHg + 80, - Se + HO)C—c(o)H + H,0
2 —K + 8e0, - R“‘CO~CO—R + Se + H'0
2
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GROUP vIB (Group 1) : OXYGEN, SULPHUR, SELENIUM, TELLURIUM AND POLONIUM 207

m df({-"id" is Obl“i"?d by the action of oxygen on Te or by dehydrating H,TeO3. -
. olymef‘lc'f;r,u?mri ?V_"h all the oxygens shared among tellurium atoms.
" haS{I it trw«\lfc lsl )0‘ tamed by heating HeTeOg at 300°C. It is a polymeric three-
gional structure WA 105 octahedra share all vertices with Te and so on:
Jiﬂ‘cn. 3, Oxoacids of Sulphur : We name iy Typie 20.7 only the important oxoacids of
fmr. Gome of the oxoacids illre known only in the form of salts and the structures given
lf _mable aré those _guessed from the salts, The structures shown are but one of the several
ot sssible resonating forms. Oxoacids with S—g links are called thioacids. There are o
yhfffues of thioacids in tellirium and selenium. '
’“algjlphllm"s Acid :lehg 1s formed whep SO, is dissolved in water. The two acid
" jation CO"S[,amS ? 2503 are.1,7 X 1072 and 5.6 x 10-8 so that it is not a strong acid-
o ms (WO serfes 0 salts: sulphites SO32- and the hydrogensulphites HSO3~. Sodium
; 0 el,zsulphire is commercially made by passing SO, into a suspension of sodium carbonate

) rovgh 2 saturated solution of sodium sulphite
" N1, CO3 + H20 + 2502 — 2NaHS0; + CO, ; NaySO5 + HyO + SO, — 2NaHSO3.

2

ble 207 ¢ Oxoacids of Sulphur* |

1 : I
pormula Structure Name and Comments
| Sulphurous AACid neres S Sulphurous acid ; known only in
#,503 e "solution ; salts are well known.
0] OH OH
Hy$,04 | % " Dithionous (tetraoxodisulphuric)
S 0 acid ; known in solution and in the
/ Y / form of salts ; solutions are
0 OH é— OH unstable. '
0] .
stzos o “ Pyrosulphurous acid ; known only’
- S % in the form of salts.
/ \\S
0 0 Y
//  OH
0
2. : . ol o
Supluric Acid Series Sulphuric acid. Free acid and salts
H2SO4 ”
S are well known.
\\

]
) :
etron coungs would also be alright if the S=O bonds are replaced by §—0 bonds.

Scanned by CamScanner



INORGANIC CHEMISTRY

\
M’\ Structure
28,04 . |C|)
e \\
[HO
H28207

O og ° OH
3. Thionic Acid Series 0
H;,8,0¢ I
S OH
o/ on S/%O
|
0
H,S,06 o (ﬁ ||
S
'o/ \\ (S)z/ \\o
= - OH
4. Peroxoacid Series O
H,>SOg ”
S
o7 \ ooy
~ oH
H,S,0s |(|) ﬁ
S

Thiosulphyyi,
unstable. Sy, 'd g
S a fce

are We|

Pyrosulphunc aciq

aCld) (u -0X0- h (dISUI
acid) e WlSulE:

Dithionic acid (heanXOdis I
ok _ i
acid) ; known ip aQUeoy sphh
and as salts. Ol

Polythionic acid ; knowy 54
Free acids are not stable,

- Peroxomonosulphuric acid. I

recommended name is dihydog

trioxoperoxosulphate. Acid is ¥
studied. An impure potasstUm”h
has been reported.

Peroxodisulphuric
recommended name is difly*'s
u-peroxo-hexaoxodnsulphfit ”
is known. Salts are wel kn

Scanned by CamScanner



) » ’ v 28, Among othey edy
ST The a4 Mentioned reaction see Chapler '

: : e to-manganese(1) . g, . '
(hmmmm(\'l) 'O chromium(I11), manganese(VII) onometic oy, l L [ Iy

l),',himmn.\ Acid was carlier thought to have a ulI ““;m‘ ' 'm i ll.‘.'()/ “‘“'l
ll:S:(u, This seemed to receive some support from the fi Miain 4, I,

l“'lh iy
6

' ’“ ! ’ |
. -clectron 1140), My
dl-‘lm;s;!nclic behaviour of (he salts ruled out the (l)d(l’rb e lf 2 lmmu "y, l’"'“'l"
! . : ' or L PO ternit v I { ’
Upported (he dimeric even-electron Hy5,04 ""”""'] "“(J'Hm,; (4 "'t;,‘”
(20-XX1), AMong others, can be written for the acid : ,

Y

il “’ l |

. !’l‘
g ! :r

S )
OH S— oH

HO F.._)

)
(a) (h) ()
(20-XX1)
X-ray crystal structyre of Nay5,04 supports structure (a) with very long & ¢ hong -
(239 pm) which i longer than thay (~2A) (~ 200 pm) in dithionate 048. 50, " "
nd explain the unstable character and extreme reducing ability of (lilhinuilu, i |fmz
. . ( "
solution iy ygeqy to absorb molecular oxygen, gl
The sulphyr aoms in (20-XXla) are s hybridised -
TLTL 1 1 T 1 1 T
S e A5 = idises to TN Al g S —— YAl
S 3 30 3575 hybridige -(3 ‘_,,,/‘)‘;)' Rﬁ'l"’) ';(,,,,,4) ';(,.,./,4) 4
One 53 orbital hoyges the lone pair, The remaining three hybrid Orbity|y, Overlyp
suitable orbitaly of oxide oxygen, hydroxyl oxygen and sulphur, Fing) ly the |

UNpaired o),
s with a 2p orbita] of OXYgen so ay 1 Miaks 5,

airs results in (he long $-8 bong, S0
EN atoms in eclipge Position (< (¢ . Iy

(."'ﬂ;

< 580 = 9g,
If we have assumed S5—0 link ingtead of §
the following electron distribution
N N TR T 1
. T_.;T) 15 :;; yoridises (o W 2 5’[)3) ;(;,7) :5_5;75
Overlap of one sp® orbital wih one clectron on it wig u

an 5-0 bond. -Overlap of 1y sp* orbita

=0 link then (he hybrid orbigaly Would by

suitable p-orbia) of oxygen give
Is of two sulphur atoms wir one electron on exf
ith paired 5pins formg the coordinate link to 0Ky
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_hites are also obtaine Lo '

l'."ﬂ”",’ "ed by ""‘"ing solid hydrogensulphites

2MHS()] heat GRLSELPIEES
jphites have an S-S link anq .1 T M385,054 + 1,0

su aitdan ung "

OV L e ymmetrical structure QOx)2

) i Juric Acid ¢ Tt is a strong dibasic tniclure;, (Qg5-5047

" nd the second dissociation congiyny
(hydrogcnSlllphzllcs). The alk

mplete in

acid. The first step dissociation is €O '
and acid

(o 1n . :
1S ~ 107, Most metals form sulphatcs

‘CS aline A . ' »
y aline earth sulphates alone are very sparingly soluble

<‘J“‘hl
;n ater [phates (and al

1\1;’!3} ‘su'lpn;onovnlcm s:)titur(’loxosel(?nales) can produce two kinds of double sulphates -
U ‘NLIL “_‘ Na, K, Rb C‘ on and a trivalent cation, called alums, MIM!! (XO4),.12H20
Wher M= c;nO\;alen; S.' NH, ; N_[m = Al, Cr, Fe, Mn, Co etc. and X =S Of Se 5
| bel“'e‘:n am " c‘tmon and a divalent cation, M,IM!! (X0,),.6H,0, called schonites,
where M! = univarent C:il[l.on and M"' = divalent catjon. Heptah);drated dipositive metal
Jphates are called vitriols. Common examples ‘are CoSO,4.7H,0 ; NiS04.7H20
&504'7H3O' Copper sulphate pentahydrate therefore is not a true vitriol.

sulphuric alei 1 0f great industrial importance. It is manufactured by two methods both
qvolving catalytic oxidation of sulphur dioxide to sulphur trioxide. In the contact process
) MIXIUre of SO; and O is passed over a catalyst (usually V,Os or spongy platinum) at
450/500°C. When platinum catalyst is used the SO, gas must be very pure, particularly
free from arsenic compounds in whose presence the platinum catalyst gets poisoned. The
esulting SO; gas is not directly absorbed in water to produce H,S0y, since a fog of small
groplets of H2504 is often formed. This fog dissolves in water only slowly. In practice SO3
i absorbed into 2 dilute H,SO4 solution. The second commercial method is the lead-chamber
process where the catalytic oxidation is carried out by nitrogen oxides in lead chambers. The
oxides of nitrogen participate in the formation of some intermediate (nitrosyl sulphuric acid

or nitrosyl hydrogensulphate) which on treatment with water gives sulphuric acid and
regenerates the nitrogen oxides.
250, + 0y + HyO + NO + NO; — 2NO[HSO4]
INO[HSO,] + HoC — 2H,S04 + NO + NO,
Solution of SO3 in HSOy4 is called oleum or fuming sulphuric acid which contains
pyrosulphuric acid (disulphuric acid) :
H,SO4 + SO — H,S,07

Sulphuric acid has a great affinity 'for water and forms several crystalline hydrates : HSO4.H,0

(MP. 8.5°C), H,S04.2H,0 (-39.5°C) and H,S04. 4H,0 (-28°C). -
On dilution with water enough heat is liberated. It is therefore the u
Concentrated H,SO4 to water with good stirring.
It serves as an excellent drying agent. Cellulose m
d sugar are ‘charred by the acid :
C12H22011 + 11H2504

sual practice to add
aterials such as paper, cotton, wood,

- 12C + 11H2504.H20
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ptrated or dilute sulphuric . acid,

INORGANIC

212

ectrochemi

. en in the ele
Metals above hydrog cold conce

clectrode potential) do not dissolve ln'n ¢ metals, howeVver, dissolve in hot Sul
hapter 7). Thes drogen i
Eihu non-oxidising acid (l\C 1511 good oxidant. Note that no hydrog eVOlUtlon uﬂc,d
ecause the hot acid works : i
these reactions : + 507 + 2H20

SO4
2Ag + 2H,804 = A2 0, + 2H,0

Cu + 2H,S04 = CuSO4. +

g idised :
Carbon and sulphur are also cg1+ S04 €0, + 2507 + 21,0
§ + 2HS04 — 3802 + 2H,0
3 hybridised sulphur. Several structyp

The sulphate ion is tetrahedral with sp Cay
written for the ion and the acid of which four are shown below (20-XXII) : k
(0] 0 0

T i n r
ST S S
o‘/ \o\‘o 0‘/ \o\ 0" o/ OH "OH o/ \

(a) (b)
(20- XXII)

In structure (a) we assume sulphur to have a valence shell of 6 + 2 = 8 electrons Wthha
distributed in the four sp® orbitals. These orbitals make the coordinate links to tpg four
oxygen. In structure (b) each of the two O~ ions has a valence shell of 6 + 1 = 7 elecyyy,
The sulphur has two pairs of electrons in the two sp* orbitals making the coordinate Jipj,
Two other hybrid orbitals with one electron each overlap with oxygen p-orbitals to make o
sigma bond each. The two O~ ions thus take their valence shells to 6 + 1 + 1 = 8 electroy;
The other structures are left as exercises. All four S-O distances are the same (1.44A) (14
pm) through resonance, and are considerably shorter than single bonds. Scope for doubk
bonding via overlap of filled orbitals of oxygen and vacant d-orbitals of sulphur remain
The tetrahedral sulphate ion is known to act as a monodentate (20-XXIII), chelatmg
didentate (20-XXIV) and brldglng ligand (20-XXV).
r . ~ ) ]
NH, en

H3N>CO \/ONH,O ) <; o \ / B;
LN Ny Q\ /\ |

AN
O o

en

(20-XXIII)
(20-XX1V)
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i | T
11\{12
(em), Co < \ Co (en),
' @) Br
| 0 0
L . -
(20-XXV)

Sulphuric acid is widely used in the fertiliser industr
Superphosphate. It is used to make esters, ethers, sul

wid is used for sulphonation, that is, for introducing
Al‘l.ll Prsew -« YT __ . 1 1 . . - .

y to make ammonium sulphate and
phates, other acids. Fuming sulphuric
—SO3H group in organic compounds.
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4c0l0 ements, Fo; details titanium form the basis
see Chapters 25, 26 and 27.

, S
'F L ST N § \F\ | s EAN
e il F F : B F F
(20-XXXIT) (20-XXXIT) (20-XXXIV) (20-XXXV)
B F
Vs | F\\ )
> s \ o - S /
; | . / \\ o

F
(20-XXXVI) B - (20-XXXVID)

Iy ; '
ox;:if“’”d? (SFy) and sulphur hexafluoride (SFg). Sulphur displays a wide range o
10n states from I (in S;F,) to VI (in SFg). FSSF and SSF, may be fegarded as linkag
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dimer pair: Molccular Strueqyy,

! . -
i [y are @ mono sructure of SHF
isomers while SF, and SaFa ¢ yII). Struc 5

(20-XXXID

compounds are shown in
that of H,0,. 1 SF, VA rigonal bipyramidal Structyrg, The
TTa) W n ‘.
SSF; has a \u-(clrulwdrul snuuuld s u" VSEPR model. ‘hap,,'
e - Y
of the molecules are those expecte 0

. of sulphur with AgF in ¢
. vy anared by ﬂuormnlnon'of sulp g ry eqmp
Disulphur difluoride is preparc in the presence of alkalj Mety) QO-
at 125°C. It isomerises to thiothiony |

.'d 3, SSFZ; " . ﬂ )
| fluoride 2C|2 with KF in 802 : U()ndQSI
SSF, can be prepared directly by fluor

ination of S 360
2KSOSF + $,Cly = SSF; + 2KCI + 2

. sed to give sulphur,
These fluorides are very sensitive (o watefs being hydroly HF anq o
acids H,S,04(n = 4 10 0) : '
( 208,F, + 24H0 = 38q + 40HF + 4H,5404

ion of SCI; and NaF ;
Sulphur tetrafluoride, SFs, is best Pr epared by the acflon 2 at'in acetomlme

around 70-80°C. N ‘ '
__CHCN g Cl, + SFy + 4NaCl

3SCl, + 4NaF ——¢pec
SF; is highly reactive and suffers nucleophilic attack by H,0 to produce SO, ang .
SF4 + 2H,0 — SO, + 4HF. Ay '

Sulphur hexafluoride : This is made by the Comb'f’ﬂtlon of the elemey,
S + 3F; — SF. This is a colourless, odourless and extremely fnert gas. It refuses ¢, reac;
with fused KOH, steam at 500°C and oxygen in an electric discharge. Hexacovalence q
sulphur is brought about by fluorine which is the smallest and the most electronegytiy, i
the halogens. Because of its inertness and insulation properties the gas is sometimes used
a gaseous insulator in high voltage generators and electrical instruments. Sulphur is Octaheds
through sp3d? hybridisation. Since in SFq sulphur has already attained its maximy,
coordination number six it cannot accommodate any water molecule for nucleophilic ayy
which could lead to hydrolysis. The compound suffers no dissociation to SF, + F, in whig;
case the SF; could be hydrolysed.

Sulphur monochloride (in reality a dimer S;Cly) is perpared as an orange liquid by t
action of chlorine on fused sulphur. It is also formed as a by-product in the synthesis o
CCly from CS, :

CSZ + 3C|2 - CC]4 + SzCIz
S;Cl, (B.P. 138°C) can be separated from CCly (B.P. 75°C) via fractional distillation. It
slowly hydrolysed by water :

S:Cl; + 2H,0 - SO, + 2HCI + H,S
lts structure is comparable to that of H,0,.

Chlorosulphonic (CIzIoroszinhuric) Acid (HSO5Cl) : This may be viewed to be derived

from sulphuric acid by substitution of one — QH : d by
- : - roup b - ; repare
passing HCI gas into fuming H,S0,. group by a chloro-group. It is prep
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SO; + HCl — Ozs/OH
seacl Cl
[phuric acid (B.P. 151°C) is puet
Iofosu e : ) is purifie o
Clhis solently hydrolysed by ‘water giving I;(élb?: ((lllslll]&lllon.
| /OH - ‘nO H,S0, :
OZS\ +P120;>Ozs/' H
Cl \ o + HCI
H

i ed a8 @ sulphonating agent in organic chemistry :
Ce¢Hg + O,S(OH |
2 C
15 NO salts. i Cotis0sH s 50
sulphuric Acid : This is made by
: . : y the action of fumi '
’ Caf 0t~ 250°C,. or: by the interaction of SO3 and HF 'ummg et
rkS:S(z:;“-i-uIilHIl;z — HSOsF + KF ; SO; + HF — HSO5F
1 °C) and i :
" byqthe ;C[:P. 16f9 C) and is only slowly hydrolysed by water- Its alkali
ion of SO; on metal fluorides at ~ 200°C. The acid is a very

It (orﬂ
acid on KHF2

Fluoro

s 2ls0 @ colou

nelal salts are M
gtrong one. .
sulphury! (sulphonyl) Dichloride (Dichlorodioxosulphur) : SO;Cly may be considered
groups by two chloro

derived from H,SO, by the replacement of two OH-
d Cl, in the presénce of camphor,

s is also obtained on refluxing cl

charcoal or acetic

o have been
Wlorosulphonic acid

oups. Direct interaction of SO, an

anh)’dfide as catalysts gives SO,Cl,. Thi
r tin as a catalyst :

b a little mercury sulphate 0
50, + Cly — SOClz ; 2HS05C1 = $0,Cl; + H,S04

[1is a fuming liquid (B.P. 69°C) which is slowly hydrolysed by water :
S0,Cl, + 2H,0'— H,S0, + 2HCI

acid chlorides of organic acids :

+ SO,Clp = 2CH;COCI + Na,S04

al (sp? hybridisation of sulphur). Two sulphur

ordinate links to the tWo oxygen. The

air covalent bonds.

wit

I1is used in the syntheses of
2CH;COONa
is roughly tetrahedr

lone pairs make the two €O
| shared p

The structure of SO,Cl;

O'\ /! : © other two are usua
" N I U A
cl l sp> hybridise sulphur 3(sp3) 3(sp3) 3(sp3) 3(Sp3)
(20-XXXVII) The S-O bonds have double bond character due to overlap of
[ternative structure with two

s of sulphur. Ana

¢ can also be written: Then electron distribution

y dm orbital
rdinate link

b1 7

T
3\ 3d 3d

E'”ed oxygen 137r orbitals with empt
?uble bonds in place of the two €00
Will be ;
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The four sp? orbitals will make sigma overlaps with sutiabie orbitals
g,
d0ub|e b dng

OXygen and the two d-orbitals will make pi overlaps with oxygen forming
0
vely, s Ed

O-S5-0 angle and CI-S-CI angle in SO,Cl, are 120° and 111° respecy
length is 1.43A (143 pm) which is shorter than single bond (1.70A ; 170 pm),
Thionyl dichloride (Sulphinyl Chloride) (Dichlorooxosulphur) : SO, ang
give a mixture of thionyl dichloride, SOCI, (B. P. 78°C) and POClI5(B. Pp. 107°¢y),

recovered by fractional distillation : SO, + PCls — SOCl; + POCl,.
phur at —=10°C to form SOCl;. An alternatiy
' ¢ ety

§,
Qnd
N rC{]cl !

SOC'E I

Chlorine monoxide reacts with sul

is. the reaction of SCI, with SO;5: :
CLO + S — SOCl, @ |
SO3; + SCl; — SOCI, + SO,
In thiony! dichloride, SOCI,, roughly sp3 hybrdisation of - , O/ /S\Q
Cl

sulphur is irvolved with one lone pair remaining intact on
sulphur. An alternative structure with a double bond in place
(20-XXXIX)

of the coordinate link can also be written. Then electron

distribution will be :
™ 1 T T 7

3(sp°) 3(s0°) 3(sw°) 3(sp*) 34
The sp? orbital with paired spins will be the lone pair. The other three sp3 will overlap wit
suitable orbitals of chlorine and oxygen to give the three ¢ bonds. The 3d orbital wil e
m overlap with oxygen. O-S-ClI angle and CI-S-Cl angle in SOCl, are 106° and 14
respectively. S-O bond-length (1.45A : 145 pm) is shorter than single bond. |
This is a colourless liquid which fumes in moist air and is hydrolysed by water:

SOCl + 2H,0 — SO, + H,0 + 2HC]
(
hydrated salts. The S0, and H

SOCl, is used to obtain anhydrous metal halides from

formed in the reaction are removed :
AICI3.6H20 + 6SOC]2 - AlCl3 + 650, + 12HCI d
. . nal

A -

‘,n 0 0 A m;t]nn n‘. Cual L
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ions of Hydrogen Peroxide

"ﬂr 1L s .
K . gn oxidan! and as a reductan.

r'iJi “‘:‘(-id pehaviour @ 1t behaves a5 5 weak dib
HO, = H* 4 HO,"

Il | .‘ 2y H . ”
' 1ts chemical reactions H,0, can function as a0

asic acid :

DKL~ 15 x 107"

ightly more acidic than wate ,
< us 31 . ater. The second di intion i¢ ve vak 1ves two
17 ¢ calts + normal peroxides, Na,0,, B ssociation is very weak. It &

, a0, etc and the andioxi aHO,. When
#5074 to ethyl alc c3 B the hydrogendioxide NaHO>.
w0 adde y! alcohol containing a liue sodium ethoxide the following reaction
‘-;UTS :
¢ NayO, + EIOH — NaOOH + NaOE!
jp the 3bsence_.§£ [:s del:jlo,\sde, the h')'d“'-’gendioxide formed reacts with ethanol to form
gium et-ho.:\dl . y l: 2 :‘\lkall metal peroxides are celebrated oxidants. The
;‘. gendlo,\‘l e 15 a violent OXIdflnt unless carefully handled. It has been used (o oxidise
“0 per(ll) oxide to copper(Ill) oxide (Cu,05) in concentrated NaOH medium.
2 Qxidising Behaviour. This is a strong oxidant in both acid and alkaline solution. The

oot potentials are :

H,0, + 2H* + 2¢ = 2H,0 ; B =177 volu.

HO;~ + H20 + 2e == 30H-; E° = 0.87 volt.

e OXygen-OXygen bond of H,0, undergoes fission in presence of H* and electrons acquired
from the reducing agents. H>O is thus converted to H,0. The high positive potential shows
fat in acid solution it can easily oxidise iron(Il) to iron(III) (E° = 0.77 volt), bromide to
(E° = 1.07 volt), iodide to iodine (E° = 0.54 volt) etc :

2Fe2* + Hy0; + 2H* — 2Fe¥* + 2H0

21 + H,0, + 2H* = I, + 2H,0 |
Discoloured oil-paintings in which the white lead pigment (basic lead carbonate) has been '
blackened due to atmospheric H,S can be restored by scrubbing with H,O; :

PbS + 4H,0, — PbSOy + 4H;0
Arsenous acid and sulphurous acids are oxidised to arsenic and sulphuric acid respectively :

H;As0; + H20, — H;AsO, + H)0
H,SO;3 + H202 = H,SO4 + H 0

hroming -

nce of some very strong oxidants such as chlorine or

3. Reducing Behaviour : In prese
another word H,0, acts as a

kmanganate in acid medium H,0, is oxidised to oxygen. In
actions of HyO, it is reduced to H,O while in the reducing

rducing agent. In the oxidising re v
ogen-oxygen bonds of H,0, undergo fission to

factions H,0, is oxidised to Oa- The hydr

Moduce 2H+, 2¢ and O».

The oXidant merely removes the electror
H,0, — 2H* + 2e + ) |

1s from the hydrogen-oxygen bonds :
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The released electrons bring about the reduction :
2MnO4~ + 5H,0; + 6H* — 2Mn?* + 8H,0 + 50,
Cl, + Hy0, - 2HC + 0,

Hydrogen peroxide oxid{ses hexacydnoferrate( I1) to hexacyanoferrate(1]] ) in acig
bur reduces hexacyanoferrate(!il) to hexacyanoferrate(ll) in alkaline mediup, . '"f'diu,,]

2[Fe(CN)g]* + H,0, + 2H* — 2[Fe(CN)¢]* + 2H,0

2[Fe(CN)l®™ + H,0, + 20H- = 2[Fe(CN)l” + 2H,0 + 0,
Experiments with O-18 labelled H,0, has shown that the oxygen that is liberg

reducing activities of H,0, originates from Hy0, and not from the aqueoys me
points out that the oxidants do not break the 0-O link of H,0,.

Hydrogen peroxide has an interesting skew structure. The two O-H planes
approximately perpendicular to each other (Fig. 20-2). Recall that oxygen has the follo ar
outer electronic configuration :

ed i,
dium, Thi

Win

T
2s 2p 2p2p

Taking the x-axis as the bond axis of 0-0 linkage the 2p, orbitals of the two oxygen aton
overlap to give a sigma bond. Each oxygen also makes a sigma bond with a hydrogen, o
oxygen using its 2p, orbital and the other oxygen using its 2p, orbital for the purpose. Ther

H(ls) 2p,(L.p.) s

N
| 04° l‘ (px’sz) O X

)
A}
\
[ \

\
[y \

___________________ 3 2p,(lp)  ~ H(ls) d

Fig. 20.2 Structure of H50, : Lp. = lone pair

' | . . . ’ : ooltd
the two oxygens have their third 2p orbital carrying the lone pairs at right angles a4 dired
away ‘from each other. Thus the lone pair—lone pair rennlcinn ran he minimiSed- Lo
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