Chapter 5

Chemistry of Selected Anions

Anions are very important ligands in molecules as well
as solids.

Coordination Solid — state
Compounds Tonic
l Versus Compounds
molecules Usially
Three-dimensional
materials

Ligand — an atom or molecule that coordinates to a
metal ion (where the word “coordinates” means to
attach 1n a bonding sense).



Classifications of anions

1. Simple anions
O, F, CN etc.

2. Oxo anions (discrete)
NOs, SO,”, CO5™ etc.,

3. Oxp anions (polynuclear or polymeric)

“S10,” based” “BO; based”
Silicates Borates
PO, based
Phosphates

4. Complex anions which are themselves metal

complexes
[AICLT, [PF], [TaFe], [Fe(CN)]™, etc.,

Some of the anions can exist freely in solution, while
others exist only in the solid state
For example:
O” only in solid state — unstable in solution
CI exists in solution as well as the solid state




Main Categories of Anions

A. Oxides, Hydroxides, Alkoxides
(Discrete, molecular species)

B. Polymeric Oxides
(also includes larger polynuclear ones)

C. Halogen — Containing Anions

D.  Sulfide and Hydrosulfide Anions



Oxides, Hyvdroxides, Alkoxides

O” is unstable in solution whereas OH
and OR’ (alkoxides) can exist in solution

0”(s) + H,0 =—— 2 OH (aq)
Keq > 107

Example:
CaO + H,0 — Ca’'(aq) + 20H

Some oxides are not soluble in water so these
will not react of course!

They can be dissolved in acids however:

MgO(s) + 2H"(aq) — Mg*"(aq) + H,0



Oxides
ALL ELEMENTS except Noble gases form oxides

Three Categories:
* Basic. Ionic oxides
(these form with metals)
* Acidic. Covalent oxides
(these form with non-metals, metalloids,
some metals also)
* Amphoteric. Can be 1onic or covalent (these
form with metals)




General Rules

In general, the electropositive character of the oxide's central atom will determne whether
the oxide will be acidic or basic. The more electropositive the central atom the more basic
the oxide. The more electronegative the central atom, the more acidic the oxide.
Electropositive character increases from right to left across the periodic table and increases
down the column.

more electropositive
P
Y

more electropositive

~

A resultant borderline between basic and acidic oxides occurs along a diagonal.

Properties of s- and p-Block Elements
Na Mg AL i P 008 O

Ro |Sr i Sn b e T |

Basic Oxides Amphoteric Oxides Acidic Oxides




Basic or Ionic Oxides

e Form OH 1n H,O

* Groups I, IIA (except Be)
some transition metals

Examples:
Na,O(s) + H,O — 2 NaOH(aq)
H H
_ ©
Oz\j\o > 0© e
/ /
H H

MgO(s) + H,O — Mg(OH),(s)
(insoluble hydroxide)

Acidic or Covalent Oxides
* Form acids in water
* All non-metals except noble gases.
*SO;, SO,, NO,
*NQO,, S10,, Sb,0s, etc., and some transition
elements




Examples:
SO3 + HQO —> H2$O4(aq)
CI'O3 + H20 — HzCrO4(aq)

Amphoteric Oxides
e Can be either acidic or basic
* Al, Ga, Sn, Pb and most transition metals
* They can neutralize acid or base

Example:
Al,O5 (amphoteric)
Reacts with acids:
a. ALOs(s) + 6H (aq) + 9H,0 —
2[Al(H,0)6] *"(aq)

and Reacts with bases:
b. Al,Os(s) + 20H (aq) + 7 H,O —
2[Al(H,0), (OH)4] (aq)

In reaction a, Al,O; is a base
In reaction b, Al,O; 1s an acid



Q. How can you predict if a transition metal
oxide

will be acidic, basic or amphoteric?
A. There are Two Trends

Trend 1
The higher the oxidation state of the metal, the more
covalent (acidic) i1t will be.

Trend 2
The lower the oxidation state of the metal, the more
ionic (basic) it will be.

Consider: Cr™0, Cr,”0;, Cr0;
The most ionic is CrO (lowest oxidation state)
The most covalent is CrO; (highest oxidation state)

. CrO 1s basic, CrO; 1s acidic and
Cr,Oj3 1s amphoteric



There are three nonmetal oxides from the upper right portion of the periodic table, CO,
NO, and N,O, which have such low oxidation numbers for the central atom that they give

neutral aqueous solutions.

Since the acidity of a cation rises rapidly with charge, d-block elements which exhibit a
wide variety of oxidation numbers may have one or more oxides that exhibit only basic
properties and one or more oxides that exhibit only acidic properties. The higher the
oxidation number the more acidic the corresponding oxide. Chromium is an example of
such an element.

Oxide [Oridation Number _|Category _|
Ccro et lbasic
|Cr203 |cp+ amphoteric
|Cr03 |Cr6+ acidic

Basic oxides react with acidic oxides to produce salts of oxo anions.

2 MgO + Si0,——) Mg,SiO,
acidic basic salt
oxide oxide

a "neutralization” reaction

Since there is no water involved salts of oxo anions which are too basic to persist in water
can be formed. These reactions of acidic and basic anions have important practical
applications such as in the control of gaseous acidic oxides that when released into the
atmosphere result in acid rain.

Ca(OH), +SO, +120; ____y CaSO,+H,0

These reactions are also used in the production of materials such as concrete, glass and
ceramics.
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THESE ARE JUST BASIC TRENDS BECAUSE
TRANSITION METALS CAN BE BOTH BASIC
AND ACIDIC

i 2 3 4 S & 7 8 9 0o 11 12 13 14 1S 16 17 8
S e
Be ¥ olr
Mg s|le]ls|a
Ca | Ge| As| se | Br
=i Sa|sv|Te|
Ba Pb| 8i | Po| Az
L N 3
* Lower axidation state oxides — basic t
* Hgher oxidation state Cxides — amMphoteric or acidic axides
- (bx.:‘b Xe O,
nas been
D Basic oxide Mostly amphoteric e
oxides (deperds on
IAmphmrc ox.de oxidation state)
| Acigic oxide

 S—

Figure 7.5

The periodic able shows that metalic axides are mostly basic and that non-metalic
oxides are mostly acidic. The elements with amghoteric axides e between these
WO groupings.
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H

Metal oxides are basic

Aluminium oxide is amphoteric (reacts with both acids and bases)

Non-metal oxides are acidic (they may also be referred to as 'acid anhydrides')

Li |Be increasing acidic character BICIN|O
Na Mg of the oxides Allsilpls
K|Ca|Sc|Ti|V |Cr|Fe|Mn|Co|Ni|Cu|Zn|Ga|Ge|As |Se
Rb| Sr | Sn Te
Cs|Ba Pb

Certain non-metal oxides do not display any acid - base character - eg N20 and CO

Summary of the period 3 oxides

inert gases

Cl207

Adding H20 |Na0 + H0 MgO + H20 Insoluble Insoluble P4010 + 6H20 SO3 + Hp0 Cip07 + H20
— 2NaOH —»Mg(OH)3 —»4H3P04 —»H2504 —»HCIO4
Adding HClI |Na0 + H* MgO + 2ut Al03 + 6HY —— |No reaction No reaction No reaction No reaction
— Nt + [ —mgZt 4 |28t 4 3H20
H20 H20
Add NaOH |No reaction No reaction Al203 + 20H™ + SiOp + 20H~ P4010 + 120H" SO3 + OH~ Clp07 + OH™
3H0 — —5i03%" +  |—»4aP0g>" + — 5042 + |—2CI04” +
2AI(OH)4 H20 6H20 H70 H20
Nature Basic Oxide Basic Oxide Amphoteric Oxide Acidic Oxide Acidic Oxide Acidic Oxide Acidic Oxide

comment Comparing the two compounds P,O, and P,0,,
phosphorus is +5 state in P,0,, and +3 state in P,0O4 so P,0,, is more acidic.

Phesphorous tricxide

P4Cs

P40y

Phosphorous pentaoxide
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Hvdroxides

M+OH_(S) +nH,0 — M+(aq) T OH-(aCI)

for metals with more ionic bonds — Base

MOH + nHzO «— MO_(aq) + H3O+(aq)

for more covalent M-O bonds of the non-
metals — Acid

and Amphoteric Hydroxides also exist

Alkoxides

The basic formula of an alkoxide is OR™ where
R 1s an organic group such as an alkyl group.

They are very reactive in water and hydrolyze
quickly... very basic
OR + H,0 «<—— OH +ROH
(forms an alcohol)
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M(OR), 1s a common metal alkoxide type of
compound (or we also say “complex”).
e.g., TI(OR)y
It has an interesting molecular structure that
stabilizes the molecule.

O O
Ou,, | O, | O \ These
M ‘M represent OR
O/ \O/ \O groups
O///,,l ‘\\\\\O///,,' ‘\\\\\O
IVE Ve
o | v v
O O

the more bulky R groups on OR" ligands lead to
compounds with low coordination numbers

M(OR)4 when R = Me, Et

t-Bu

“M(OR),” when R =
2,3,5-tritetrabutylphenoxide

t-Bu t-Bu
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Polynuclear or Polymeric Oxides/Hvdroxides

- dimers, trimers, cages, etc.
- cyclic structures
- chains
- sheets

Polynuclear Oxo Anions

oxygen atoms shared between various polyhedra

Ex #1 dichromate

O

O

Dimer
Cr,0,~

(two tetrahedra sharing one atom)



Ex #2

o o
\Si/ o o 0
PN o) 0 0

o T T o -~ \Sl,i/ \Sli/ g

NI

'O/ \O/ \O'

(tetrahedra sharing an edge)

Ring anion
Si304”

Ex #3

tetramer
B4Os(OH),”

HO—B \B—OH
N B

Common anion in borates

201

~

O
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Basic Idea:

— Silicates are minerals composed of different
types of shared tetrahedral SiO,4 units

— Borates are minerals in the same vein, but
with BO,4 units shared in various ways

The structure that results is based on a
complicated interplay of concentrations, pH,
temperature and pressure (which affect
solubilities).

— Eventually, 1f all oxygen atoms are shared in
a Si0,", solid, it becomes silica, SiO,

— replace some Si*" ions with AI’", and it is
possible to make structures like the silicates,
except now there is an anion charge:

“S10,” neutral
“S1A10,” 1s negatively charged
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— Zeolites
[(Al,S1)O,], frameworks

Microporous Minerals with open frameworks
that can allow molecules to pass through

Ion exchangers (solution)

Molecular sieves (gas)

Catlaysts



204

Basic composition of Zeolites is:
\Y 9N (Aloz)x(3102)y] z H,0

AT

charge of number of

number of . .
metal cation SiQO, units

AlO," units

z — degree of hydration
lots of water can fill void space

Zeolites are hydrated aluminosilicate minerals made from
interlinked tetrahedra of alumina (AlO,4) and silica (SiO,).
In simpler words, they're solids with a relatively open,
three-dimensional crystal

Zeolites are very stable solids that resist the kinds of
environmental conditions that challenge many other
materials. High temperatures don't bother them because
they have relatively high melting points (over 1000°C), and
they don't burn. They also resist high pressures, don't
disssolve in water or other inorganic solvents, and don't
oxidize in the air.
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An important use for zeolites is as catalysts in drug
(pharmaceutical) production and in the
petrochemical industry, where they're used in
catalytic crackers to break large hydrocarbon
molecules into gasoline, diesel, kerosene, waxes
and all kinds of other byproducts of petroleum.
Again, it's the porous structure of zeolites that
proves important. The many pores in a zeolite's
open structure are like millions of tiny test tubes
where atoms and molecules become trapped and
chemical reactions readily take place. Since the
pores in a particular zeolite are of a fixed size and
shape, zeolite catalysts can work selectively on
certain molecules, which is why they're sometimes
referred to as shape-selective catalysts (they can
select the molecules they work on in other ways
beside shape and size, however). Like all catalysts,
zeolites are reusable over and over again. Structures
built from the elements aluminum, oxygen, and
silicon, with alkali or alkaline-Earth metals (such as
sodium, potassium, and magnesium) plus water
molecules trapped in the gaps between them.
Zeolites form with many different crystalline
structures, which have large open pores (sometimes
referred to as cavities) in a very regular arrangement
and roughly the same size as small molecules.
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207

Model of a zeolite showing the channels in the
structure. The spheres are O atoms. The Si1 and
Al atoms lie at the centers of the O, tetrahedra
and cannot be seen
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Si,0s" sheets
S1 atoms are in a plane connected by 3 oxygen
atoms to give a hexagonal motif
one oxygen on each Si is not used to bridge

e w5.23~4~:%~;", .

| SN terminal O
SRS o N e

TE Een dg coming out

.. . ofplanc
| .

. s b,
bridging O

T"F Si atoms in
' . ) aplane

|

()
/)

sheets are bonded to cations between the layers
.... mica and talc for example
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Polynuclear Oxo Anions continued

“Polvoxoanions” of Transition Metals

V',Nb", Ta*, Mo", W"'

form anions with shared MO¢ octahedra where
corners and edges are shared

Excellent example 1s [CrM06Oz4H6]3'

Figure 5-5 The structure ol
[CrMoO,,H;]". The hvdrogen atoms are
probably bound to oxygen atoms of the central

octahedron.



Miscellaneous oxo anions that are worth
mentioning specifically because they are
ubiquitious are as follows:

Carbon-based
CO;™ HCO;y O O
3 3 \C P
OH
coordination modes:
O
v c=—o ﬁ
\ /
@) C

Nitrogen-based
NO, nitrite NO;  nitrate

Various binding modes are depicted on page

152-153 of textbook

M
NN

210
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_ | M. M
/(,)\\\ M\ | /M \(")/
M /I\ Iﬁ—() |
O N
2 \()
X »-X1 h-X11
M M
M O O O I |
N A e AN o o
O—N M N=0 M N—O N 9
S o /,”
O O
O |
O
5-XI1I1 5-XIV 5-XV H-XVI
Sulfur-based
B S
SO, sulfite; HSO;™ bisulfite
9. o4 .
SO, sulfate; HSO, bisulfate
O O
ol s T3] ]
? S B H
| @ ¥ Hag ® o o o 1"
o ¢ g9 |
A-XVTI H-XVI111 5-XIX 39,9, 4
[\i:t 1\‘1
M O o T '
G o L., o O ./(_)
0—s, M S s,
(-)/ Q) \()/ ) o O

5-XXI 5-XXII 5-XXIII
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Phosphates
Also important in chemistry as discrete anions
and 1n condensed (polymeric) phases as minerals

[ ﬁ
0 F|’ o 00— T —OX
O O"
PO, binds as an end unit
(one of four resonance at one O
forms)
O

WO

O

0
‘XC_)IUOX
l

binds as a middle unit  binds as a branching unit
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These “Building Blocks™ can assemble into
linear or cyclic structures

— - 3-

0 0
N\, i s
/P\ O O O
0 oll_oll_oll_»
Ox| | o P P P
S P | | |
Ko 0 o L © 0 o
P;0y° P;O1¢
metaphosphates polyphosphates

widely used as water softeners due to their
ability to stabilize Ca®", Mg”" and other ions that
make water “hard” (MgCO;, CaCO; scum)

Other types of Oxo Anions
* Halogen-Containing Anions
Halogen-Oxides
(1) XO;5; halates (X formal ox. state = ?)
e.g. ClO;™ chlorate
(2) XO4 perhalates (X formal ox. state = ?)
ClO4 perchlorate 1s most well-known
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X0y not particularly stable, especially
as in the perchlorate anion, C10,4

— these are strong oxidizing agents stabilized
in water, dangerous when dry and especially
with organic compounds around

* Transition Metal Oxides (Discrete)
Tetrahedral MO," is very common for the

highest oxidation state of the metal (or next to
highest)

- ?
c.g. OsOy4 OS? \What is formal

ReO, Re ¥—~—__ox. state?
Excellent O, Mn”
()

oxidizing ) ;
agents! CrO, Cr

Halides and “Pseudohalides”

e Pseudohalides such as CN act like halides
OCN’, SCN (all are good ligands)

Most important one is cyanide anion CN
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+ C——=N:
Binds through C atom first

* Halides - 1onic versus covalent — ionic are
discussed in Chapter 5 (covalent analogs are
in Chapter 20) 1onic halides are with metals in
+1, +2, +3 oxidation states

Sulfide and Hydrosulfide
e S* Tonic sulfide compounds are formed with
alkali and alkaline earth (they are not stable in

H,0)

e S,” polysulfides very important ligands for
transition metals

Complex Anions
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Complex Halides

AlICL; + CI' <—= AICly

oo

Lewis  Lewis
Acid Base

PFs + F — PFq

general stability is F > Cl > Br > 1
due to strength of A-F
vs A-Cl interactions
vs A-Br
vs  A-l

Complex Transition Metal Anions
CN" forms many complex anions in a variety of
oxidation states from low to high

[Fe'(CN)s]* versus [Mo" (CN)g]>
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Most of these anions are quite stable in H,O,
and, indeed, the acid form of some of them can
be made, without releasing HCN.

For example Hy[Fe(CN)4] exists

/ /
/ A /

H" is stabilized by H-bonding between
molecules
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