Acids and Bases
| CHAPTER | -t

Introduction

Throughout the history of chemistry, various acid-base concepts have hes
proposed and used. In this section, we shall briefly discuss the different concepts pyg
forth from time to time. Each of these can be applied with advantage in appropriat
circumstances. In a given situation, the chemist uses the concept that suits hj

purpose best.

L Classical Concept (Operational Definitions) |

The earliest classification of substances into acids and bases was based upog
the characteristic properties possessed by each one of them. For example,

Acid was defined as a substance whose aqueous zolution possessed the follow-
ing characteristic properties:

(i) conducts electricity (i) reacts with active metals like zinc, magnesium efe
to give hydrogen (iii) turns blue litmus red (iv) has a sour taste. (v) whose acidie
properties disappear on reaction with a base.

Base was defined as a substance whose aqueous solution possesszed the
following characteristic properties:

(£) conducts electricity (ii) turns red litmus blue (iii) has a bitter taste ({v) has
a soapy (slippery) touch (v) whose basic properties are destroyed on reaction with
an acid.

The above definitions of acids and bases are called operational definitions as
they are based upon certain operations (i.e., tests) to be performed on the substances
The above definitions of acids and bases have been replaced by concepiual definitions
{put forward by Arrhenius, Bronsted-Lowry and Lewis) which go into the causesefl
the observed behaviour based upon structure and composition of the substances.

II. Arrhenius Concept: Water Ion Concept

To explain the observed properties of electrolytes, Arrhenius in 1884 put
forward a theory, popularly known as 'Arrhenius theory of tonization'. The main
idea contained in this theory was that when an electrolyte is dissolved in water, it
dissociates into positively and negatively charged ions.

Based upon this theory, Arrhenius gave the definitions of acids and bases a8
follows:
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Acids
An acid is defined as a substance which contains hydrogen and which when
dissolved into water gives hydrogen ions (H")

Arrhenius Classification of Acids
On the basiz of Arrhenius definition of acids, acids have been classified as

strong acids and weak acids.

1. Strong acids. Substances like HC1, HNO, and H,S0, containing hydrogen,
when dissolved in water dissociate completely 1ntn H" ions and the negative ions
as follows:

HCl — DR, gL o
HNO, — 2%, H*4+NO;

H,SO, —Dater , op+,80%

Such acids are called strong acids.

2. Weak acids. Substances like acetic acid (CH,COOH), cﬁ:bomcadeHECD
phosphoric acid (H,PO,), etc., when dissolved in wat.Er dissociate into ions to a
small extent. Thus, an ethhnum is set up between the ions and the undissociated
molecules as follows:

Wat
CH,C00H =———= (CH,COO0" +H*
W
H,00, ———t—= 3H*4 COZ"
' Water

HPO, —m—— B8H'+ PD'"L‘
Such acids are called weak acids. In general, we can write

HA Water

{Acid)
In fact, all the properties of an acid are due to the H" ions which it furnishes
in aqueous solution.

H" + A

Formation of hydronium ion (H;07) in aqueous solution

H* ion is simply a proton which is very small in size (radius - 107" em). It
has a strong electric field. It takes up a lone pair of electrons from water molecule

H_
-

T

i.e., H,0", called hydronium ion.

to form (?“ H

Hence we simply represent H® ion as H,0" (ag). Thus the dissociation of an
acid in agueous solution can be represented as:

HCI (Strong acid) + H,0 —— H,0" (ag) + CI” (ag)
CH,COOH (Weak actd) —— H, 0" (ag) + CH,COU" (ag)

Bases

A base is defined as a substance which contains hydroxyl groups and which
when dissolved in water gives hydroxide ions (OH™)
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Classification of Arrhenius Bases
On the basie of Arrhenius definition of bases, bases have been classified 34
strong bases and weak bases.

1. Strong bases. Substances like NaOH and KOH containing the -OH groups,
when dissolved into water, dissociate completely to give OH ions as follows

NaQH —2%T . Na*+OH

KOH —Yaer , K+.OH
These are called strong bases.

(1) Weak bases. Substances like NH,OH, Ca (OH),, Mg (OH),, Al (OH),, ete,
dissociate to a small extent as follows:

NH,OH —=%C= NH,*+OH"
Ca(OH), —tfs (Ca® +20H"
AOH), —2%T. Al 430H-

These are called weak bases.

In aqueous solution OH™ ion is generally represented as OH™ (ag). Hence the
dissociation of bases in aqueous solution may be represented as:

NaOH (strong base) + H,0 — Na*(ag) + OH™ (aq)
NH,OH (weak base) + HO == NH", (ag) + OH" (aqg)

Neutralisation Reaction According to Arrhenius Concept

According to Arrhenius concept of acids and bases, neutralisation reaction is
a process in which an acid and a base react together to form salt and H,O.

Example HCl + NaOH — NaCl+ H,0
Acid Base Salt |

Actually this reaction takes place through the following steps:

H|+ CI + Na"+|0OH| — Na' + CI' + HO |
] i
Acid Base Salt
or H*+OH — H,0

Thus neutralisation is a process in which H* and OH ions combine together and
form unionised molecules of water (H,0). As a result of this process, the characteristic
properties of acids and bases are destroyed.

Basicity or Protocity of an Arrehenius Acid.

The number of H* (or H,0") ions given by one molecule of an Arrehenius acid
is known as the basicity or protocity of the acid. For example the basicity of HCL
H,S80, and H,PO, is one, two and three respectively as shown below:
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HCl == H*'+CI, H,80, —= 2H" + S0,
H,PO, == 3H' + PO}

Monobasic (Monoprotonic) and Polybasic (Polyprotonic) Acids

The acids giving one, two and three H* 10ns in aqueous solution are called mono-
basic (monoprotonic) acids (e.g. HCl, HF, HNO, CH,COOH etc.), dibasic (diprotonic)
acids le.g. H,S80,, H,CO,, H,§, (COOH), etc.] and tribasic (triprotonic) acids (e.g.
H.PO, ete). Dibasic and tribasic acids are called polybasic or polyprotonic acids.

Acidity or Hydroxity of an Arrhenius Base.

The number of OH™ ions given by one molecule of an Arrehenius base is known
as the acidity or hydroxity of the base. For example the acidity of NaOH, Ca(OH),
and Al(OH), is one, two and three respectively as shown below:

NaOH —= Na® + OH", Ca (OH), —= Ca** + 2 0H"
Al (OH), —= AI** + 30H"

Monoacidic (Monohydroxic) and Polyacidic (Plyhydroxic) Bases

The bases giving one, two and three OH™ ions in aqueous solution are called
monoacidic (monohydroxic) bases (e.g. NaOH, NH,OH etc), diacidic (dthydroxic)
bases [e.g. Ca (OH),, Mg (OH), etc] and triacidic (trihydroxic) acids le.g. Al (OH),,
Fe{OH), etc]. Diacidic and triacidic bases are called polyacidic or polyhydroxic bases.

Relative Strength of Acids and Bases According to Arrhenius Concept

According to Arrhenius concept, greater ig the number of H' ions produced by
an acid in aqueous solution, stronger is the acid. Similarly greater is the number
of OH" ions produced by a base in aqueous solution, stronger is the base.

We know that greater is the value of acid dissociation constant of an acid
(K,), greater is the amount of H® ions produced by the dissociation of the acid in
aqueous solution and hence stronger is the acid. Thus greater is the value of K, of
an acid, greater is the strength of weak acids. Similarly greater in the value of base
dissociation constant of a base (K, ), greater 18 the amount of OH produced by the
dissociation of the base in aqueous solution, greater is the strength of the weak bases.

Utility of Arrhenius Concept

(i) Since the reaction representing neutralisation process involves the
combination H' and OH™ ions, the approximately constant molar heat of
neutralisation would be expected. Thus the constant heat of neutralisation of a
strong acid by a strong base is readily understandable in terms of this concept.

(i) This concept has offered a means of correlating catalytic behaviour with
the concentration of the H* ion.

(iti) The Arrhenius concept of acids and bases 15 able to explain a number of
phenomena like neutralization, salt hvdrolysis, strength of acids and bases ate,
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Limitations of Arrhenius Concept

() Nature of H" ions and OH tons: According to Arrhenius concept, acids ang
bases were defined as substances which gave H* ions and OH™ ions respectively
in agueous solution, But as discussed above, these 10ns cannot exiat as such in the
aqueous solution but exist as hydrated ions, written as H* (ag) and OH (ag),

(1) Inability to explain acidic and basic character of certain substances
Arrehenius concept demands that an acid must contain hydrogen and a base must
contain hydroxyl (OH") groups. However, a number of substances like NH,, Na,C0,,
Ca0 ete., are known to be basic but do not contain any hydroxyl groups. Elmllﬂﬂ:’j'
a numher of substances like CO,, 80,, SO, ete., are known to be acidic but do not
contain any hydrogen.

This limitation is, however, overcome if water is supposed to play an important
role. This is clear from the following reactions:

NH, (g}+ H,O == NH"ag)+ OH (ag)
Na,CO, (s) + H,O +—= NaHCO,lag)+ NaOH (ag)
Na,CO,(s) + H0 ——= NaHCO,lag)+ Na* (ag) + OH" (ag)
Ca0+H,0 = Ca* (ag)+ 2 OH (ag)
CO,+H0 == CO,* (ag) +2H" (ag)

80,+H,0 — S0,"(aq)+2H" (ag)
(iii) Inability to explain the reaction between an acid and base in absence of
water: Two important examples are:
Base Acid Salt
NH,lg) + HCl(g}) —— NH/Clis)

CaO (s) + 80,(g) —— CaSOs)

(iv) According to this concept, HCl is regarded as an acid only when dissolved
in H,O and not in some other solvent such as C;H; or when it exists in the gaseous
form.

(v) It cannot account for the acidic and basic character of the materials in non-
agueous solvents, e.g., NH NO, in lig. NH, acts as an acid, though it does not give
H" ions. Similarly many organic materials and NH,, which do not have OH™ ions
at all, are actually known to show basic character.

(vi) The neutralisation process is limited to those reactions which can occur |

in aqueous solutions only, although reactions involving salt formation do oceur in
many other solvents and even in the absence of solvents,

(vif) It cannot explain the acidic character of certain salts such as AlCI, in
aqueous solution.
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.[ IT1. Bronsted-Lowry Concept: Proton Donor-Acceptor Concept

Definition - To overcome the limitations of Arrhenius concept, Bronsted
(a Danish chemist) and Lowry (an English chemist) independently and
simultaneously, in the year 1923, proposed a broader concept of acids and bases,

According to this concept, an acid is defined as any hydrogen containing
material (a molecule or a cation or an anion) that can release a proton (H") to any
other substance, whereas a base i3 any substance (a molecule or a cation or an
anion) that can accept a proton from any other substance. In short, an acid is a
proton-donor and a base is a profon-acceptor. As an example consider the reaction
between HCl and H,O as given below:

one proton (H") going to H,O ane proton (H') going to CI7
HCl + HO = H,0 + cr
Acid Base Acid Base
{H" donor) (H" acceptor) (H" donor) (H" acceptor!

In this reaction HCI donates a proton to H,0 and is, therefore, an acid. Water,
on the other hand, accepts a proton from HCl, and is, therefore, a base. In the reverse
reaction which at equilibrium proceeds at the same rate as the forward reaction,
H,O" ion donates a proton to Cl” ion and hence H,O" ion is an acid. CI” ion, because
it accepts a proton from H,O" ion, is a base.

Points to Be Noted

() A substance acts as a Bronsted acid, i.e. gives a proton only when another
substance to accept the proton (i.e. base), donated by the acid is also present. For
example CH,COOH does not act as an acid in C H, solution because the latter does
not aceept the proton donated by CH,COOH.

(i) According Bronsted-Lowry concept the presence of hydroxyl groups (OH™)
is not essential for a substance to act as a base. The only requirement is that the
substance should have tendency to accept a proton.

Examples of Bronsted-Lowry Acids and Bases

As already stated, Bronsted-Lowry acids and bases may be molecular, cationic
and anionie species. Examples of such species are given below:

Type of Acids Bases
Species
Molecular HCI, HBr, HC10,, HNO,, NH,, N,H,, amines,
H,50,, H,FO,, H,0 H,0, NH,OH
Cationic NH,*, [Fe(H,0),]"", [Fe (H,0).(OH)]*,
[ALH,0),1*, H,0°, [ANH, O, (OH)*
Anionic HCO, ", HSO, Cl,Br, 1, 0H,

co,*, 80, H,NH,"
OH", HS"
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Conjugate Acid-Base Pairs

In order to understand the concept of conjugate acid-base pair let us conside,

the following equilibrium.
(H") (H')

HCl + CH,COOH = GH;,EUDH; + Cl
Acid Base Acid Bass

If we consider the forward reaction of this equilibrium, we find that since H(]
donates a proton (H*) to CH,COOH, HCl acts as a Bronsted acid. Since CH,COOH
accepts a proton from HCl, CH,COOH acts as a Bronsted base. If we consider
the reverse reaction of this equilibrium, we find that since CH,COOH," donates
a proton to Cl” ion, CH,COOH", acts as a Bronsted acid. Since CI” ion acceptas
proton donated by CH,COOH,", it acts as a Bronsted base In the given equilibrium
the two acid-base pairs namely HCl (acid) - CI(base) and CH,COOH,," (acid) - CH,COOH
(base) are called conjugate acid-base pairs.

Omne conjugate acid (HC1)- base (CI7) pair

HCI + CH,C0O0H = CH,CO0H, + CI

Acid Base Acid Basze
(H ion donor) (H" ion acceptor) (H" ion doner) (H' ion acceptor)
| | |-
Other conjugate acid
(CH,COOH, - base
(CH,COOH) pair

From the above acid-base equilibirium the following points may be noted:

(i) There is one acid and one base on each side of the equilibirium. If HCI (acid!
is designated as Acid, or A, then its conjugate base viz Cl” ion may be designated
Base, or B,. Similarly CH,COOH(base) is designated as Base, or B, and its conjugate
acid viz CH,COOH," is designated as Acid, or A,. Thus the above equilibirium can
also be written as:

HCl + CH,COOH ——= CH;CO0H; + CI
Acidj(Aq)  Baseg(Bg) Acidg(Ag) Base, (By)

(ii) Each acid-base reaction has two conjugate acid-base pairs,

(i) Conjugate base of a given acid is obtained by eliminating (removing!
proton from the acid. Similarly, a conjugate acid of a given base is obtained by
adding a proton to the base, Thus:

Conjugate acid —1 Conjugate base + H ..Aa)
Conjugate base + H* — Conjugate acid b
Above two relations viz (a) and (b) can be combined to get: I
Conjugate Acid ‘_._:: Conjuagate Base ‘
+
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Example of Conjugate Acid-Base Pairs in Some Acid-Base Reactions
Examples of conjugate acid-base pairs in some acid-hase reactions are given

below:

Acid,

iH* ion donor)

HCIO,
H,S0,

HCN

HCI

HNO,
[AI(H, 01
[Fe(H,0) ™
NH,*

H,0

H,0

H,O

HCI
CH,COOH

HSO,

+ + + + + + + + + + o+ + o+ o+

Conjugate acid-base pair

Conjugate acid-base pair

Base,

(H* ion acceptor)

H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
CN-
CO,*
NH,
NH,
NH,
NH,

LIETrrrrennntn

Acid,

Base,

(H* ion donor) (H" ion acceptor)

H,0"
H,0*
H,0*
H,0*
H,0"
H 0"
H,0*
H,0"
HCN
HCO,
NH,'
NH,*
NH,*
NH,*

TR I T T S SR T . . -

+

+

Cl10,

HSO,

CN-

Cl-

NO;

[Al (H,0), (OH))**
[Fe(H,0), (OH)]**
NH,

OH

OH"

OH

cr

CH,C00"

S0

Acid-Base Neutralisation Reaction According to Bronsted-Lowry

Concept

According to this concept, an acid-base neutralisation reaction is that in which
a Bronsted acid reacts with a Bronsted base and their conjugate base and conjugate
acid respectively are produced. In the neutralisation reaction, the acid (HA) gives
up its proton (H') and produces its conjugate base (A7), The proton given by HA is
sccepted by the base (B) which is thereby converted into its conjugate acid, BH".
Thue according to Bronsted-Lowry concept, the neutralisation reaction between the
acid, HA and the base, B can be represented as:

{H")

|
HA
Acid

v
B

Basn

—-

b

BH

Conjugate acid

A

Conjugate basa
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Thus we see that HA (acid) —=A (base) and BH" (acid) - B (base) are twq
conjugate acid-base pairs in the above acid-base neutralisation reaction.

Amphiprotic Substances
Molecules or ions that can lose as well accept proton(s) are called amphiprotic
substances, i.e., the molecules or ions that can act as Bronsted acids (loss of proton)
as well as Bronsted bases (gain of proton) are called amphiprotic substances.
Mustration. As an example, let us consider the behaviour of H,O in the
following acid-base reactions:

Acid, Base, Acid, Base,
Haﬂt + NH, — NH: + OH ... (A)
(H")
(H')
— * = (B}
HC1 + H,0 = HO + (Cl

In reaction (A) H,O molecule loses a proton (H,O 8, OH) and hence

acts as an acid while in reaction (B) this molecule gains a proton from HCI

(H,0 —H 5 H.0%) and hence behaves as a base. Thus since H,O can lose as

well as gain a proton, it behaves as an acid as well as a base. In other words, we
say that H,0 is an amphiprotic substance.

Exzamples of other species (molecules or ions) which act az amphiprotic
substances are given in the following acid-base reactions. Amphiprotic substances

have been shown in a box.

Acid Base, Acid, Base,
(i)(a) | CH,COOH | + H,0 = H,0" + CH,CO0"
(b) HF + |CHyCOOH| = CH,COOH," + F
(if) (@) | H80, + 2H,0 = 2H,0* + 8O
(b) HF + [Hy80, = H.80* + B
(iii) (a) [H,N.CO.NH, | + NH, = NH, + H,N.CONH
(b) H,S0, + [H,N.CONH, | = H,N.CONH,' + HSO;
(iv) (a) [ HNO, + H,0 = H,0" + NO,
(b) HF + | HNOy | = HNO,* + F-
(v)(a) [HF | + HNO, = H,NO,’ + F-
(b) HCIO, + [HF = HF + ClO,
(vi)(a) | HSO, + H,0 = H0 + 80,%
(b) H,0* + | HSO; = H,S0, + H0

L..
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wii)ta) [HS | + NH, = NH,' y $
) H,0 + [n8 | = H,8 + OH

Applications of the Dual Behaviour of Water (H,0)

Acid-base reactions (A) and (B) given above show that since H,O acts both as
Bronsted acid [i.e. proton donor] as shown in reaction (A)] and as Bronsted base
li.e. proton acceptor as shown in reaction (B)], H,O shows dual behaviour. The dual
behaviour of H,O has been used to explain the following.

(1) Aqueous solution of Na,CO, is alkaline. When Na,CO, is dissolved in
H,0, COZ% jons are obtained. Since Gﬂﬁ' ion is a strong proton-acceptor, it accepts

a proton from H,0 to produce HCO; and OH™ ions. Finally NaHCO, and NaOH are
produced. Since NaOH is a strong base, the aqueous solution of Na,CO, shows al-

kaline nature.
Na,C0O, = 2Na*+CO¥
(H)
HO + CO, = HCO, + OH
Bronsted acid Bronsted base

Na,C0, +H,0 — 2Na* + HCO™, + OH™

or Na,CO,+H,0 == NaHCO, + NaOH
strong basze

(i) Agqueous solutions of the salts of Fe¥* Al** ete., are acidic. Aqueous
solutions of the salts of Fe®*, Al** etc. get hydrated to form hydrated metal cations, e.g.

Fe** + 6H,0 — [Fe(H,0)]*
Hydrated metal cation

Al* + 6H,0 = [Al(H,0),1*
The hydrated metal cations are strong proton denors and hence donate a proton
to H,O to produce H,O" ions which make the solution acidic
(H")
[Fe(H,0))" + HO0 = [Fe(H,0),(0H)]" + HO'

Bronsted acid Bronsted
hase

| (1)
AIGH,001"  + HO &=  [A(H,0,0H" + HO
Bronsted acid Bronsted

hasze

*
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It may be noted from the above examples that in example (i) H,O acts as 3
Bronsted acid while in example (ii), H,0) acts ar a Bronsted base. Thus H,0 shows

dual behavior,

In a Conjugate Acid-Base Pair Strong Acid has its Weak Conjugate
Base and Vice Versa

We know that according to Bronsted-Lowry concept, an acid-base reaction has
two conjugate acid-base pairs. Each of the two conjugate acid-base pairs is a strong
acid-weak base pair or a weak acid-strong base pair. Thus in a conjugate acid-base
pair a strong acid has is weak conjugate base and vice versa. This fact can be proved
by considering the following two acid-base equilibiria.

(H) (H')
| ¢ | .

() HCl + HO = HO + CI
Ard Base Acid Base

In this reaction HC] and H,0O" are two acids and H,0O and Cl™ in are two bases,
Suppose this reaction proceeds from left to right. Hence HCI (acid) has stronger
tendency to donate a proton (H*) to H,O (base) than H,0" (acid) which donates
a proton to C1” ion (base), Thus HCI is a stronger acid than H,O". In other words
we can say that HCI is a strong acid and H,0" is a weak acid. Further, since the
reaction proceeds from left to right, H,O (base) has stronger tendency to accept a
proton from HCI (and) than Cl” ion (base) which accepts a proton from H,0" (acid).
Thus H,0 is a stronger base than CI” ion. In other words we can say that H,0 is
a strong base and CU ion CI" ion is o weak base. Above discussion shows that the
acid-base reaction given above can be written as:

(H') _ (H')

HCI + HO = HO + CI
Strong acid Strong base Weak acid Weak base
l |
Weak acid (H,0") -
strong base (H,O) pair

Strong acid (HCl) - weak base (Cl ) pair

In this reaction the longer half arrow { ———— ) indicates of the direction of the
reaction. It may be seen that if an acid-base reaction proceeds from left to right, the
reacting acid and bage both are strong and the acid and base produced both are weak.

(H') (H')
(i) CH,COOH + HO = HO + CH,COO
Arid Bage Acid Base

In reaction (i), CH,COOH and H,0 are two acids, and H,O and CH,COO" are
two bases. Suppose this reaction proceeds from right to left. Hence H,O" (acid) has
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stronger tendency to donate a proton to CH,CO0" (bage) than CH,COOH (acid]
which donates a proton to H,0 (base), Thus H 0" ia a strong acid ﬂﬂd CH,COOH
is & weak acid. Further, smc:e the reaction prncpeda from right to left, l."'H COCr
(base) has stronger tendency to accept a proton from H,0" (acid) than H, 0 rhaneh
which accepts a proton from CH,COOH (acid). Thus C} l_ COCr is aatrong base and
H,0 is a weak base. Above discuasion shows that the acid-base reaction (ii} can be
wrntten as:

+

(H" (H"

CH,COOH + H,0 &= H;,D' + EH_;(JG{T
Weak acid Weak base Strong acid Strong base

Strong acid (H,0") -
weak base (H,0) pair,

Weak acid (CH,COOH) - strong base (CH,C0O0 ) pair

In the above reaction, the longer half arrow (+——) indieates the direction
of the acid-base reaction. It may be seen that if an acid-base reaction proceeds
from right to left, the reacting acid and base both are weak and the acid and base
produced both are strong.

Above discussion shows that in a conjugate acid-base pair in an acid-base re-
action, if the acid is strong, the conjugate base of this acid would be weak and vice

versa. In other wards we can say that an acid-base reaction has one strong acid-weak
base pair and one weak acid-strong base pair.

Relative Order of Basic Strength of Conjugate Bases of Given
Conjugate Acids

We have seen that in a conjugate acid-base pair, if the acid is strong, its con-
jugate base would be weak. Similarly, if the acid is weak, its conjugate base would
be strong.

Ilustrative example Conjugate bases of HF, HCI, HBr and HI are ¥, CI-,
Br™ and I” respectively. We know that acidic strength of HF, HCL, HBr and HI in
aqueous solution increases as HF < HCl < HBr < HL This order shows that HF is
the weakest acid and HI is the strongest acid. On the basis of the above rule, the
conjugate base of the weakest acid, HF (i.e. F~ ion) would be the strongest base and
the conjugate base of the strongest acid, HI (i.e. I ion) would be the weakest base.
Thus the basic strength of the conjugate bases (i.e. F-, Cl°, Br and I') would be
in the decreasing order F~ > CI” = Br™ = I". It may be noted that the relative order
of basic strength of bases (F, CI", Br and I") is opposite to relative order of acidic
strength of acids (HF, HC!, HBr and HI)

In Table 3.1, since the acid strength of the acids given in 1st column decreases
from HCI1O 4 to CH, the basic strength of the conjugate bases (given in 2nd column)

of the acids increases from Cl0," (conjugate base of HCIO ,) to CH', (conjugate
base of CH,)
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Table 3.1 Relative order of acid strength of acids and relative order
of base strength of their conjugate bases,

Aced Conjugate Base

HCID‘E‘H* chloric acid} ClO- s {Perchlorate ion) 1]
| H_S0, (Sulphuric acid) HSO", (Hydrogen sulphate ion) '
HI (Hydriodic acid) I" (Todide ion)

HBr (Hydrobromic acid) Br™ (Bromide ion) i
HCl (Hydrochloric acid) Cl™ (Chloride ion)

HNO, (Nitric acid) NO", (Nitrate ion) ]
H. 0" (Hydronium ion} H,O (Water)

CCL,COOH (Trichloroacetic acid) CCL,CO0~ (Trichloracetate ion) | ]
BS0", (Hydrogen sulphate ion) % SO (Sulphate ion) .
E:P._UI (Phosphoric acid) . '_f _|H,PO, {Dihydrogen phosphate ion) Er’:
HNO, (Nitrous acid) g NO~, (Nitrite ion) =
HF (Hydrofluoric acid) E} F~ (Fluoride 1omn) g |
HCOOH (Formic acid) = | HCOO™ (Formate ion) g i
| CH,COOH (Acetic acid) % CH,COO" (Acetate ion) E’_
| H,CO, (Carbonic acid) & _|HCO", (Hydrogen carbonateion) & |
| H.S (Hydrogen sulphide) : HS™ (Hydrogen sulphide ion) B |

NH; (Ammonium ion) IT B (Ammonia) 'E
HCN (Hydrogen cyanide) || cN~ (Cyanide ion)

| CH OH (Phenol) | | CgH,O (Phenoxide ion)

HS" (Hydrogen sulphide ion) | | 8* (Sulphide ion)

H,O (Water) OH- (Hydroxide ion) |

| C,H OH (Ethanol) C,H.0 (Ethoxide ion) .
NH,, (Ammonia) NH", (Amide ion)

H, (Hydrogen) H- (Hydride ion)

CH, (Methane) v | CH, (Methide ion) :

Relative Strength of Acids and Bases According to Bronsted-Lowry
Concept '

According to Bronsted-Lowry concept,the relative strength of two acids (acd
strength) is compared by comparing their tendency to donate proton (H*), Similarly
the relative strength of two bases (base strength) is compared by comparing their
tendency to accept proton. This discussion shows that the acids which can donate a
proton (H") to a base comparatively more easily or readily are said to be strong acids
while the acids which donate a proton with great difficulty are said to be weak acids.

similarly the bases that can accept a proton quite easily are said to be strong
bases while the bases that can accept a proton with great difficulty are said to be
weak bases. '
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Some Concepts

1. Electron-Withdrawing Groups (EWGs) and Electron-Donating
Groups (EDGs)

EWGs are those which decrease the electron density and ED{Ge are those
which increase the electron density. Examples of EWGs are —-NO,, -CN, -COOH,
-X (halogen), -OH, -C_H_ etc. and examples of EDGs are -R (alkyl), -NH,,, -OR,
~(CH,, —COO" ete. EWG is also called electron attracting group and EDG 1a
also called electron repelling group or electron releasing group.

2. Inductive Effect

Inductive effect may be defined as the effect transferred by a charged atom
at one point in an ion or a molecule to another point in the same ion or molecule.

Inductive effect caused by elec-

tron-withdrawing groups (EWG) @ < C

(EWG is also called electron attracting

group) decreases the electron density | Fig. 8.1 Electron-withdrawing group
(i.e. disperses the negative charge)on (EWG) decreases the electron

the C-atom with which EWG s attached density on C-atom. |
(See Fig. 3.1) and hence is called electron-withdrawing inductive effect. This effect is

expressed as -I effect. — sign indicates that EWG decreases the electron density. -
effect increases the acidic strength of acids and decreases the basic strength of bases.

Examples of species which have
electron-withdrawing inductive effect G
(~I effect) are -NO,, -CN,- COOH, -X

(halogen), -OH, -C_H, ete. —Teffect of | Pig, 3.2 Electron-donating group (EDG)
these groups decreases in the order: | jncreases the electron density on C-atom

-NO,>-CN>-COOH>-F>-Cl>-Br>-1>-0H>C.H,

Induective effect caused by electron-donating groups (EDG) (EDG 1z also called
electron repelling or electron releasing group) increases the electron density (z.e.
intensifies the negative charge) on C-atom with which EDG is attached (See Fig. 3.2)
and hence is called electron-donating inductive effect. This effect is represented as
+] effect. + sign indicates that EDG increases the electron density. +1I effect decreases
the acid strength of acids and increases the basic strength of bases.

Examples of species which have electron-donating inductive effect (+1
effect) are -NH,, —OR (aloxy group), —R (alkyl group), -OCH, (methoxy group),
—COO™ ete, +] effect of some alkyl groups increases in the order:

~CH3 < CHy - CH,; — < (CH, )3 CH - < (CHy3)5C -
Methyl Ethyl Isopropyl t-butyl
In general, +1 effect of alkyl groups is in the order: 1° < 2% < 3°,

3. Heat of Ionisation (AH,) of MX Molecules in Aqueous Solution

Heat of ionisation (AH,) of HX molecule in aqueous solution is the amount of
heat released (—sign) when HX molecule undergoes ionisation to give H* and X~ ions
in aqueous solution. Thus:
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lf+n'q!|

HX (ag) Tonisation sy H'lag) + X~ (ag),

AH = Heat released = Heat of ionigation of HX (ag) = — AH, of HX {ag)

Calculation of AH, for HX (aq) molecules As an example let us calculate the
value of AH, for HF (ag] molecule. We know that HF, in aqueous solution, ionizses
to give H'lag) and F{ag) ions as shown below.

lonisation

(A) HF (ag) * H' (ag) + Flag), AH = Heat released
=— AH, of HF (ag)
As a matter of fact, the ionisation reaction shown above takes place through
the following steps:

(a) Dehydration of HF (ag) to HF (g)
HF (aq) —22¥9r2500 , yp(g), AH = Heat absorbed

= Heat of dehydration of HF (ag) = +4H,
(b} Dissociation of HF (g) into H (g) and F (g)

HF (g) _ Dissociation . H(a) 4+ F (g), AH = Heat absorbed
= Heat of dissociation of HF (g) = + 4H,

(e} Conversion of H(g) into H" (g
H(g) —emValol , 1+(g) 4 ¢~, AH = Heat absorbed = IE of H (g) = + AH,

an electron
(Ionigation)

(d) Conversion of F(g) into F (g

- Addition of an " e B
Figl+e ) Flgl, AH = Heat released = EA of Flg) = - AH,

(e) Hydration of H*(g) to H'(aq)
H*(g) + ag Hydration , H'(ag), AH = Heat released

= Heat of hydration of H* (g) = —AH,
(f) Hydration of F(g) to F~ {ag)
Flg) +ag _ Hydration = Fag), AH = Heat released

= Heat of hydration of F~ (g} = — AH;

On adding the equations given at (a), (b), (), (d), (e} and (f), we get:

HF {ag) + 2ag —— H"lag) + F lag),
or HFlag) — H(ag)+ F (ag), AH =7

Since the above equation is the same as equation (A), AH for the above reaction
is AHy, i.e. AH,is equal to the sum of AH for reactions (a), (b), (c}, d), (¢) and (). Thus:
H, for HFlag) = AH, + AH, + AH; + (-AH ) + (-AH,} + (-AH_) = AH, + AH, +
AH, — AH, - AH, - AH; ... ()
If the values of AH,, AH,, AH,, AH,, AH_ and AH; for HF molecule are
put in equation (i), we get the value of AH, for HF molecule which is equal teo




A

Acids and Bases 125

=12 KJ mol . Similarly putting the values of aH, , aH,, 4H,, 4H,, AH; and AH,
for HCI, HBr and HI molecules in equation (i), the values uf' .-.‘.H for these mnienulea
have been found equal to 59, 63 and 57 kJ mol™ o

All the steps shown at (a), (b), (¢), (d), (e), and (f) can be ghown in a collective
way in the form of a eycle hnuwn a8 Born- Haher cycle (See Fig. 3.3).

lonisation (-AH,)
HPiG) e Mty I i)

L A

ia) Dehydration
{+AH,)

Y
HF(g)

(&) Dissociation
(+AH)

H(g) Fig)
(c) Tonisation | (@) Addition

- of electron (—AH,)
(+AH,) (—€ ) P

Hifg}" F (g)
(f) Hydration (-AH,)

(e) Hydration (-AH, )

Fig. 3.8 Different steps involved in the ionisation of HF molecule in aqueous solution,

4. To Calculate the Formal Charge (m) of the Central Atom in

Some Oxoacids.
Formal charge (m) of the central atom of an oxoacid is given by:
m = No. of electrons present in the valence shell of the central atom — No. of

I
unus=ed electrons on the central atom — > » No. of electrons used in forming o-bonds

between the central atom and O-atoms.
The value of m for some oxoacids has been calculated as follows:

(i) HCIO0 :C1—OH (i) HC10, 0=Cl—OH
m=T-E—;HE=ﬂ m=?~4—:—3:4=7—ﬁ=+1
1
(iii) HC10y; 0—=Cl—OH
1

m='i’—ﬂ—§ xB=T-2-3=4+2
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O
(i) HCIO, 0—C1_OH (v) HyPO, Hﬂ—li OH
OH
m=?—{}—%x8=?—4=+3 m=5—{l—%xﬂ=5—4=+l

5. Ricci's Formula for Calculating pK_ Values of Oxoacid, O_ E(OH) .

pKa value of an oxoacid represented by the formula, O_E (OH)_is given by
Ricei's' formula given below,
pK =8-9m + 4n
where m = formal charge on the central atom (E) of the acid and n = No. of

non-hydroxyl O-atoms in the acid, o

Examples (i) HCIO, molecule. The JE
structure of HCIO, molecule is given in HO-LE=0) o Q0NN

he margin. This strueture shows that for O

HC1O, molecule m = +3 and n = 3. Hence:

Structure of HC10, molecule im = +3, n = 3)
oK, value for HC10, molecule = 8 - 9 x 3 ! smETea

w4 = 3 = =7 ':}
(ii) H, PO, molecule. The structure I
of H,PO, molecule is given in the margin. HO—P—-OH or OF(OH),
This structure shows that for H,PO, |
molecule m = +1 and n = 1. Hence pK, OH

value for H,PO, molecule =8 -9 % 1 + 4 Structure of H,PO, molecule (m = +1, n = 1!
x1=+3

Factors Affecting the Acidic Strength of Bronsted Acids and
Basic Strength of Bronsted Bases

Some of the factors which atfect the acidic strength of Bronsted acids and basic
strength of Bronsted bases are discussed below:

1. Effect of Solvent

The affect of solvent on the acidic and basic strength is discussed under the
following heads:

(i) Effect of solvent on the acid strength of Bronsted acids: Concept
of levelling solvent and levelling effect. The relative order of acid strength
of various Bronsted acids depends on the extent to which the various acids ionise
in a given solvent which acts as a base, The solvent acts as a base, since it accepis
a proton denated by the Bronsted acid. The acid strength of a Bronsted acid is its
capacity to donate a proton to a bage (solvent). As an example let us compare the
acid strength the strong acids viz HCI0,, HBr, H,50,, HCl and HNO, in water
solvent. All these acids ionise in H,0 (water acts as a base) almost completely to
produce H,0" ion.
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Acid Base Arid Base
(Selvent) (Cation of the solvent)
HCIO, + H,0 — H,0" i Cl0,
HBr + H,0 — H,0" + Br
H,S0, + H,0 — H,0* + HS0,
HCl + H,0 — H,0" + Cl-
HNO, + H,O - H,0* 3 NO;

Since all the acids ionise in H O (solvent) to the same extent (or since all the
acids are completely fonised to produce H,0"), these strong acids in aqueous solu-
tion appear almost equally strong, i.e. in aqueous solution these acids behave as
being equally strong. Obviously the relative acid strength of these acids cannot
be measured in aqueous solution. This phenomenon due to which acids appear to
be equally strong is known as levelling effect of the solvent (Here the solvent is
H,0) on the acids. The solvent (i.e. H,0) in which the acids appear equally strong
is lmnwn as levelling solvent. Dhquusly H,Oactsasa levelling solvent for strong
acids mentioned above.

The solvent in which given acids / bases ionise completely and appear to be
equally strong is called a levelling solvent for the acid and bases. For example

(a) Lig. NH, acts as a levelling solvent for the acids HCI (strong acid) and
CH,COOH {weak acid), since these acids ionise completely in lig NH, to give W
{ammnmated proton) cation (cation of the solvent, NH,)

Acid Base Acid Base
(Levelling (Cation of
solvent) the solvent)
Complete + -
HCI [srrmrg} + NH] m HHI, * Cl
CH,COOH (weak) + NH, ——"EE,  NH'  + CHCO0"

Although HCl is a strong acid and CH,COOH is a weak acid, yet these acids due to
their complete ionisation in lig. NH, appear to be equally strong in NH, solvent which
acts as a levelling solvent for these acids. The acid strength of HCl and CH,COOH
cannot be measured in the levelling solvent for these acids. '

(b) CH,COOH acts as a levelling solvent for the bases C H.NH, (weak base)
and NaOH (strong base), since these bases ionise completely in CH,COOH to give
CH,COQ" anion (anion of the solvent, CH,COOH)

Acid Base Acid Base
(Levelling (Anion of
solvent) the solvent)

Complete
10T A0

CH,COOH + CHNH,(weak) CHNH," + CH,CO0"

Cao . :
CH,COOH + NaOH (strong) MR, NaOH,  + CH,CO0

ionisation
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Although CH,NH, is a weak base and NaOH is a strong base, vet thess
bases, due to their complete ionisation in CH,COOH appear to be equally strong
in CH,COOH which acts as a levelling solvent for these hases, The base atrength
of C I-I: «NH, and NaOH cannot be measured in the levelling solvent for these basey

(ii) Effect of solvent on the base strength of bronsted bases The relative
order of the base strength of various Bronsted bases depends on the extent to which
the various bases 1onige in a given solvent which acst as an acid, The solvent acty
as an acid, since it donates a proton to the base. The base strength of a Bronated
base is its capacity to accept a proton from the acid (solvent). As an example let
us compare the base strength of the strong bases viz 0% and NH7 in H,O solvent,
Both these bases ionise in solvent H,O (water acts as an acid) almost completely
to produce OH™ ions

Acid Base Acid Base
(Levelling (Anion of
solvent) the solvent)
HO + O (stong) ——mpe,  og- OH"
- lomaation
HO + NH;(srong) —=P,  NH 4+ OH
lonisation

Since both the bases ionise in H,0 (solvent) to the same extent (or since both

the bases are completely ioniged to produce OH™), these strong bases in agueous
solution appear almost equally strong, i.e. in aqueous solution these bases behave
as being equally strong, Obviously the relative base strength of these bases cannot
be measured in agueous solution. It should be easy to understand that H,0O acts as
a levelling solvent for the strong bases.
Explanation of levelling effect of a solvent on the basis of solvent system
concept of acids and bases According to solvent-system concept of acids and bases,
the acids which are stronger than the characteristic cation of the solvent are completely
ionised in the solvent to produce the characteristic cation of the solvent and hence the
acids appear equally strong in that solvent.

I H,O is used as solvent, then the characteristic cation of this solvent is H,0".
Similarly according to solvent-system concept of acids and bases, the bases which are
stronger than the characteristic anion of the solvent are completely ionised in the solvent
to produce the characteristic anion of the solvent and hence the bases appear equally
strong in that solvent. If H,0O is used as solvent, then the characteristic anion of this
solvent is OH .

Examples (i) We have shown above that the strong acids viz HCIO,, HBr,
H,50,, HCl and HNO, appear equally strong in solvent, H,O. This behaviour of
acids 18 due to the fact that, since these acids are stronger than the characteristic
cation (H, 0"} of the solvent (H,0), these acids are completely ionised in H, 40 solvent
to pru-duw H.O" which is thf: characteristic cation (H,0") of the E{-lvent (H,00.
Due to the cnmpiﬁu ionisation of these acids, these :u.lds appear equally ul,rung in
solvent (H,0).

(i) WE have shown above that the strong bases namely O° and NH -, appear
equally strong in solvent, H, 0. This behaviour of bases is due to the fact that since
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these bases are stronger than the characteristic anion (OH ) of the solvent (H,0),
these bases are completely ionised in H,0 to produce OH which is the characteristic
anion of the golvent (H,(). Due to the complete ionisation of the bases, these bases
appear equally strong in solvent (H,0),
Differentiating solvents. The solvents in which the acids and bases ionise fo
different extents so that the relative strengths of the acids and bases can be measured
are known as differentiating solvents for these acids and bases.

Examples (i) CH,COOH is a dl['ferenl:mg solvent for strong acids like HC1O,,
HBr, H?SG‘, HCl and HNO, 4 Since in CH,COOH solvent these acids ionise tnr
different extents.

Thus these acids remain in equilibirium in CH,COOH solvent. In other words these
acids do not ionise completely in CH,COOH to produce CH,COOH;, cations.

Acid Base Aecid Base
(Differentiating (Cation af
solvent) the solvent)
HCIO, (Weak) + CH,COOH = CHSCDDH; + ClO7,
HBr (Weak) + CH,COOH — CH3CGDHE + Br

In the present case since HC1O, and HBr are weaker acids than the
characteristic cation (CH,COOH?) of the solvent {CH,COOH), these acids remain
in equilibirium in CH,COOH solvent. Hence the acid strength of these acids can
be measured in CH,COOH solvent. The given acids have been arranged in the
following decreasing order of their acid strength.

HCIO, > HBr > H,S0, > HCI > HNO,

(it} Now let us consider the ionisation of the bases like NH, and HCOO™ in H,0

(solvent). These bases do not get ionised completely in H,O to produce OH™ ions but
exist in equilibirium in aqueous solution.

Acid Base Acid Base
(Differentiating {dnion of the
solvent) solvent)
H,0 +  NH, (Weak) = NH' A + OH
H, 8 +  HCOO (Weak) = HCOOH + OH

Thus we see that NH, and HCOO"™ ionise in solvent (H,0) to different extent.
Hence the basic strength nt' these bages can be measured m H,0. Consequently
H,0O acts as a differentiating solvent for NH, and HCOO™ bases. In the present case
since NH, and HCOO™ are weaker bases than the characteristic anion (OH") of the
solvent (H,0), these bases remain in equilibirium in agueous solution.

Behaviour of a given species as an acid or as a base in different
solvents. According to solvent-system of acid and bases, whether a given species
will behave ag an acid or as a base in the given solvent depends on the acidic or
bagic character of the solvent. For example:

(i) In H,O since CH,COOH gives H,0" cations (cations of the solvent, H,0) of
small concentration, this acid behaves as a weak acid in H,0.
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Acid Base Acid Base
iSolvent)
CH,COOH + H,0 — H, O ! + CH,COO

{Small concentration)

(if) In lig. NH,, since CH,COOH gives NH", cations (cations of the solven
NH,) of considerable concentration, CH;COOH behaves as a strong acid in lig. NH,

Acid Base Acid Base
(Solveni)
CH,COOH +  NH, = NH', +  CH,CO0

{Considerable concentration)

(i11) In H S0, since CH,COOH gives HSO", ions (anions of the solvent, H,80 |
of considerable concentration, CH,COOH behaves as a base in H,50,.

Acid Base Acid Base
(Salvent)
HISE'4 + CH3CU{}H = CH3CDE'H+ 1 + HS'D;
(Considerable
concentration)

(iv) Urea (H,NCONH,) behaves as a weak acid in NH, bui as a strong base
in H,SO,
H.NCONH, + NH, = NH; (Small concentration) + H,NCONH"
Acid Base(solvent) Aridl Bane

H,80, + H,NCONH, = H,NCONH; + HSOj (Considerable
Arid (solvent) - -~ Arid Bage COncentration)

2, Effect of the Dielectric Constant (z) and Polarity of the Solvent

The acidic and basic strength of an ionic species (solute) dissolved in a solvent
increase with an increase in the dielectric constant (z) or polarity of the solvent in
which the species has been dissolved.

Explanation. According to coulomb’s law, the force of attraction (F) between two

ions of a solute having opposite charges g, and g, is given by:

F= 1%

N
where & is dielectric constant of the solvent and r is the distance between the ions. This relation
shows that in solvents having lower value of g, the force of attraction (F) between the ions of
the solute would be relatively large and consequently the extent of dissociation of the solute
into ions in the solvent would be small. On the other hand, in solvent having high value of &,

the force of attraction (F) between the ions of the solute would be relatively small and hence the ||
extent of dissociation of the solute would be large. From this discussion, we can conclude thal
the acidic sirength of acids (solute) and basic sirength of bases (solure) would increase with the |

increase in the value of € of the salveni

L Rt
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Now since the dielectric constant (£) and dipole moment are directly related with
each other, greater is the dielectric constant or polarity of the solvent, greater would be
the acidic or basic strength of the species dissolved in that solvent.

3. Effect of Electron Withdrawing and Electron-Donating Substituents
or Groups

Electron-wathdrawing and electron-donating nature of substituents present in acids
and bases have marked effect on the relative strength of acids and bases.

An electron withdrawing substituent or group (EW{G) present in a species has
electron-withdrawing inductive effect (-1 effect). The presence of EW(G in a species
increases the acidic strength of the species. An electron-donating substitutent or
group (EDG) present in a species has electron-donating inductive effect (+I effect).
The presence of EDG in a species decreases the acidic strength of the species.

Similarly the presence of EWG in a species decreases the basic strength of the
species and the presence of an EDG increases the basic strength of the species.

How the presence of an EWG or EDG in an acid or a base affects the acidic
strength of acids and basic strength of bases can be explained by considering the fol-
lowing examples:

(i) Formic acid (HCOOH) is a stronger acid than acetic acid (CH ,COOH).
This can be explained as follows:

The structures of these acids are given below:

0 O
-
H—%_D_H QCH;-I-&-—D-%H
Formic acid Eﬁﬂ Acetic acid
(+] effect)

In CH;COOH molecule, methyl group (—-CH,) is an electron-donating group
(EDG) and hence has electron-donating inductive effect (+1 effect). Because of +I
effect of —CH, group present in CH,COOH, this group donates electrons to O-H
bond in CH,COOH molecule. As a result, the electron density on O-atom in O-H
bond in CH,COOH increases. Due to the increase in electron density on O-atom, it
becomes more difficult for CH,CO0H molecule to release H" ions as compared to
HCOOH. Thus HCOOH can release H' ions more eagily as compared to CH,COOH
and is a stronger acid than CH,COOH.

Further, +1 effect of CH, group intensifies (increases) the magnitude of negative
charge (electron density) on carboxylate anion (CH,COO") present in CH,COOH and
thus makes CH,COO" anion of CH,COOH less stable as compared to HCOO™ anion
present in HCOOH., This decreases the acidic strength of CH,COOH.

CH,COOH —— CH,C00 + H*

More stable Less stable
{wonber aeid)
HCOOH — HCOO™ + HY
Less stable More stable

{stronger acid)
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(i) Acidic strength of CH,-COOH, CH, - CH, - COOH, (CH ), CH — COGH
and (CH,), C - COOH decreases in the order: CH, — COOH > CH, — CH, - COOH
> (CH,J),CH  COOH > (CH ) ,C - COOH. This order can be explained as follows:

We know that greater is the magnitude of +1 effect of an alkyl group, lower s
the acidic strength of the acid containing the alkyl group. Thus since + I effect of |
alkyl groups namely CH,—, CH,- CH, -, (CH,), CH -, (CH,),C — increases in the
order: CH,- < CH,— CH,— < (CH,), CH — < (CH,),C, the relative acid strength of
carboxylic acids containing these alkyl groups decreases in the same order as shown
below.

CH;COOH > CH;-CH;-COOH > (CH3);CH-COOH > (CHj)3C-COOH

Acetic acid Propionic acid Isobutyric acid Trimethyl acetic
(2-methy] propionic acid) acid (2, 2-dimethyl
or dimethyl acetic acid propionic acid)

(iii) Chloreacetic acid (Cl — CH, — COOH) is a stronger acid than acetic acid
(CH,COOH). This can be explained as follows:

The structures of these acids are given below.

0 .. O
..". o !: "'# "'I. &
\ Cl 1~ CH;<+C—-0-<H | CHyj»C—»-0-»-H
i 4 b S
EWG Chloroacetic acid ED: Acetic acid

(-1 effect) (+] effect)

—Cl group present in CICH,COOH is an electron-withdrawing group (EWG)
and hence has electron-withdrawing inductive effect (-1 effect). Because of —I effect
of —CI group, this group witdraws electrons from the O-H bond. As a result, the
electron density in O-H bond in CICH,COOH decreases and O-H bond weakens.
In other words it becomes easier for CICH,COOH molecule to release H* ions as
compared the CH,;COOH. Thus CICH,COOH is a stronger acid than CH,COOH.

Further -I effect of —~Cl group disperses (decreases) the magative charge
{electron density) on CICH,COO" ion as compared to CICH,COOH and thus makes
CICH,COO" ion more stable as compared CICH,COOH

Cl-CH,-COOH —— CI-CH,-CO0O +H"

Less stable More stable
{Stronger acid)

Since —“CH, group in CH,COOH is an electron-donating group (EDG), it has
electron-donating inductive effect (+1 effect). Because of +1 effect of -CH,, group, this |
group intensities (increases) the negative charge (electron density) on CH,COO" ion
as compared to CH,COOH and thus makes CH,CO0 " ion less stable as compared |
to CH,COOH. -

CHECDDH » CHaﬂDG +H
More stable Less Stable
(Weaker acid)

It is because of -I effect of ~Cl group and +1 effect of —-CH, group that
Cl CH, COOH is a stronger acid than CH,COOH. i
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Above discussion can be summarised by stating that —=Cl group in EIEHECDDH
decreases (-1 effect) the negative charge on CICH,CO0" and hence increases the
stability of CICH,CO0" as compared to CICH,C( }l’ JH. On the other hand, -CH,
Eroup increases L+I effect ) the negative charge on F‘H LCO0" jon and hence decreanen
the stability of CH,COO" in as compared to CH, F{}[]H

{iv) The acidic strength of BH ,, BF, and BMe, molecules increases in the order:
BMe, < BH, < BF,. This can be explained as follows:

The central B-atom in each of the compounds has vacant Zp orbital and
hence each of these compounds acts as Lewis acid. Since methyl group (Me) is an
electron-donating group, the presence of this group in Me, B decreases the acidity of
Me,B w.r.t. that of BH,. Similarly, since F' ion is an electron-withdrawing group, it
will increase the acidity of BF, as compared to that BH,. Thus Me,B is the weakest
acid, BF, is the strongest acid and BH, has itermediate acidic strength, i e. the order
of acidic strength is Me,B < BH, < BF,,

(v) C;H.COOH is a stronger acid than CH,COOH. This can be explained
as follows:

CEHEGGDH is stronger acid than CH,COOH because phenyl group L—EEHEJ
present in C.H,COOH iz an EWG whereas —~CH, group present in CH,COOH is
an EDG.

(vi) Basic strength of NH, and alphatic amines (RNH,, R,NH and RN} in
gas phase (non-aqueous solvent) increases in the order : NH, < RNH, < R,NH
< R N. This can be explained as follows:

Due to the presence of electron-donating alkyl groups in amines, the electron
density on N-atom increases (+1 effect) as we proceed as NH, — RNH, (1° amine)
— R,NH (2° amine) —+ R ¥ (3° amine). Due to the increase in Electrnn density on
N-atom, it becomes more easy for amines to donate the lone pair of electrons than
NH; as we move from RNH, to R,N.

H—1|3&—H R>—N_H R-»N—H R-»—N—R

Ammonia (NH;) 1° amine (RNH,} 2° amine (R,;NH) 3" amine (RN}
Thus the basie strength of amines increases as :
NH, < RNH, < R,NH < R,;N
or NH, < 1° amine < 2° amine < 3° amine

Sinee the solvation effect, i.e. stabilisation of conjugate acid due to H-bonding
18 absent in amines in gas phage, the basic strength of amines in gas phase depends
only on +] effect of alkyl groups.

(vit) C H. NH, is a weaker base than NH, This can be explained as follows:

Since —C H; group {phenyl group) is an electron-withdrawing group, this group
decreases the electron density on N-atom in C;H,NH, molecule. The decrease in
electron density on N-atom makes C_H,NH, weaker base than NH,,
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(viit) Diphenylamine [(CH ), NH] is a weaker base than aniline (CH.NH )
This can be explained as follows:

Diphenylamine, (C.H,),NH and aniline, C.H.NH, both contain negative -,
groups which are electron-withdrawing groups. (C,H;),NH contains two - C,
groups and C.H,NH, has only one ~C_H, group. Thus in (C H_), NH ip of electrony
on N-atom is distributed over two —C_H; groups while in C_H, NH, Ip of electron

on N-atom is distributed only over one ~C H_ group. Henee in {C H, ), N H molecul,
the electron density of Ip of electrons on N-atom is decreased. The decrease
electron density makes (C_H,), NH weaker base than C.H_.NH,,.

4. Effect of the Magnitude of -1 Effect Exerted by Electron.
Withdrawing Substituent

Examples (i) In case of a-halo acetic acids, greater is the magnitude of
electron-withdrawing inductive effect (-I effect) of halogen group, greater is the
acidic strength of halo acetic acids.

We know that a-haloacetic acids are FCH,COOH (fluoroacetic acid),
CICH,COOH (chloroacetic acid), BrCH,COOH (bromoacetic acid) and
ICH,COOH(iedoacetic acid). All the acids have halogen group which has -1
effect. Now since electronegativity of halogen atoms decreases as F > Cl > Br>|,
the magnitude of —I effect exerted by halogens also decreases in the same order
(F > Cl > Br > I). Due to the decrease in the magnitude of —I effect of halogens, acidic
strength of halo acetic acids decreases as;

FCH,COOH > CICH,COOH > BrCH,COOH > ICH,COOH
Ka =260x 105 Ky =136x10° Ky;=125x10% K,=67x10°

(if) The acidic strength of CH,CH,0H, CF,CH,0H and CCl, CH,OH decreass
in the order : CF,CH,0H = CCl, CH,0H > CH,CH,0H. This decreasing order can
be explained as follows.

Since CH, — CH,, group (ethyl group) is an electron-releasing group (+] e
fect), the presence of this group in CH,CH,0H makes O-H bond strong and hentce
the release of a proton (H") from CH,CH,OH becomes difficult, i.e. CH,CH,OH is
the weakest acid. We know that F and Cl both have electron-withdrawing ability
(~I effect). Now sinece the electron-withdrawing ability of F is higher than that of Cl,
0 — H bond in CF,CH,0H weakens and the release of a proton (H*) from this acid
becomes comparatively more easy than from CC1,CH,OH. Consequently CF,CH,OH
is stronger acid than CCl,CH,OH. CF,CH,OH is stronger acid than CC1,CH,0H.
CH,CH,COOH is the weakest acid. Thus the order of acidity of the given acids is:

CF,CH,OH > CCI,CH,0H > CH,CH,OH

5. Effect of the Number of Electron-Withdrawing Substituents

Examples (i) In case of chloro acetic acids, higher is the number of electron
withdrawing groups (~Cl groups) present in the chain attached with carboxyl group,
greater is the acidic strength of chloroacetic acid.

It has been observed that the acidic strength of the three chloroacetic acids
increases 1in the following order:
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CH,CICO0H < CHCLCOOH < CClLCOOH

Monochloro Dichlore Trichlorn
acetic acid acetic acid acetic acid

We know that since —Cl group is an electron-withdrawing group (EW(:), it has
—1 effect, Due to -1 effect of —Cl group, the diperasal of negative charge on carboxy-
late ion increases with the increase in the number of —-Cl groups. This increases
the stability of carboxylate ion and hence the acidic strength of the corresponding

chloro acetic acid increases.

H Cl rT-
I

H O 0
cl—q—é—-—g—n' < Cle .H.ig.._.:;.' < Cl+C <<+ C—0

1 1
Monochloro acetate Dichloroacetate ion Trichloroacetate ion
iomn (Ome-Cl group) {Two = Cl groups) {Three-Cl groups)
Stahility of carboxylate ion increases -
CH,CICOOH < CHE]ECDUH < EEIECDDH
(Cl=1) (Cl=2) (Cl=23)
Acidic strength increases -

Since CH,COOH has no —Cl group, it is the weakest acid of all the chloroacetic
acids. Thus:

CH,COOH < CHCICOOH < CHCLCOOH < CCl,COOH
(Cl=0 Cl=1) - (Cl=2) (Cl=3)

Acidic strength increases -

(f) The basic strength (basicity) of ammonia (NH,), phenylalamine (CeH NH.,),

diphenyl amine [(C;H,),NH] and triphenylamine [(C H_),N] decreases in the order:
NH, > C;H.NH, > (C;H.),NH > (C.H.).N

This decreasing order can be explained as follows:

Explanation. NH, has no electron-withdrawing group and hence has the
maximum bagicity. On the other hand, each of the remaining substituted amines
has one, two and three electron-withdrawing phenyl (—C.Hg) groups. The presence
of these groups decreases the basicity of the substituted amines. Greater is the
number of electron-withdrawing groups, lesser is the basicity. Thus the basicity of
the given compounds 15 in the order:

NH, > NH, (C,H,) > NH(CH,), > N(CgH,),

6. Effect of the Distance of the Electron-Withdrawing Substituent
from Carboxyl Group in an Aliphatic Carboxylic Acid
As the distance of the electron-withdrawing substituent from the carboxyl group
present in an aliphatic earboxylie acid increases, -1 effect exerted by the substituent
decreases and hence the dispersal of negative charge of carboxylate 1on becomes
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less pronounced. This decreases the stability of the carboxylate ion and, therefors
the acid strength of the acids decreases.

Example. The acid strength of chloro substituted butanoic acids decreases iy
the following order:

Cl {llll Cl
{ s | _
‘cH~CH—TH-COOH > ‘CH;—CH—CH,—COOH > ‘CH—tH—TH.—Coon
b ] i T 1] ) ¥ 2 i a o
2-chloro butanoie 3-Chlorobutonoic acid 4-Chlorobutanoie acid
acid (a-chlorobutyric acid) {p-chlorobutyric acid} {y-chlore butyric acid}

The highest acidic strength of 2-chloro butanoic acid is because of the fact
that the distance between —Cl group (electron-withdrawing group) and COOH ig
minimum. The lowest acidic strength of 4-chlorobutanoic acid is because the distance
between —Cl group and COOH is the maximum.

7. Effect of Steric Overcrowding of the Substituents
Examples (i) The basic strength of tiralkyl amines decreases in the order:

N({CHz); > N(CH;CH,); > N{CH{CH;);),

or Trimethyl amine > Triethylamine > Triisoprophyl amine
Explanation. As the bulk of the substituent goes on increasing, the sferic
overcrowding of the substituent around the electron pair on N-atom of amines
also increases. As a result, the approach of an electron acceptor (acid) towards the

electron pair on N-atom goes on becoming more and more difficult and hence basic
strength of amines goes on decreasing.

(ir) (CH,), N is less basic than (CH,), N

Explanation. (CH,); N is less basic than (CH.),N because the sterric
overcrowding of the three CH, groups (electron-releasing groups) round N-atom
in (CH,),N molecule makes the bonding of N-atom of this molecule with proton
relatively difficult.

B. Solvation Effects
We have already shown that the basic strength of 1°,2° and 3° amines in gas
phase decreases in the order (Here we have considered methyl amines)
(CH,),N > (CH,),NH > CH.NH,
or d*amine > 2 amine > 1° amine
but in agueous solution the basie strength of the-above amines decreases in the order:
(CH,),NH > CH,NH, > (CH,); N
or 2° amine > 1° amine > 3° amine,
or Secondary amine > Primary amine > Tertiary amine
Explanation. The above decreasing order of basic strength of amines in
aqueous solution can be explained as follows:

The basic strength of an amine in agueous solution depends on the stability
of ammonium cation or conjugate acid formed by the amine by accepting a proton
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(H") from H,0. The stability of the ammonium cation, in turn, depends on the
following factors.

(a) +I effect of alkyl groups. As the number of alkyl groups (here alkyl groups
are CH, groups) increases, due to +1 effect of alkyl groups, the dlnpgr'_fal of positive
charge nn the ammonium cation inereases, Due to the increase in the dispersal of
positive charge, the basic strength of amines also increases in the order.

CH;NH, < (CHybN < (CHziN

1% amine 2"aming 3" amine
(b) Stability of ammonium cations derived from amines due to H-bonding
(Solvation effect). The formation of ammonium cations obtained by the reaction
of three amines with H,O (H,0 acts as an acid towards amines) can be shown as:

Amine Solvent Ammonium cation Base
(Base) (Aecid) having H-bond (Acid)
H--0OH,
CH;-NH, + 4H,0 H*U_I%‘_H_“DH? +  OH
1* amine H--0H,
A (Most stable)

(CH;),-NH + 3H0 Hﬂﬂ—‘]i*—}}—ﬂﬂg s B

27 amine H“'DHE

B (Less stable)

CH,
(CH,)s N + 2H,0 — 1-1:,u:}—I!»I"—Hv—-{::vH2 + OH
e b,

C (Least stable)
Ammonium cations derived from CHNH,, (CH,),NH and (CH,),N amines

are CH;NH, (H,0), (A), (CH,), NH,(H,0),(B) and (CH,), NH(H,0XC) respectively.
These cations are obtained due to H-bonding between H-atom of amines and O-atom
of H,0 molecules. The number of H-bonded H-atoms in these cations decreases as
3in !-'L]I = 2(in B) > 1{in C). Due to the decrease in the number of H-bonded H-atoms,
the stability of A, B and C cations decreases in the same order: A (Most stable) >
B > C (Least stable)

If we consider the combined effect of +1 effect and H-bonding effect due to sol-
vation, the relative order of basic strength of methyl amines, in aqueous solution
is found to decrease as:

fCH:!}zNH = CHENHH = {EHH}H N
or 2*amine > 1° amine > 3° amine

This order is true only when alkyl group is CH, group.
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Steric hinderance of alkyl groups to H-bonding. If the alkyl group s |
bigger than CH, group (e.g. ethyl, propyl etc), there will be some steric hinderance
to H-bonding. As a result, the relative order of basic strength of amines in aqueous |
solution is found to decrease as:

(CH,CH;),NH > (CH,;CH,;N > (CH,CH,NH,
2°gmine 29 amine 1% amine
When alkyl group is a CH, group, there is no hinderance of this group to |
H-bonding.

9. Charge on the Species and Charge-to-Size Ratio: Acidic Strength
of Hydrated Metal Ions

An increase in the positive charge on a species would increase the acidic
strength of the species because the increase in positive charge increases the electron-
accepting capacity of the species. An increase in the negative charge on a species
would increase the basic strength of the species because an increase in negative
charge increases the electron-donating capacity of the species.

Examples (i) Hydrated metal ion, [M{H,0)_]"" releases H,O" ions in agqueous
solution and hence behaves as acid.

[M(H,O),)™ + H,0 = [M(H,0),(0H)]" " + H,O*

Since [Fe(H,0),]** ion has greater positive charge (= +3) than [Fe(H,0),*
= + 2), the former is a stronger acid than the latter. Similarly [Ni{(}H}*}z' 1011
‘negative charge = —2) is a stronger base than [Ni (OH),]” (negative charge = -1}

(it) The acidity of hydrated metal cations having the same positive charge is
determined by their charge-to-size ratio value. Larger is the charge-to-size ratio
of a hydrated metal cation, more polar is O-H bond in the coordinated H,O in the
hydrated cation and henece more easily a proton (H') is released as H,O". On the

basis of charge-to-size ratio, the acidic strength of some divalent and trivalent
hydrated metal cations decreases in the order:

Divalent cations: [Be(H,0),1** > [Cu(H,0),1** > [Mg(H,0),]**
> [Ca(H,0), I** > [Ba (H,On]*
Trivalent cations: [FE{HED}E]E’ > W[HED]E]H* > [Cr IH?DIEJH* > [Sc ({.E‘Igi_flfl,_,rl'ﬁ"r
> [ANH,0)]" > [La (H,0),1"

10. Effect of Electronegativity (EN)

Following examples show how the electronegativity of elements present in
given species affects the acidic strength of the species.

Examples. (i) The acidic strength of CH,, NH,, H,0 and HF increases in the
under:

CH, (weakest acid) < NH,; < H,O < HF(strongest acid)

This increasing order can be explained on the basis of electronegativity values
of the non-metals present in the given hydrides. Higher is the electronegativity of
the non-metal in the given hydride, easier would be the release of proton (H*) from -
the hydride. In other words, the acid strength (proton releasing capacity) of hydrides
would increase with the increase in electronegativity of non-metal. Now since elec
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tronegativity of C, N, O and F increases as C < N < ) < F, the acidic strength of the
hydrides also increases in the same order (CH, <« NH, < H,0 < HF).

The increase in acidic strength from CH, to HF is supported by the successive
increase in acid dissociation constant values of these hydrides as shown below.

CH, = 10°%, NH, = 10°*°, H,0 = 10°"%, HF = 107*

In general, in a period since the electronegativity of elements increases on
moving from left to right, the acidic strength of hydrides also increases in the same
direction as shown below.

== Acidic strength increases -
CH, NH, H,O HF
H,5 HCI
H.Se HBr
HI

(ii) Acidic strength of hypohalous acids (HC1O, HBErO and HIO) decreases as
the electronegativity of halogen atoms decreases from F to I. Similarly, the acidic
strength of perhalic acids (HC10,, HBrO, and HIO,) also decreases with the decrease
of EN from Cl to I. Thus:

Hypohalous acids: HCIO = HBrO > HIO
— EN of halogen decreazes —
— Acidic strength decreases —
Perhalic acids: HCIO, > HBrO, > HIO,
— EN of halogen decreases —
— Acidic strength decreases —

(117} Aeidic strength of HNO,, HPO, and HAsO, decreases in the order:
HNO, > HPO, > HAsO,. The da:rease is due to the der:rease in EN values of the
nantra.l atoms IIN >P> Aﬂ]l as we move down the group from N to As.

(tv) HyS0, is stronger acid than H,Se(Q, (H,50, > H,Se0,) because of greater
electronegativity of S-atom than Se-atom.

(v} Acidic strength of H,PO,, H AsO, and H,5b0, decreases in the order:

H,PO, > H AsO, = H,5b0,. The decrease is due to the decrease in EN value
of the central atoms (P > As > Sb) as we move down the group from P to Sb.

11. Effect of Oxidation Number ((O.N.) of the Central Atom.

(i) In oxoacids, higher is the O.N, of the central atom, greater is the acidic
strength of the acid. Higher O.N. increases the electron-pulling capacity of the
acid and makes the release of H' ions from the acid easier. This is the reason why
acidic strength of various oxoacids increases with the increase of O.N. of the central
atom. For example:

+1 48 +5 )
(@) HCIO < HCIO, < HCI0, < HCIO,
g <+
(b) H,80, < H,50,
+1 +3 G
(e) HNO <« HNO2 < HNO3
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{ii) Acidic strength of oxo acids of Mn increases in the order shown beloy
The increasing order is due to the increase in O.N. of Mn atom as we move fron,

H,MnO, to HMnO,_
+3 = +4 ifi i &7
H,MnO, < H,MnO, < H,Mn0O, < H,;MnO, < H,MnO, < HMnO,

Base Weak Amphoteric Strong Strong Very
base acid acid Strong
acid

O.N. of Mn atom increases -

Acidic strength increases -
(ii1) Acidic strength of HMnO,, H.MnO, and H,MnO, decreases ay

1 -6 +5
HMnO, > H;MnO, > HyMnO, due to the decrease in O.N. of Mn atom.

(iv) Acidic strength of H,50,, H,50,, HCIO, and HCIO, increases as
+5 +7

4 +6
H,80, < HCI0; < Hy;80, < HCIOQ, . This increasing order is due to the increase in
O.N. of the central atom from S to Cl.

(v) The at::du: strength of H DUE, HﬂP{}# H,50, and HC1O, also increases in

the order ECUE < HEPD,. < HES\D < H'Clﬂ This increasing order is also due to
the increase in O.N. of the central atom from C to CI.

(vi) The basic strength (basicity) of oxo anions viz. ClO~, Cl103, C10; and Cl0;
decreases as:

1 +3 +5 +
[CIOT >[€C10,]" >[ClO, ] >[ClO, 1~
Basic strength decreases -

The decrease in basic strength 1s due to the increase in O.N. of Cl atom from
+1 (in ClO7} to +7 (in C1O}).

12. Effect of the Number of -OH Groups Per Unhydroxyl O-atom

Greater is the number of -OH groups per unhydroxyl (unprotonated) O-atom
in an oxoacid, lesser is the acidic strength of the acid. For example:

(z) Hy8,0, is a stronger acid than H,50,.
Explanation. The structures of H,5,0,; and H,S0, are given in Fig. 3.4.

0o 0 0
L}=L{}-Lﬂ ﬂ—%— OH
DIH 0 OH
(H,8,0, - Dibasic)  (H,80, - Dibasic)
Figdd Strur.ture of H,8,0, and H,S0, molecules.

These structures mau that the number of —OH groups per unhydrux;,rl 0- atﬂili'
in H,8,0, and H,80, is equal to 2/4 = 0.5 and 2/2 = 1.0 respectively. Since thi
number is less in H, 5,0, than in H,50,, H,5,0, is a stronger acid than H,S0
(H,8,0, > H,;S0, )
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(@) The acid strength of H,PO,, H,P,0, and H.P,0,, increases in the order:
H,PO, < H,P,0, < H,P,0,,
Explanation: The structures of H,PO,, H,P,0, and H,P,0,, are given in Fig 3.5.

0 0o 0 0O 0 B
H{}—L OH H«D—E‘—D—LDH HO— G—*‘—ID— !’—(}H
8] OH O OH OH D|H
(H,PO,-Tribasic)  (H,P,0,-Tetrabasic) (H,P,0,,~Pentabasic)
Fig. 3.5 Structure of H,PO,, H,P,0, and HgFP,0,, molecules

These structures show that the number of -OH Eroups per unprotonated
O-atoms in these acids is as H,PO, = 3, H,P,0,=4/2=2, H.P,0,, = 5/3 = 1.66. Now
since this number decreases as H,PO, > H,P,0, > H.,P,0,,. the acidic strength of
these acids increases as H,PO, <« H,P,0., < H,P,0,,.

(iif) The acidie strength of H . PO,, H.PO, and H PO, decreases in the order
H,PO, > H,PO, > H,PO,.

Explanation The structures of H,PO,, H,PO, and H.PO, are given in Fig. 3.6.

O O O
H—LDH H—!’—DH HD—;L—UH
{:'-'IH OH
{H,PO,~Monobasic) (H,PO,—Dibasic) (H,PO,-Tribasic H,FO,)
Fig. 3.6 Structure of H,PO,, H,PO, and H,FPO, molecules.

These structures show that the number of -OH groups per unhydroxyl O-atom
in HHPDE, I-I:,F“'[}3 and H:_}Pﬂi ie equal to 1, 2 and 3 respectively. Since the number
of “OH groups increases as H,PO, < H,FO, < H,PO,, the acidic strength of these
acids decreases as H,PO, > H,PO, > H,PO,.

(iv) The acidie strength of ClO,(0H), Cl0,(OH}, S0(0OH), and 50,0H),
decreases in the order C10,(OH) > Cl0, (OH) > 50,(0H), > SO (OH),.

Explanation. The structures of the given acids are given in Fig. 3.7.

O O 0 O
D—il—DH gl—ﬂH g—ﬂH Hl}—lg‘r—GH
bu b
ClO,(0H) C10,(OH) SOIOH), S0,(0H),
Fig. 3.7 Structure of C10,(0H), Cl0, (OH), SO(OH), and SO,(OH), molecules

The structures of the given acids shown in Fig. 3.7 show that the number
(n) of “OH groups per unhydroxyl O-atom in these acids is C10,(0OH) = 1/3 = 0.33,
ClO,0H) = 1/2 = 0.50, SO(OH), = 2 and S0,0H), = 2/2 = 1. Since the value of
n for these acids increases as Cl0,(OH) < ClO, (OH) < SO,{0H), < SO(OH),, the
acidic strength of thege acids decreases as Cl0, (OH) > C10, (OH) = 80, (OH), >
BO(OH),. This order shows that ClO, (OH) is the strongest acid and SO (OH), is
the weakest acid.
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() The acidic strength of O,Mn{OH), O,Mn(OH), and OMn (OH), decreagn
as O, Mn (OH) > O,Mn (OH), > OMn (OH),

Explanation. The structures of the given acids are given in Fig. 3.8,

0 0
I I Il
O=Mn—0OH G=tn—-::-H HD—ITIJT-—DH
. 0 OH
. 0,Mn(OH) 0,Mn(OH), OMn(OH),

Fig. 3.8 Structure of O,Mn (OH), O,Mn (OH), and OMn (OH}, molecules

These structures show that the number of —<OH groups (n) per unhydr
(O-atom in these acids is equal to O, Mn(OH) = 1/3, O,Mn(OH), = 2/2 = 1 and (0
(OH), = 3. Since the value of n increases as O,Mn(OH) < O,Mn (OH), < OMn (OH|
the acidic strength of these acids decreases as O,Mn (OH} = O,Mn (OH), > 0
(OH),.

13. Effect of Proton Affinity (PA) Values of Bases in Gaseous Ph

Basic character of a base in gaseous phase is measured in terms of pro
affinity (PA) of the base. PA of a base is defined as the energy released when one
of a base (B) reacts with one mole of protons (H"), both being in the gaseous sta

B{g) + H° (g) —— BH" + Energy released (= PA)
one mole one mole :
As is the practice with EA, PA is also expressed in K.J / mole with a positive

sign, Higher is the value of PA of a species, higher is the amount of energy releasal
and hence greater is the basic character of the species.

Basic strength of binary hydrides. PA values of the binary hydrides of the
elements of groups 15, 16 and 17 are given in Table 3.2.

Table 3.2 : Proton affinities (in K.J / mole) of some binary hydrides.

Group VA (15) Group VIA (16) Group VIIA (17) |
PA values decrease —»
NH, | HO | HF 13
854 » 697 z 399 *
PH, & HS § HCI £
789 % 712 & 564 2
AsH, HSe g HBr g
750 g 717 g 589 3
g HI «
‘ l 628 v

It may be seen that the PA values of binary hydrides decrease on moving fro®
left to right in the hydrides of group 15 to 17. Thus NH, has greater affinity for?
proton (H*) to form NH,* ion than H,O to from H,0" or HF to form HF ,". As a resul

|

)
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Bronsted basicity of binary hydrides decreases along a period with the decrease of
their PA values,

As we move down group 15, PA values of the trihydrides decrease. Thus since
PA value of NH, (= 854 KJ/mole) is greater than that of PH, (= 789 K.J/mole), NH,
would hold on a proton better than PH,,

As we move down the hyvdrides of the elements of groups 16 and 17, PA values

increase, This means that the basic strength of the hydrides also increases down
the groups. Thus the eagerness of HCl molecule to take up a proton to feem H,CI”

is greater than that of HF to form H,F",

PA values (in KJ/mole) of NH,, CH,NH,, (CH,),NH and (CH_),N are 854, 920,
850 and 970 respectively. Since these values increase from NH, to (CH,),N, the
basic strength of these amines increases in the order: NH, < (CH,) NH, < (CH,),NH
<(CH,),N.

Conjugate bases of HF, HCI, HBr and HI are F, CI", Br~ and I” respectively.
PA values (in KJ/mole) of these conjugate bases are 1554, 1395, 1354 and 1315
respectively. Since these PA values decrease as F~ > Cl” > Br™ > I, the basicity of
these conjugate bases also decreases in the same order: F > Cl™ > Br > I". Due to
the decrease in the basicity of conjugate bases, the acidity of conjugate acids of these
bases (HF, HCl, HBr and HI are the conjugate acids of F~, C1", Br™ and [7) increase
in the order: HF < HCl < HBr < HI.

Conjugate bases of H,0, H,S and H,Se are OH", SH™ and SeH~
respectively. PA values (in KJ/mole) of these conjugate bases are 1635,
1478 and 1420 respectively. Since these PA values decrease as OH™ > HS >
HSe", the basicity of the conjugate bases also decreases in the same order
:0H™ > SH™ > SeH . Due to the decrease in the basiaity of conjugate bases, the
acidity of conjugate acids of these bases (H,0, H,5 and H,Se are the conjugate
acids of OH™, SH™ and SeH™ respectively) increase in the order: H,O < H,5 < H, Se.

4. K_ Values of Acids and K, Values of Bases

In aqueous solution, values of dissociation (or ionisation) constant of acids
(K,) are used to determine the relative strength of acids. The value of dissociation
constant of an acid in aqueous solution is represented as K . K value of a weak
acid (HA) in agueous solution is given by equation (i) which is derived as follows.
K, i called acidity constant. :
Acid  Base Acid Baze
HA + HO = H;0* + A
The equilibirium constant (K) for he above equilibirium is given by

K= HaO A ]
1,00 1A - AIHOI
or RIHAI = K x [H,0]
H.O"|[A
Now since [HHDI = Constant, I :!I_H..tlll-_l = K x Constant = K e (3)

The value of K, deseribes the relative acid strength of a weak acid. Equation
(i} shows that larger is the value of acid dissociation constant (K ) of an acid, higher
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is the concentration of H,0" ions and consequently stronger is the acid For exampl,
since Koy oqop value (= 1.8 x 10°%) for CH,COOH is higher than Kyen for HCN

(= 7.1 x 1.07'", CH,COOH is stronger acid than HCN.

pK, value is the negative logarithm of acidity constant (K), i.e. pK_valus
the negative logarithm of acidity constant (K_ ), i.e.

pK,=-log K,
This relation shows that:
(@) Smaller is the value of pK_, larger is the value of K and hence stronger iy
the acid. Thus stronger acids have larger K values and smaller pK_ values.

(b) Larger is the value of pK_, smaller is the value of K, and hence weaker is
the acid. Thus weaker acids have smaller value of K, and larger value of pK.,.

Table 3.3 Dissociation constants of some acids and bass at
25°C and their relative strength

Acids Dissociation K orK, Rel aﬁw_[
strength
Acids i 1
HCI HCl = H*+ CI Very large | Very strong
HNO, HNO, = H*+ NO, Very large | Very strong
H,50, H,80, =H*+ HSO," Large Very strong
HSO, HSO,” = H"+ 80 1.3 = 10"* | Strong
HF HF < H'+F" 67x10* | Weak
CH,COOH CH,COOH = CH,CO0™ +H* [1.8x 10 | Weak
H,CO, (H,0 + COy) H,CO, = H* + HCO," 44x107 | Weak
H,S H.S = H'+HS" 1.0 x 1077 | Weak
NH,* NH,* = H*+ NH, 5.7 % 10710 | Weak
HCO, HCO,” = H*+ CO,* 4.7x 1071 | Weak
H,0 H,0 = H'+O0H" 1.8 107¢ | Very weak |
Bases
NaOH NaOH = Na' + OH- Very high | Very strong
KOH KOH = K'+ OH" Very high | Very stroog.
Ca (OH), CalOH), = Ca® + 20H" High Strong
NH,0H NH,0H = NH,' OH" 1.81 x 107° | Weak |
CH,NH, CH,NH, + H,0 = CH,NH,* |4.38x 107 | Weak :
+0H" :
C H,NH, CH,NH, + H,0 = C,H,NH," |4.70 107" | Very weak |
+ OH- ___j
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The value of dizsociation (or ionisation) constant of a base iq aqueous solution
is represented as K. K value of a base (B) is given by equation (ii) which is derived
as follows:

Acid  Base Acid  Base
H,0 + B = BH +0H

The equilibirium constant (K) for the above equilibirium is given by:

[BH][OH |
= [B]IH,01

or %ﬁﬂ_[ = K x [H,0] = K x Constant

BH][OH"
or % =K, o (EE)

This equation shows that larger is the value of base dissociation constant (
of a base, higher is the concentration of OH™ ions and consequently strong is the
base, For example since K¢ g op value (= 5.60 » 107%) is higher than Ky, on value
(= 1.81 x 107, C,H_OH is stronger base than NH,OH. Stronger bases have lower
pK,; values and weaker bases have larger pK, values,

Values of dissociation constants (at 25° C) and relative strengths of some acids
and bases are given in Table 3.3.

15. Resonance Effects

In addition to —I and + I effects, electron-withdrawing and electron-donating
groups also have resonance effects. Electron-withdrawing resonance effect is
represented as —R effect. —-R effect increases the acidic strength of acids. In all
the three nitrobenzoic acids, -NO, group which is an electron-withdrawing group
has strong electron-withdrawing resonance effect (-R effect) as well as electron-
withdrawing inductive effect (-] effects). Electron-donating resonance effect is
represented as +R effect. +R effect decreases the acidic strength of acids. In all
the three chlorobenzoic acids, —Cl group which is an electron-donatng group, has
electron-donating resonance effect (+R effect) as well as electron-withdrawing
inductive effect (—I effect).

How resonance concept affects the acidic strength of acids can be explained by
congidering the following examples:

(i) Comparison of acidic strength of C;H.,COOH and nitrobenzoic acids

Nitrobenzoic acids have ~COOH and —NO, groups in the benzene ring. -NO,
group present in these acids 18 an electron withdrawing group. This group may be
present at any of the three positions viz ortho (o), meta (m) and para (p)in the benzene
ring. Thus we have o—, m— and p-nitrobenzoic acids. It has been observed that -NO,
group which ig an electron-withdrawing group, placed at any of the three positions
(0 -, m~ and p— positions) usually increases the acidic strength of nitrobenzoic acid,
but -NO, group placed at o- and p-positions increases the acidic strength of the acids
to a greater extent than when this group (i.e. -NO, group) is placed at m- position.
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Further, when -NO, group is placed at o— position, the acid strength of
nitrobenzoic acid increases to a greater extent than when ~NQ, group is placed 4
p-position {ortho effeet), 1.e. acid strength of o-nitrobenzoic acid 13 greater thy
that of p-notrobenzoic acid. Thus the acid strength of nitrobenzoic acids tnereases ag

m-nitrobenzoic acid < p-nitrobenzoic acid < o-nitrobenzote actd.

As a matter of fact, the acid strength of nitrobenzoic acids is much more th
that explained above. The extra increase in acid strength is due to the resonan
effect which has been explained below.

Various resonance structures of benzene containing -NO, group are giv
below in Fig. 3.9.

O3 - -

N,
5 “& o ‘10
fai (b el (d}

Fig. 3.9 Various resonance structures of benzene containing N0,
group which is an electron-withdrawing group.

It may be seen from the resonance structures that ortho position (designat
as o) (w.r.t. -NO, group) in structures (b) and (¢) and para position (designated as
p) in structure (d) are electron-deficient centres. Electron deficiency at ortho and
para positions is caused by resonance effect. Mete position in all the four structures
retaing the original electron density. Therefore, the releaze of a proton (H"') from
COOH placed at orthe or para position w.r.t -NO, group would be easier. In other
words, o-and p-nitrobenzoic acids would be stronger than EEHE_DDDH itself and
m-nitrobenzoic acid would be practically of the same strength as C;H,COOH.

It has been observed that o-nitrobenzoic acid is stronger than p-nitrobenzoie
acid, although the electron deficiency caused by rezonance effect at o-and p-pe
sitions 15 the same. Higher acidic strength of o-nitrobenzoeic acid as compared 0
p-nitrobenzoic acid can be explained as follows:

In case of nitrobenzoic acids, electron-withdrawing inductive effect (-1 effect) a3
well as electron-withdrawing resonance effect (R effect) operate together, In case
of o-and p-nitrobenzoic acids =R effect is the same but -1 effect i1s different in these
acids. This is because — [ effect of -NO, group decreases with the increase in the
number of bonds separating -NO, group from COOH group. Hence o-nitrobenzoit
acid 18 stronger than p-nitrobenzoic acid,

Above discussion shows that the relative order of acid strength of the three
nitrobenzoic acids follows the order:

o - nitrobenzoic acid > p- nitrobenzoic acid > m-nitrobenzoic acid > CyH ,COOH
(pK, =2.17) (pk , = 3.43) (pK, = 3.45) (pK, = 4.200

(ii) Comparison of acidie strength of C;H;COOH and its derivatives
having electron-donating group at o-, m- HIHI p-positions. Benzoic acid
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having an electron-donating group at o-and p-positions has lower acidic strength
than C.;H,COOH having an electron-donating group at m-position. This ia due to
resonance effect according to which electron density at o- and p-positions increases
and hence the release of a proton from COOH group is more difficult.

(i) Phenol (C,;H,OH) is acidic but ethanol (C,H OH) is neutral. Phenols
are acidic in nature since they turn blue litmus red and react with aqueous alkalies

to form metal phenoxides or metal phenates (C,;H.07)

CcH;OH + NaOH — CgH 0 Na* + H,0

Phenol Sod. phenoxide
or sod, phenata

It may be noted that aleohols (ROH) neither turn blue litmus red nor react
with NaOH. Thus alcohols are neutral.
ROH + NaOH — No reaction
The fact that phenol is acidic and ethanol is neutral can be explained as follows
on the basis of resonance stabilisation concept.
Phenol (C,H,OH) molecule is supposed to exist in the following resonance
structures: I, II, I1I, IV and V.

:0H «0H OH OH OH
DT -~~~
I I l"i.F_ vV

11

It may be seen that O-atom of O-H bond in resonance structures III, [IVand V

has a partial positive charge. Due to the presence of positive charge, O-atom pulls
the shared electron pair of O-H bond and thus the release of a proton is facilitated

as ghown below.

.G—H H#
+:0H, — (ag)+ HO
Phenol (C,H,OH) Phenoexide ion (C H O )

Phenoxide ion (C.H.O") also has the following resonance structures: A, B, C,
D and E.

:"" :":_ r-ﬁ lj .D
5T - =P Q
A B C D E
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The occurrence of resonance in C,;H,OH molecule and C,H, O ion indicate,
that both these species acquire stability due to resonance, but UHHEU 10T ACUirey
greater stability than C H,OH molecule. This is because all the rescmance structursy
of C,H, O ion carry only negative charge which is localised, Thus resonane
structures of C;H,O ion donot have a separation of positive and negative chargey
On the other hand, the resonance structures 111, IV and V of GEHGUH molecule 3
that there is a separation of positive and negative charges in these structures. Thy
resonance structures III, IV and V of C;H,OH molecule do not contribute much
the stability of C.H.OH molecule.

Due to the absence of charge separation in C,;H_.O" ion, this ion has greats
stability than C,H,OH molecules, i.e. C;H,OH molecule is less stable than C.H,
ion. Being less stable, C.H.OH molecule has great tendency to form more stab
C.H.O ion by releasing a proton.

CgH,OH —— CgH,O" + H*
(Less stable) (More stable}

The tendency of C;H,OH molecule to release a proton shows that C.H.0
has acidic character.

Ethanol (C,H,OH) loses a proton to form ethoxide ion (C,H,07). Since C,H,
ion has only one structure, it has no resonance structures. Due to the absence
resonance structures, C,H,O ion is less stable than its parental molecule, C,H.O

CHOH @— C,H,O0" 4+ H*
{More stable) {Less stable)

Being more stable, C,H.OH has negligible tendency to form less stable C,H,
ion by releasing a pmtun In other words C,H,OH is neutral. Neutral nature
C,H.OH is also evident from the facts that C H OH neither turns blue litmus
nﬂt reacts with NaOH solution to form the salt

Above discussion shows that C;H OH has acidic character and C,H,OH is neu-
tral because C;H, O ion is stal:uhsed h_v resonance but C,H,0" ion is not stabilised.

Points to Be Memorised
(£) Stronger acid loses a proton (H) quite readily.
{if} Weak acid loses a proton with difficulty.
(ii) Acid strength of an acid is determined by the readiness with which the acid
donates a proton.

(iv) Acid strength of an acid will be increased by any factor which increases the
stability of the anion of the acid or which promotes the loss of a proton from
the acid.

{v) The group having greater electron-donating tendency has higher +1 effect.

(vi) The group having higher electron-donating power intensifies (increases) the
negative charge on the anion obtained by removing a proton from an acid
to a greater extent and hence makes the anion less stable.

(vil) Some strong/weak acids and bases are given below.

Strong acids: HC1, HNO,, H,80,
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Weak acids: CH,COOH, H,00, H,PO,, HF, NH,
Strong bases: NaOH, KOH, Mg (OH),
Weak bases: NH,OH, Ca(OH),, Al (OH),, Cu(OH),

(ein) In keeping with Arrlenius concept and Lowry concept, the relative strength
of acids can be measured in terms of proton releasing ability of acids.

" Relative Order of Acidic and Basic Strength of Some Species ]

- |

Let us discuss the relative order of acidic /basic strength of the following
molecules / ions.

1. Relative Order of Basic Strength (Basicity) of Conjugate Bases
of CH,, NH,, H,0 and HF.

Conjugate bases of the given species are obtained by removing a proton (H")
from the given species. Thus CH ,, NH ,, OH™ and F~ are conjugate bases of the
given species. The basic strength of CHy, MH™,, OH™ and F~ has been found in the
following decreasing order.

CH; >NH, =0H = F~
Basic strength decreases

This decreasing order can be explained as follows:

(@) CH,, NHy, H,O and HF are conjugate acids of CH;, NH;, OH™ and F~
conjugate bases. We Know that in a given conjugate acid-base pair, if the acid
is strong, its conjugate base would be weak, Similarly, if the base is strong, its
conjugate acid would be weak, Now since the acidic strength of CH,, NH,, H,0 and
HF (conjugate acids) is in the increasing order.

CH, < NH, <H,O <HF,
Acid strength increases -
the basic strength of CH™;, NH",, OH™ and F~ which are conjugate bases of CH,,
NH,, H,0 and HF would be in the decreasing order:
CH; > NH;>OH™ = F~
—— Basic strength decreases
{6 It may be seen from the structures of the given bases that:

(i) in CH™4 ion 3/4 of the volume of carbon atom carrying the negative charge
is occupied by three H-atoms. Thus the negative charge on C-atom exists only on
1/4 volume of the carbon atom.

(1i) in NH, ion 2/3 of the volume of N-atom carrying negative charge is occupied
by two H-atoms. Thus the negative charge on N-atom exists only on 1/3 volume of
N-atom.

(#iz) in OH™ ion the negative charge on O-atom exists on more volume of O-atom

(iv) in F~ ion the negative charge on F atom exists on the whole volume of
F-atom.

Thus the volume available to electron increases as we pass from CH; to F~
ion, The increase in this volume increases the electron delocalisation from CH to
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¥~ ion. As the electron delocalisation inereases, the electron density and hence ths
attraction for a proton decreases, The decrease in the attraction for a proton means
that the basicity of these conjugate bases decreases from [:Ha_ to F as shown below-

CH; (Strongest base) > NH,” > OH" > I (Weakest base).

2. Relative Order of Basic Strength of the Hydrides of Group VA
(15) Elements (NH,, PH,, AsH,, 5bH,, BiH,)

The hydrides formed by the elements of group 15 can be represented by the
general formula, H.M(M = N, P, As, Sb, Bi),

We know that the central atom, M in MH, hydrides has a Ip of electrons in
one of the four sp? hybrid orbitals. Thesze mulecules therefore have a tendency to
donate the Ip of electrons to the Lewis acids like H*, BF,, Ag*, Cu®, Cd** etc, ie.
MH, molecules show Lewis basic character due to the presence of {p of electrons on
the central atom. As we move down the group from NH, to BiH,, the basic character
of MH, molecules decreases as:

NH, > PH, > AsH, > SbH, > BiH,

This order shows that NH, is distinctly basic and PH, is weaker base than
NH,. AsH,, SbH, and BiH, do not show basic character.

Explanation: Since the central atoms in MH, molecules are different, the
decrease in basic character from NH, to BiH, can be explained on the basis of the
size of the central atom. As the size of the central atom increases from N to Bi, the
Ip of electrons on the cental atom occupies larger volume and hence the electron
density due to [p of electrons round the central M-atom in MH, molecules to donate
its {p of electrons to a Lewis acid also decreases. Thus the basic character decreases
from NH, to BiH, (NH, > PH_ > AsH_ > SbH, > BiH,). NH, is the strongest base
due to the smallest size ufH-atum Slm:e P- atﬂm is larger in size than N-atom, PH,
i weaker base than NH,. Since the size of As, Sb and Bi is very large, the trihy-
drides of thes elements LAsHS, SbH,, and BiH,) do not show basic character. These
hydrides are neutral.

3. Relative Order of Acidic Strength of Hydrides of Group VIA (16)
Elements (H,0, H,S, H,Se, H,Te)
The hydrides formed by the elements of group 16 can be represented by the

formula, H.M (M = 0, 5, Se, Te). M,H molecule act as weak, diprotic or dibasic acids
and thus dissociate in aquous solution in two stages to give H' ions.

HM+aqg —— H'+HM
HM +ay —— H'+M*
The acidie strength of H,M molecules is in the following increasing order:
H,0 < H,S < H,Se < H,Te.

This increaging order can be explained as follows:

Explanation. As the atomic size increases down the group, the distance
between the central atom (M) and hydrogen increases and the cleavage of M -H
hond (M = O, 8, Se, Te etc). becomes earier. As a result the tendency to release
hydrogen as proton increases down the group (least in case of oxygen and maximum
in case of tellurium).
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The increasing order of acidie strength ig also supported by the following facts:

(i) As we move from H,0 to H,Te, the magnitude of single bond dissolution
energy decreases down the group tH 0 = 464 KJ mol™', H,S = 339, H,Se = 276,
H,Te = 247). With the decrease in bnnd dissociation Energ}r the acidic strength of
HEM molecules increases.

(f1) As the values of 1{ for H,M molecules increases down the group
(K, values for H,M molecules are H, ,0=1x 10" HS =1 x 107, HSe =
1.7 % 1074, H,Te = 2 3 % 107, the acldu: strength of H, M maolecules also i m::reases

in the same directmn

4. Relative Order of Acid Strength of Halogen Acids (HX) in Aqueous
Solution (HF, HCI, HBr, HI)
In the gaseous state, hydrogen halides (HX) are covalent and hence do not

show any acidic character. However, in agueous solution, HX molecules undergo
ionisation to give H,O0" and X7ions and, therefore, behave as acids.
HX + ag —— H'(ag)+X(ag)

or HX + HO — H,0"+X"

The acidic strength of hydrogen halides in agqueous solution follows the following
increasing order:

HF (Weakest acid) < HCl < HBr < HI (Strongest acid) .o ()

Acid strength {in aqueous solution) increases >

This order shows that HF is the weakest acid in aqueous solution and HI is
the strongest acid in agqueous solution.

The above increasing order of acid strength of HX molecules in aqueous solu-
tion cannot be explained on the basis of electronegativity difference between X and
H atoms as discussed below.

Since F atom has the highest value of electronegativity and I-atom has the
minimum value, electronegativity difference between X and H atoms in HF, HCI,
HBr and HI molecules decreases as:

H-F = H-Cl > H-Br > H-1

Due to the decreasing order of electronegativity difference the percent ionic
character in HF, HC], HBr and HI molecules also decreases in the same order (HF
> HCl > HBr > HI). Since the percent ionic character decreases from HF to HI,
acidic strength of HX molecules also decreases in the same order. Thus the acidic
strength of HX molecules decreases as:

HF > HCI > HBr > HI i)
— Acidic strength decreases - - -

It may be seen that the order of acid strength shown at (i) above is the reverse of
the order shown at (if) which is based on electronegativity values of X and H atoms.

The increasing order of acid strength [shown at (¢}] in aqueous solution can
be explained as follows:

(i) Explanation based on the dissociation energy of H-X bond. Lesser is the
magnitude of dissociation energy of H-X bond, more easily HX molecule will
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dissociate in aqueous golution to give H,O" and X ions and hence greater is the aciq
strength of HX molecule in aqueous solution. Now since bond dissociation energy
(in KJ/mol) of H — X bond decreasea from H—-FtoH-1(H-F =574 H - Cl =432
H - Br =363 and H - I = 295), acid strength of halogen acids increases in the order. |

HF < HC] <« HBr < HI
(ii) Explanation based on heats of tonisation (AH, } of HX molecules in agueous
solution. We have already stated that heat of ionisation of HX molecules in aqueous
solution is the energy released in the ionisation of HX(ag) into H (ag) into H'(ag)
ions.
lonisation

Acid strength

AH = Heat released = Heat of ionisation of HX (aq) = — AH, of HX (ag)

Obviously larger is the value of AH, (donot consider negative sign) for a given
HX (ag) molecule, greater is the feasibility of ionisation of HX (ag) molecule intg -
H'ag) and X~ (ag) ions and hence greater is the acid strength of HX (ag) molecule.

Now we know that the values of AH, (in KJ mol™) for HF, HCI, HBr and HI
molecules are;

HX (ag]

H* (ag) + X (ag)

HF HCl HBr - HI
-12 -59 63 =57
- AH, values increase ——— |
(Do not conzider negative sign)

Since the value of AH, for HF is the lowest, HF is the weakest acid. Further,
since AH, values increase from HF to HBr, the acid strength of HF, HCI and HEr
is in the order: HF < HCl <« HBr. We know that the order of acid strength of HX
maolecules in aqueous solution is HF < HCl < HBr < HI. The highest acid strength
of HI in aqueous solution cannot be explained on the basis of its AH, value. This
discrepancy is explained on the basis of entropy changes (AS) accompanying the
process of ionisation.

5. Relative Order of Basic Strength of Conjugate Bases of HF, HCI,
HBr and HI (F,Cl,Br ,1)

Conjugate bases of HF', HCl, HBr and HI are F, CI", Br™ and I™ respectively,
since these have been obtained by removing H* ion from HF, HCl, HEr and HI
respectively. The basic strength of conjugate bases has been found in the following
decreasing order:

F>Clr>Br=>I"
— Basie strength decreases -

This decreasing order can be explained ag follows:

(a) Explanation based a the relative order of acid strength of HF, HCI, HBr
and HI. HF, HCI, HBr and HI are the conjugate acids of F, CI", Br and 1. We |

know that gince the acidic strength of HF, HC1, HBr and HI (conjugate acids)isin:
the increastng order

HF < HCl < HBr < HI,
— Acid strength increases —————»
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the basic strength of F, Cl', Br and 1" which are the conjugate bases of HF, HCI,
HBr and HI should be in the decreasing (opposite ) order
F>Cl>Br=>1I

Basic strength decrease -

(b) Explanation based on the size of halide ions.We know that the size of F~,
Cl, Br and I" ions increases on moving from F to I (F < C" « Br < I ). Due to
the increase in size of X ions, the volume available to electron on X ion increases
from F to I". The increase in the volume increases the delocalisation of the electron
on X ion and hence the electron density on X~ ion decreases from F- to I", As a
result, the proton accepting power (i.e, basicity) of X ions decreases in the order;

FsCl>=Br>=I"
—. Basicity decreases -

6. Relative Order of Acid Strength of Oxoacids of Chlorine (HCIO,
HC10,, HC10,, HC10,)

Oxoacids formed by Cl are HC10, HC1O,, HC10, and HC1O,. The acidic strength
of these acids increases in the order:

HCIO < HCIO, < HCIO, < HCIO,
- Acidic strength increases
This increasing order can be explained as follows:

In all the four oxoacids, since the electronegativity (EN) of the central atom
(i.e. Cl atom) is the same, acidic strength of the acids does not depend on EN value
of Cl-atom Now since O.N. of Cl-atom in the given acids is different, acid strength of
the acids depends on O.N. of Cl-atom. Acid strength increases with the increase of
O.N. of Cl-atom. As O.N. of Cl-atom increases from +1 (in HC1O) to +7 (in HC10,),
acid strength increases from HCIO to HCIO,.

¥

+1 +3 +h £
HC10 < HCIOz < HCIO; < HCIO,
O.N. of Cl increases -
— Acidic strength increases -

7. Relative Order of Basic Strength of Conjugate Bases of HCIO,
HCl0,, HC10, and HCIO, (C10’, C10,, C104, C10)

ﬂﬂnjugate hases of HC10, HC1O, HC]D and HCIO, are C10°, ClO,, Cl0; and
ClO,, since these have been uht.mned by remmrmg a pmtﬂn {II*} from the gwen
acids. The basic strength of these conjugate bases decreases in the order:

ClO™ = ClO7, > ClO 7, = ClO7,
= — Basic strength decreases — o
Explanation. This decreasing order can be explained as follows:

(@) Explanation based on oxidation number (O.N.) of Cl-atom. In the given
oxoanions, since electronegativity (EN ) of Cl-atom in all the four oxoanions remains
the same, the basic strength of these anions decreases due to the increase in O.N
of Cl-atom from +1 in ClO to +7 in Cqu . Thus:
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o [cio| [eis,] [cio,]

___EN of Cl-atom remains the same -
O.N. of Cl-atom increases from +1 to +7 -
Basicity of oxoanions decreases >

(b) Explanation based on the stability of oxoanions. We know that the stabil;
of the given oxoanions increases as:

Cl0~ < ClO, < Cl10, < ClO7,

Stability increases —————

Now since ClO™ ion is the least stable, it has the maximum tendency to acce
a proton (H™) to form its conjugate acid, HC10, Thus Cl0O™ in is the strongest ba
On the other hand, since ClO,” ion has the maximum stability (most stable), thi
ion has the minimum tendency to accept a proton to form its conjugate acid, HCIQ
Thus C1O7, ion is the weakest base. Hence:

ClO", Cl07,, Cl07,, ClO,

Stability increases

Basic strength decreases -

le) Explanation based on the electron density on CIO", CIO,, ClO; and Cl
tons. With the increase in the number of oxygen atoms in the conjugate bas
the delocalisation of the = bond becomes more and more extended. This resul
in decrease in electron density Consequently, proton attraction and basicity
decrease (Fig. 3.10) in the order:

Cl10™ (Strongest base) > Cl0,” > Cl0,” > ClO,” (Weakest base)

154

[Q==CII" [0==Ck=01] [Dﬂuﬂllmﬂ] D=$!=-;}

ClO~ ClOy~ ClOg ClO;
(Cl = +1} (] = +3) (Cl = +5) (Cl= +7)

— Oxidation number of chlorine increasing —

— Number of oxygen atoms increasing —

— Delocalized = bond becomes more extended —

— Electron delocalization incréeasing —

— Electron density decreasing —

— Attraction for proton decreasing —»

— Basicity decreasing —

Fig. 3.10 The basicity of ClO", C10,", C10,” and Cl0," ions decreases as we
pass from Cl0 ion to ClO mn thruugh ClO,~ and EIUH , lons.

(d) Explanation based on the relative order of nud e a'trength af Hﬂ'fﬂ HCIO
HCIO, and HCIO , HC10, HC10,,, HC1O, and HCIO, are the conjugate acids of C1O°
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Cl0 -, ClO; and ClO7, (conjugate bases). We know that since the acidie strength
of HC10, HCIO,, HCIO, and HC10, (conjugate acids) is in the increasing order:
HCI0 < HC10, < HCIO, < HCIO,,
Acidic strength increases —————m»

the basic strength of C10°, C10",, C10”, and C10™ which are conjugate bases should
be in the decreasing order (opposite order).

ClO~ > Cl07, > €10, > ClO",

Basic strength decreases ——»

8. Relative order of Acid Strength of Hypohalous Acids (HC10, HBrO,
HIO) and Perhalic Acids (HC10,, HBrO , HIO).

(@) Acid strength of hypohalous acids (HC10, HEBrO and HIO) decreases in
the order:

HCI0 > HBrO > HIO
Acid strength decreases -

The acid strength of HC1O, HBrO and HIO decreases with the decrease in elec-
tronegativity (EN) of halogen atom (central atom) from Cl to [ as explained below.

The structure of HCIO, HBrO and HIO melecules are H- 0 -ClLLH-0 - Br
and H — O — I respectively. Since O-atom is more electronegative than X-atom (X =
Cl, Br, I), this atom (i.e. O-atom) attracts the shared pair of electrons of O = X bond
towards itself as shown below.

H—0-Cl, H-0—Br, H-0—-1

Now since EN value of X-atom decreases from Cl to I (Cl > Br = I), the shared
pair of electrons of O — X bond moves cloge and closer towards O-atom and hence
electron density on O-atom inereases from HCIO to HIO, In other words electron
density (ED) on O-atom of HCIO molecule is the lowest and that on O-atom of HIO
is the highest ag shown below.

E]] on this ED O Eh.iﬂ
atom is lowest ‘1' atom is highest
H—0—Cl H—0--Br, H_{}i'_l
This electron pair is Thiz electron pair is
farthest away from O-atom closest to O-atom

Since ED on O-atom in H-0—Cl is the lowest, this atom (i.e. O-atom) attracts
the shared pair of electrons of H-0 bond toward itself most strongly. On the other
hand, since ED on O-atom in H-0-1 iz the highest, this atom (1.e. O-atom) attracts
the shared pair of electrons of H-0O bond towards itself least strongly. Thus the
tendeney of O-atom to attract the shared pair of electrons in H-0O bond towards
itself decreases from H-0O-C] to H-0O-1 as shown below.

Ha- 00— (7] H--— Rr H-»—(—1,

Ag a result, O-H bond breaks most readily in H-0-Cl and least easily in
H-0-l. In other words, we can say that as the electronegativity of halogen atom
decreases from Cl to [, the possibility of the rupture of O-H bond to give H" ions
also decreases and hence the acid strength of HCIO, HBrO and HIO decreases as :



158 Selected Topics in Inorganic Ch-e:nimj.

HCIO > HBrO > HID
Acid strength decreases
(b1 Acid strength of perhalic acids (HCIO,, HBrO, and HIO,) also decreass,
with the decrease in electronegativity from Cl tu 1.
HCIO, = HBrO, > HIO,
— Acid strength decreases ———»
The decrease in acid strength can be explained as follows:

As the electronegativity of halogen atom decreases from Cl to I, the tendency
of X0, group in HXO, or O;X - O - H molecule to withdraw the electrons of O-H
bond towards itself decreases and hence acid strength of perhalic acids decrease
in the same order, 1.2.

e

HCIO, > HBrO, > HIO,
Acid strength decreases

Pauling's Empirical Rule: Acidic Strength of Oxoacids

Pauling has introduced an empirical rule for estimating the acidic strength
of oxoacids having the general formula, XO (OH), where n is the number of

unpropotionated O-atoms and m is the number of —OH groups. pK, value of an
oxoacid is approximately given by:

T

]JH-I =7T=0n

Thus if for an oxoacid n = 0, then pK, = 7 and hence the acid is weak. As th
value of n increases, pK, becomes negative and the acid becomes strong. As
number of unprotonated O-atoms (n) increases, the overall inductive effect on th
dissociation of the proton of <OH group increases and hence acid strength increases.

Examples. The number of unprotonated O-atoms (n) in some oxoacids h
been calculated in Fig. 3.11.

OH O
(f) OH—CI {ii) HD—%—DH ({if) HO—S—0H
HCIO (n = 0) H,BO, (n = 0)
HS0, (n=2)
(iv) Hﬂ—g-—ﬂH (v) HD—'E“PU' (vi) Hﬂ—gj
H.B0,(n=1) HNO, (n = 2) HNO, (n = 1)
Fig. 3.11 Calculation of the number (n) of unprotonated O-atoms in some oxoacids.

Since n = 0 for HC10 and H,BO,, both these acids are very weak acids, Since

the value of n for H,50, (n =2} i m gr&ater than that for H,S0, (r = 1), the former
i8 a stronger acid than Lhe latter. Similarly, since HNO l’n = 2} has greater value
of n than HNO, (n = 1), the former is a stronger acid than the latter.
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Reaction Between a Stronger Acid and the Salt of a Weaker Acid

If we have two acids one of which is a stronger acid and the other is a weaker
acid, then the reaction between Lthe stronger acid and the salt of the weaker acid
produces the weaker acid and salt of the stronger acid. For example:

(i) Since CH,OH is a stronger acid than HC = CH, in the reaction between

CH,OH (stronger acid) and HC = CNa (salt of weaker acid, HC = CH), stronger
acid (i.e. CH,OH) donates a proton (H') to the salt and weaker acid, HC = CH (i.e.
parental acid of =zalt) is produced.

H

| .

CH,0H + HC=CNa" — HC=CH + CH,ONa’

Stronger acid Salt of weaker Weaker acid Salt of stronger
(Aeid) acid, HC=CH (Acid) acid CH,OH
(Base) {Base)

(1i) Since HyU is a stronger acid than CH; — CH,— OH, in the reaction between

H,0 (stronger acid) and CH,~CH,~ ONa* (salt of weaker acid, CH, — CH, - OH),
the stronger acid (i.e. H,0) donates a proton (H") to the salt and weaker acid,
CH, - CH, — OH (i.e. parental acid of the salt) is produced.

+H

| s

H,0 + CH,—CH,—ONa' — CH,—CH,—OH + NaOH

Stronger  Salt of weaker acid, Weaker acid Salt of stronger
amld CH,—CH,—0H (Acid) acid, H.O
(Acid) (Basa) (Base)
In general :

Stronger acid + Salt of weaker acid - Weaker acid + Salt of stronger acidi

Reaction Between a Weaker Acid and the Salt of a Stronger Acid

The reaction between a weaker acid and the salt of a stronger acid can not take

place. This can be explained by considering the following reaction.
H,0 + CgH,O Na* —>%— CH, OH + NaOH
Weaker acid Salt of stronger Stronger acid Salt of weaker
acid, C,H,0H acid, H,O

In the above reaction, H,O is a weaker acid than C; H, OH. This reaction will
not take place, since H,0, being a weaker acid, is not able to donate a proton (H*)
to C;H,O"Na” to form C,H,OH (strong acid)

In general, the following reaction cannot take place.

Weaker nci_r.l + E_a}_t__qlf stronger acul : j{—-} Etmr!g_m_* ’ﬁ?"_'fl, + Salt of weaker acid.

Advantages of Bronsted - Lowry concept over Arrhenins Concept.
(£) According to Bronsted-Lowry concept, not only molecules but even the

anions can also act as acids or bases. For example in the following reaction Cﬂg‘
ion acts as a base
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H,0 + CO;” = HCO; + OH"
Acid Bage Acid Base

(i) It can explain the basic character of the substances like Na,CO,, NH, ete
(which do not contain OH™ group and hence were not bases according to Arrhenius
definition) on the basis that they are proton acceptors.

(f11) It can explain the acid-base reactions in the non-aqueous medium or
even in the absence of a solvent For example in the following acid-base reaction ng
aqueous solution is required.

HCl + NH;, = NH;+ Cl”
Acid  Base Acid Base
Limitation of Bronsted-Lowry Concept

Although Bronsted-Lowry concept has a wider scope than the Arrhenius concept
but it has some limitations, e.g.,

(¢} It cannot explain the reactions between acidic oxides like CO,, SO, S0, ete.
and the basic oxides like Ca0, BaO, MgO etc. which take place even in the absence
of the solvent, e.g.,

Ca0 + 80, —— CaS30,
Obviously, there is no proton transfer involved in this reaction.

(t1) Substances like BF,, AICI, etc., do not have any hydrogen and hence cannot
give a proton but are known to behave as acids.

{tii) A given substance may behave as an acid in one solvent and may behave as
a base in some other solvent. For example CH,COOH behaves as an acid in liquid
NH, and as a base in H,80, solvent as iz evident from the following equilibria,

CH;COOH + NHj(solvent) = NH; + CH,COO~

Acid Base Apid Base
H,80,(solvent) + CH,COOH = CH,CO0H; + HSO,
Acid Base Acid =

The dual behavior of CH,COOH cannot be explained by Bronsted-Lowry Concept.

IV. Lux-Flood Concept

Definition

This concept was proposed by Lux (1939) and extended by Flood (1947). This
concept explains the formation of salts by the combination of acids and bases in
the absence of a solvent. The formation of salt involves the transfer of an oxide ion
(0*) from the base to the acid. The compound which loses (donates) an O ion acts
as a base and the species which accepts the 0* ion acts as an acid. In other words
base is 0 ion donor and the acid is O ion aceeptor. Thus:

Base —— Acid + 0%
Examples: Base Acid

Ca0 — Ca*+0*
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According to Lux concept, the following reactions are acid-base reactions.

807" == BO,+0*
280" —— 8§,0f .+ 0?
5i0f —= 8§i0,+ 0%
In0y~ — Zn0+0*
4POy —= P,0,,+60%
Ti0, = Ti0* +0*
Nb,O, —= 2ZNbO; + 0%
Acid-Base Reactions.
Base Acid
(0% ion donor) (OF" ion acceptor)
(f) CaO + CcO,
(i) CaO + Si0,
(i) Na,0 & Zn0
(tv) PbO + S0,
{v) 6Na,0 4 Pb,0,,
(wi) TiO, + Na,S,0,
or TiO, + 8,05
(vii) Nb,O, + Na,S,0,
or Nb,O, - 8.0
(viii) FeO + 8i0,

—

 —

Sailt

CaCO,
CaSi0, (slag)
Na,Zn0,

PbSO,

4Na PO,

(Ti0)S0, + Na,S0,
(Ti0)S0, +S0%"
(Nb0,),50, + Na,50,
(NbO,), SO, + SO T
FeSi0,

In the above acid-base reactions the oxides viz Ca0Q, Na 0, PbO, TiO,, Nb,O,
and FeO act as bases, since these oxides donate 0% ion to CO,, 8i0,, Zn0, SO,
l“'l:'.|.|l'.;l'mI and Na,5,0. (or 8,0%7) which act as acids because these species accept
0* ion given by bases. The transfer of 0% ion from the base to the acid in each of
the above reactions has been explained below:

(i) Ca0 ——
Base

Cat + O*

COy +0* — COF

Acid

On adding: Ca0 + CO, —— Ca® + CO§’

or CaO + CO, —— CaCOy

Base Acid

Salt
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(i} Ca0 —— Ca®*4 OF
Base
8i0, + 0% —— 8i0¥
Acid

CaO +Si0, —— Ca® +8i0Z"

or CaO + 8i0, —— CaSi0O,

Base  Apid Salt
(iii) Na,0 —— 2Na*+ 0%
Base
Zn0 + 0" — 5 ZnO%
Acid

Na,0 + Zn0 —— 2Na*+ Zn0j"

or N0 +Zn0 —— Na,Zn0O,
Base  Arid Salt
(iv) PbO —— Pb%* 4+ 0%
Base
80, +0* — SOF
Arid
PbO + 80, —— Pb* + S0%

or PhD + 303 —_— Phﬂﬂ,l

Base  Aeid Salt
(v) Nag0 —— 2Na*+0%]x6
Base
F,‘_ﬂlﬂ+ﬁﬂz_ —y 4PD§_
Acid

6Na,0 + Pb,0,, —— 12Na’ + 4PO}

or 6Na,0 + PO, —— 4Na PO,
Base Acid Salt
(e} TiQ, — TiO** + O*
BEaze
Nay8,0;+0* —— 80% +Na,80,
Acid

Ti0, + Na,8,0, —— TiO™+ 805 +Na,S0,
or TLlUg L Nﬂgszﬂ'; — {T'IGED,‘ + HHHE'D,‘
Bage Acid Salt

or TiO; + 8,07 —— (TiO)S0O, + SO}
Bage  Acid Salt




Acids and Bases ™

(vii) NbyOy —— 2NbO} + OF

Base

Na,8,0.+ 0% — 30% + Na,S0,
Acid
Nb,O, + Na,5,0, —— 2Nb0,"' + 80} + Na,SO,

or NbyO; + NayS,0; — (NhO,), S0, +Na,S0,

Base Acid Salt
or NbyO; + 5,087 —— (Nb0,),50, + 805
Base  Acid Salt
(viii) FeO —— Fe? 4+ 0%
Basze
Si0,+0* —— Bi0F
Acid

FeO +8i0, —— Fe™ + 8i0;
or FeO+8i0, —— FeS8i0,
Base Acid Salt

It is obvious from the above Lux acid-base reactions that these reactions are
non-protonic acid-base reactions.

Amphoteric Behavior of ZnO and ALO,.

According to Lux concept ZnO and Al,O, both show amphoteric behavior,
since these oxides behave as acids by accepting an 0% ion and behave as bases by
donating an O* ion as shown below:

Zn0 (0% ion acceptor) + 0% = Zn{}g'

Acid

ZnO (0* ion donor) = Zn®" + 0%

Base

Aly0g (0™ ion acceptor) + 0% = 2A107,
Acid

Al 04 (O ion donor) == 2A1°" + 30*
Bage

Amphoteric behaviour of Zn0O and AL0, is evident from the following acid-
base reactions.

(i) ZnO as an acid: NayO + Zn0 —— NayZn0,
Base  Acid Salt

In this reaction ZnO behaves ae an acid because it accepts an 0% ion donated
by Na,O which acts as a base.
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Na,0 __, 2Na'+0?
Base
Zn0+ 0% ___, ZnO%

Acid
Na,0 +Zn0 — 2Na'+ Eni}%'

ar Nﬂ.ﬂﬂ + Zn0) —_— Hazzn{]g
Base  Acid Salt

(i) ZnO as a base: ZnO + 8,05 ___, ZnSO,+S0%
Bage Acid Salt

In this reaction ZnO behaves as a base since it donates an O* jon to 31:}*
1on which acts as an acid.

Zn0 —— Zn* + 0%
Base

SEDE_ + Gz_ —_— E{}E_ + EFDE-'
Acid
Zn0 + 8,05 —, Zn® + S0% +S0%
or Zn0O+8,05 ., ZnSO, +80%

Base Arcid Salt
(i6i) ALO, as an acid: ~NayO + Al,O; —, 2NaAlO,
Bage Acid Salt

In this reaction Al,O, behaves as an acid since it accepts an 0% ion donated
by Na,O which acts as a base.

Na,0 — , 2ZNa"+ 0%
Base

ALLO;+0% —, 2A10;
Acid
Na,0 + Al,Oy; —— 2Na® + 24107
or NEED + MEDE —_— ENEMDE

Beigi Aeid Salt
(i) Mgﬂﬂ as a base! -!!ﬁ-l-g_‘:.';qI + Esiﬂg —_— Mg {SiD3 }3
Base  Acid Salt

In this reaction Al,0, behaves as a base because it donates an O ion to 8i0,
which acts as an acid,
Al,O; —— 24P + 30
Base
Si0,+ 0% —; Si0] 1x3
Acid -
AlLO, +38i0, — 2AI" + 38i05
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or AlgO, + 3810, 5 AlL(SiO5),
Base Arid Balt

Lux Concept iz Also Covered by Lewis Concept

According to Lewis concept, an acid is an electron pair acceptor and a base is
an electron pair donor. According to Lux concept, an acid is 0% ion acceptor and
a base is 0% ion donor. Thus, according to Lux concept, an electron pair is shifted
from the base to the acid via O ion. In other words we say that Lux concept is also
covered by Lewis concept.

Extension of Lux-Flood Concept

Lux-Flood concept has been extended and according to this extension, the
substance that gives up (loses) an anion like halide (X ), sulphide (8%) etc is called
a base and the substance that gains the anion is called an acid. For example.

3NaF + AlF, — —shlemperature . wr. [AIF,]

Base Acid Salt
The formation of Na,[AlF,] (salt) can be explained as follows:
3NaF ., 3Na'+3F

Base
AlF; +3F —; [AIF*
Acid
3NaF + AlF, — 5 3Na*+ [AIF >
or 3NaF +AlF; — , Naj[AlF;F or Na,[AIF,)
Base Arid Salt
Applications of Lux Concept

Lux definition of acids and bases is applicable in ceramics and metallurgy.
For example:

(i} In the metallurgy of iron, 510, (acidic oxide) present in iron ore is removed
by adding CaO (basic oxide) in blast furnace.
810, (Acidic oxide) + CaO (Basic oxide) —— CaSiQ,
Acid Base Salt (slag)
(ii) In the metallurgy of Cu from its sulphide ore, the impurity of FeS is removed

by mixing the ore with S5i0, and heating it in reverberatory furnace in the supply
of air.

2FeS (Impurity) + 30, (From air) — 2Fe0 + 280,
Si0, + FeO 5 FeSi0,
Acid  Base Salt (Slag)

(iii) The basic natue of clay (CaS0,) and phosphates [Ca (PO, ), is revealed
from their reactions with Si0, where more volatile oxides are removed and the oxide
ion (0%}, left behind, is transferrd to 5i0,,.
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Ca80, + 8i0, —— CaSi0,+ 3( + B
sa, (PO,), + 38i0, —— 3CaSi0, + Fg{.};
(i) The oxide ion (0*) acceplor nature of metal ions has been used to explai,

the decomposition (instability) of metal carbonates and sulphates. For example the
instability (decomposition) of Fe,(CO,), as shown below

FEEEC{JEIE{unsmHE} = gFe* & BCDE_

indicates that Fe®™ ion is strongly acidic and hence rapidly accepts 0% ion from
CO;3™ ion to form Fe,(CO,),. Thus Fe,(CO,), is unstable.

Acidity Scale

On the basis of Lux-Flood concept, an acidity scale has been prepared. In this
scale, each oxide is given acidity parameter value (). The acidity parameter of ag
acid and a base is represented as oA and aB respectively. The difference, (a, - o

has been found to be equal to vAH where AH is the enthalpy change in the reaction |
(heat of reaction) between the acid and the base.

Oy —Op= JAH

Example. Since the heat of reaction (AH) invelving the combination of Ca0
(base) and 5i0, (acid) is 86 K.J/mole, &, — oy = J85 =9 units ( approximate value! |
The values of o for some oxides are given below: 5

Basic oxides: Na,0 = - 12,5, Rb,0 =-15.0, Cs,0 =-15.2, SrO = -9.4,

Amphoteric oxides: HyO = 0.0, Zn0 = -3.2, AL,O, =-2.0 |

Acidic oxides: 8i0, = 0.9, N,O, = 9.3, P,0,, = 7.5, 80, = 7.1, 80, = 10.5, Mo0, '
= 5.2, Mn,0, = 9.6, CL,O, = 11.5 i

From the values given above the following points may be noted:

(i) The value of o of basic oxides is negative. More negative is the value of o,

more is the basic character of the oxide. Thus Cs,0 is the most basic oxide.

(ii) The value of o of amphoteric oxides is close to zero. For example a for H,0.
Zn0 and Al,0, is as HyO = 0.0, Zn0 = -3.2 and Al,0, =-2.0, ;.

(iti) The value of a for acidic oxides is positive. Higher is the positive value
of &, more is the acidie character of the oxide, Thus C1,0; is the most acidic oxide.

| V. Solvent-System (Auto-ionisation) Concept

This coneept was put forth by Franklin. This concept is based on the dissociation
of solvents,

Auto-ionisation of Solvents.

Betore learning the definition of acids and bases on the basis of solvent system
concept we should have a knowledge of the nature of ions obtained by the auto-
iomigation (self 1onisation or dissociation) of some protonic and non-protonic solvents
a8 shown below:
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Protonic solvents:

Solvent Solvent cation Solvent anion
iAcid fon) fBase ion)

2H,0 = HO0 +  OH

INH, = NH; +  NH;

2CH,COOH = l']H{,‘l:'lﬂ\"::ll'l"ﬂ + CH,COOr

JH S0, = HS0; +  HSO,

Non-protonic solvents:

Saolvent Solvent cation Solvent anion
(Acid ion) {Base ton)

2BrF, =  BrF; +  BrF,

aN,0, = NO'(Nitrosylion) +  NO;

COCL, = cocr + O

POCI, = POCI; + ar

280, = SO (Thionyl ion) + S0z

Definition of Acids and Bases

According to solvent system concept, an acid is a substance which, by dissolution
in the solvent, gives the solvent cation (acid ion) obtained by the auto-ionisation of
the solvent itself. A base is a substance which, by dissolution in the solvent, gives
the solvent anion (base ion) obtained by the ionisation of the solvent itself.

In general we can say that any species that gives solvent cations (acid ions)
in a given solvent behaves as an acid in that solvent. Similarly, any species that
gives solvent anions (base ions) in a given solvent behaves as a base in that solvent.

Examples (i) We know that liq. NH,, on ionisation, gives NH," (acid ion) and
NH', (base ion) ions.
2NH, (Solvent) = NH', (Acid ion) + NH; (Base ion)
Hence, since NH,Cl gives NH ion (acid ion) and KINH,, gives NH, ion (base
injin N H=j solvent, these salts behave as acid and base respectively in thas solvent.

Lig. NH
NH,Cl (Acid) =———'— NH", (Acid ion) + CI

KNH, (Base) 5 K+ NH, (Base ion)
(if) We know that COCI, solvent, on ionisation, gives COCI" (acid ion) and
CI” (base ion) ions
COCL, (Solvent) = COCI" (Acid ion) + CI” (Base ion)
Now since COCI” (AICI,)" gives COCI" ion (acid ion) and CaCl, gives Cl” ion

(base ion) in COCL, solvent, COCI" (AICL,)” behaves as an acid and CaCl, behaves
as a base in COCI, solvent.

Lig. NH,

COCl, salvent Jim
COCI* (AICL )™ (Acid) = > COCI" (Acid ion) + 1"-"||Lll:'-‘l'!ll

COCI; solvent i p :
CaCl, (Base) = = (a*" + 2C1" (Base ions)
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(iff) We know that POCI, selvent, on ionisation, gives POCI", (acid ion) 4
Cl" (base 1on)

POCL, (Solvent) = POCI", (Acid ton) + Cl” (Base ion)

Now since FeCl, gives POCI," ion (acid ion} in POCI, solvent, this salt behayy
as an acid this solvent.

FeCl, (Acid) + POCI, (Solvent) —— FeCl, + POCI*, (Acid ion)

Since (CH,), N"CI” gives CI” ion (base ion) in POCL, solvent, this salt behayy
as a base in this solvent.

POC], solvent .

(CHy), NCI" (Base) (CH,), N + CI" (Base ion)

Acid-Base Neutralisation Reactions According to Solvent Systey
Concept

According to solvent system concept of acids and bases, acid-base neutrali
tion reaction between an acid and a base is the combination of solvent cation (ag
ion} and solvent anion (base ion) to form the solvent. This is clear from the foll
ing examples:

Examples (i) We know that, on self ionisation, lig. NH, (solvent) gives NH
(acid ion) and NH", (base ion) ions.

2NH, (Solvent) = NH", (Acid ion) + NH, (Base ion)

Further in this solvent, since NH,Cl] gives NH” ion (acid ion) and KNH, gi
NH", ion (base in), the acid-base reaction between NH,Cl (acid) and KINH,, (base|
the combination of NH,* (solvent cation) and NH™, (solvent anion) as shown be

NH,Cl (Acid) + KNH, (Base) 9 T KCI (Salt) + 2NH, (Solvent
or NH/+Cl'+K®'+NH; = KCI+2NH,

or NHj+KCl+NH; = KCI+2NH,

or  NH) (Solvent cation or acid ion) + NH; (Solvent anion or base ton)
= 2NH, (Solvent)
(ii) We know that, on self ionisation POCL, (solvent) gives POCI", (acid i
and Cl™ (base ion) ions, i
POCI, (Solvent) = F‘L’]l[]l*2 (Acid ion) + Cl” (Base ton)
Further in this solvent, since FeCl, gives POCI", ion (acid ion) and
(CH,) ,N'CI” gives Cl ion (base ion), the acid-base reaction between FeCl, (acid)
(CH,), N*Cl" (base) is the combination of POCI", (solvent cation) and CI™ (solv
anion) to form POCI, (solvent)
POCI", (Salvent cation) + CI” (Selvent anion) — POCL, (Solvent)
(iti) We know that, on self-ionisation, COCL, (solvent) gives COCI" (acid i
and Cl™ (base ion) ions
COCL, (Selvent) = COCI" (Acid ion) + CI” (Base ion)

Further, since in this solvent, L‘Dijl (AICL)" gives COCI" ion (acid ion) @
CaCl, gives Cl” ion (base ion) the acid-base reaction between COCI™ (AIC1,) (acl
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and CaCl, (base) is the combination of COCI" (solvent cation) and C1 (solvent anion)
to form COCL, (solvent)

COCI* (Solvent cation) + Cl (Solvent anion) —» COCL,(Solvent)

Thus we see that acid-baze neutralisation reaction between an acid and a
baze proceeds in the direction opposite to that of the auto-ionisation of the solvent.

The acid-base neutralisation reaction between NH_Cl (acid) and KNH, (base)
in lig. NH, is analogous to that between HCI (acid} and NaOH (base)in H D

Acid Base Salt Solvent

NH,Cl  +  KNH, W, KO+ 2NH,
In H,0

HCI + NaOH ——%"5 NaCl + H,0

Newtralisation reactions in some protonic and non-protonic solvens are given
below:

Acid Base Salt Solvent
In lig. NH, : NH/CI + NalNH, = NaCl + 2NH,
In N,O, . NOCI + NaNO, = NaCl + N,0,
In CH,COOH : HC + CH,COONa = NaCl + CH,00H
Inlig. 50,  : SOCL + [N(CH,),1,80, = 2[N(CH,),ICl + 250,
Inlig. C,H,OH : C,H,OHBr + KOC,H, = KBr + 2C,H,0H
Inlig. COCl, : COCI(AICl) + CaCl, = Ca(AlCl), + 2COCL

Amphoteric Behaviour of Zn(NO,), in lig. NH,

Zn({NO,), shows amphoteric behavior in lig. NH,, since in this solvent, this
compound ean react with ammeono acid as well as with ammono base as shown below:

Zn (NOy), + 2NH,Cl (Ammono acid) — 24N, 70,01 (Sair) + 2NH,NO,
Zn (NO,), + 4KNH, (Ammono base) — 22, g 17, (NH,),] + 2KNO,

Armido complex
(Soluble)

Utility of the Concept

(£} The solvent-system concept can be used to explain the acid-base reaction oc-
curring in aqueous and non-acqueous solvents (protonic and non-protonic solvents).

(22} The hydrolysis of non-metal halides (e.g. POCL,) is analogous to the am-
monolysis and aleoholysis reactions of these halides. In these reactions Cl™ ion of
the halide is replaced by the base ion abtained by the ionisation of the solvent, For
example:

2H,0 = H,0'+OH

2NH, = NH', +NH-,

ROH = H'+ OR”
Hydrolysis: OPCl, + 3H,0 = OMOH), + 3HC]
Ammonolysis : OPCl; + 3NH, += OP(NH,), + 3HCI

Aleoholysis OPCL, + 3ROH = OP(OR); + 3HCI
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Limitations of the Concept

(1} Acid-base reaction is dictated by the mode of ionisation of the solvent 5y
the nature of the ions obtained by the auto-ionisation of the solvent.

(1) Acid-base reactions taking place in the absence of solvent cannot b
explained by solvent-system concept.
(iti) The self-ionisation of liq. SO, is supposed to take place as follows:
280, (Solvent) = SO* (Acid fon) + SO5 (Base ion) |
Thus since SOCL, gives S0* ion (acid ion) in lig. SO, this salt behaves as 3
acid in lig. SO,

Lig. S0,
SOCL, (Acid) = SO®* (Acid ion) + 2C1”

Also since Cs,80, gives 50%‘ ion (base fon) in lig. S0, this salt behaves a: 4
base in lig. 80,

Lig. SO. :
Cs,S0, (Base) =—————= 3(0s* + SO~ (Base ion)

Since SOCL, is an acid and Cs,50, is a base in lig. SO,, the neutralisati
reaction between S0,Cl, (acid) and Cs,S0, (base) is the combination between 3

(solvent cation) and SO3™ (solvent anion) to produce S0, solvent

S0° (Solvent cation) + SO (Solvent anion) — SO, (Solvent) ol

The above reaction does oceur between SOCI, (acid) and Cs,80, (base). Si
the self-ionisation of lig. SO, as represented by equation (i) has not been establish
at all, the occurrence of acid-base reaction (ii) cannot be explained on the basis
self 1onisation of SDE'

VI. Lewis Concept : Electron Pair Acceptor-Donor Concept |

e

In the early 1930s, G.N. Lewis defined an acid as a molecule or an ion t
can accept an electron pair from some other substance and a base as a molec
or an ion which can donate an electron pair (lone pair of electrons) to some ot
substance. In other words, a Lewis acid is an electron patr acceptor and a Lew
base is an electron pair donor.

Since Lewis acid is an electron pair acceptor, it is an electron-deficient sp
Similarly since Lewis base is an electron pair donor, it is an electron rich specie

Since a Lewis acid loves to accept the electron pair (s), it is also called
electrophilic (electro = electron, philic = lover) reagent or simply electrophi
Similarly, since a Lewis baze loves to donate the electron pair (8) to a nucleus, in f;
to a pogitively charged ion, it is a nucleus lover or nucleus-seeker and hence is al
called nuclenphilic (nucleo = nucleus, philic = lover) reagent or simply nucleopht

Lewis acid should contain one or more vacant orbitals into which electron p
18) donated by the Lewis base ean be accommodated.

An acid qualtfying Lewis concept is called Lewis acid and a base gqualify
wwis concepl is termed as Lewis base.
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Neutralisation Reaction According to Lewis Conecept

According to Lewis concept of acids and bases, the neutralisation reaction is
that in which a Lewis acid reacts with a Lewis base and forms a compound which
is called an adduct or complex compound. This compound contains (Lewis base —
Lewis acid) coordinate bond. For example:

#..--—-.\
() BF; =+ i NH, — [HEH — BFE]
Lewis Lewis Adduct
acid base

{Lewis base — Lewis acid) coordinate bond results by the overlap of the filled

orbital on the Lewis base with the vacant orbital on the Lewis acid.
- ,’--\\ & *
() H (Proton) +% NH; — H « NH; or NH,
Lewiz acid Lewis base Adduct

Evidently in the above reaction proton (H') accepts one electron pair from
: NH; molecule and is, therefore, an acid, whereas :NH, molecule which donates an
electron pair, is a base. The adduct is NH," ion.

Lewis Acids and Lewis Bases in Coordination Chemistry

In coordination chemistry, the central metal ion, M®" is regarded as a Lewis
acid (ie. electrophile), since it accepts an electron pair while the ligand, L is regarded
as Lewis base (i.e. nucleophile), since it donates an electron pair. The compound
formed by the combination of metal cation (M"*) and ligand (L) is called a complex
or an adduct.

Electron pair being donated by L to M™

’ |

M t e L - M « L™
Lewis acid Lewis base Complex or adduct
(Electrophile {Nucleophile
or or
Electron pair Electron pair
acceptor) donor)

M"" and L are linked together by a coordinate covalent bond from L to
M*" (M®* « L bond). Thus the reaction between a metallic cation, M"* and a ligand,
L shown above can be considered as an acid-base reaction according to Lewis concept.

The metallic cation (Lewis acid) must have at least one vacant orbital in its
valence-shell in which it can accommodate the electron pair donated by the ligand
(Lewis base) and the ligand should have at least one lone pair of electrons so that
it may be donated to the metallic cation.

Classification of Lewis Acids

Any Lewis acid must contain at lease one empty orbital in the velence shell
of one of its atoms to accept an electron pair from a Lewis base. Lewis ocids may
be classified as:
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1. Molecules containing a central atom with incomplete octet, Malecy|s,
having a central atom with incomplete octet are electron deficient and hence
accept a Ip of electrons donated by Lewis base. Thus such molecules act as Lew;,
acids. Examples of such molecules are BF,, BCl,, AICL,, Me B, 50, etc,

(1) F—E‘T\‘E—-H — F—zq—E—H
) )

or BFy; +: NHy — F3B« NH,4

o Adduct
acid base
T 5 2
” iCl# + AICl, — [:Cl— AICL ] or [AICL)
]..-Ev-rls Lewis
base acid

e i -
@) tF§ + BF, — [ BF] or [BF,

. s a-
:E:r}z :{%:
{ae v s -
(iv) Ua21={}=]z_ + ?4g= — Ca® tg—;f_mg=
:{;l: :Ql
or Ca0 + 50, — CaBO, :
Lewis  Lewis |
base acid
(v) l’jf-—ﬁ + ‘-}CI(H — ﬁd—‘g{—f}( :
& &

or S0; + H;0 — 0,5 « OH, or H,S0, _
Lewie Lewis i

acid base T"l'[E
Me—B—Me
CH, . & l H . T _H
. H
(vi) H’EH Ny + ?—Me — H”’N I*I-EH
Me
Zd N.H, + Me,B —+ HN, —» BMe,

Lawis Lewis
hase acid |
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(ver) rf_‘} —H:::l'l + {S,.Ll:-jlj'_l-—H — ll:::,'lq_ _.;q‘;;u

\_/ |E1E:]—H

or SO, + OH — HSO,
Lewis acid Lewis base Bizulphate
on
2. Molecules containing central atom with empty d-orbitals: The empty
d-orbitals of the central atom in molecules like 5iX, (X = F, Cl etc.), SbF, etec. can
mccommodate electron pair (s) donated by Lewis base like halide ion (F-, CI™ ete.),
S50, molecule etc. Examples are given below:;

:ii':_
@) Fhﬂm@ﬁ — F“’*-éi-’"F
Fo O " F~ 4+ F

iF:

or SiF, + 2F —s  [SiF 5]&'
Lewis acid Lewis base
(@) SiCly + 2C1 o [Siﬂlﬂjz‘
Lewis acid Lewis base

-T :E:
F & F.. v+ _P
(il) F—8iZ + &F: — 87
F ::E'I
or SbF, + F~ —  [SbFl™
Lewis acid Lewis base
F =ﬁf+—§—ﬁ=
F S g e F oy F
v) P— HO—S=0: — Sh
(iv) it(F + B0 F/I'a- S

or BbFy; + 80, —» F,She SO,
Lewis acid Lewis base
{v)H"* ion has one vacant 1s orbital. Hence it can accept an electron pair donated
by NH, molecule (Lewis base) to form NH| ion. Thus in the reaction between H"
and N]?lﬂ. H* ion acts as a Lewis acid.

i '
H + § NH,— H'« NH; or NH,
Lewis Lewis
acid bese
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The formation of HED* ion can be shown as:

4"--.'—-quh s 4 -
H + ® OH,— H « OH; or H,0
Lowis Lewis
acid bhage
3. Simple cations. Theoretically all simple cations are potential Lewis arcids
Reactions of some cations as Lewis acids with Lewis bases are shown below. It will he
seen that these reactions are identical with those which produce Werner complexes

Lewis Lewis Adduct or addition

acid  base compound
Ammonation: Ag'+2(:NH;)) — [NH; — Ag « NH_ " or [Ag(NH,,

Cu** + 4(:NH,) — |H,N —}?u{—NHa or [Cu(NH,) J*

NH,
s+
l-I.t:]'.‘>i -DH.

Hydration:  Co™ + 6(: OH,) — HD—-EN—DH or [Co(H,0),]"

H,0 ' "OH,

H H |
Alcoholation: 1i' + 5O<CH — Li*i—ﬂiﬂﬂ] or [CH,OH Li]*

3

In coordination complexes of unsaturated organic compounds (e.g. C,H,, C,H,
C.H, etc) e.g. K [Pt Cl, (C,H,)] (Zeise's salt), [Cr (CH,),] etc. electron density from
n-bond i8 donated to the metal ion. Thus the unsaturated organic compounds serve
as Lewis bases and the metal ions act as Lewis acids. Examples are:

CH, ., [cH, |

| +Ag — [I| —Aeg
CH, CH,
2C,H, + Cr — [(C,H,),Crl -

4. Molecules in which the central atom is bonded to two atoms of
different electronegativities through one or more multiple bonds. Examples
are given below:

(i) In CO, molecule (O = C = 0), gince O-atom is more electronegative than
C-atom, this atom pulls the pi electrons towards itself leaving a partial positive
charge (+6) on C-atom. As a result C-atom becomes electron-deficient centr?

& 428 b
(0 = C = 0) and hence acts as an electron acceptor (Lewis acid) towards Lew®

base like OH™ ion which will donate its electron pair to C-atom to form bicarbonat®
ion, HCO7,
WD—H

N -
383 . 0b-u — D=0
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s co, + OH — HCO,

Lewia acid  Lewis hase

(F) 8O, also acts as a Lewis acid towards OH ™ ion and NR, molecule

:O—H
5 425-’:-;_‘\

(@ 0=S=0 + 80—H — )—§={)

or EGE -+ DH : — HSD3

Lewis acid Lewis base Biosulphate
ion

; R 0" R
N\
(B) =¢}+§ + »*E-'I!I—R e :MH';-R

or 80, ;& NR4 — 0,8 «NR,
Lewis acid Lewis hase

5. Elements with an electron sextent. Oxygen and sulphur atoms contain
six electrons in their valence shell and can, therefore, be regarded as Lewis acids.
The oxidation of 80,* to SO,* ion by oxygen and to §,0,% ion by sulphur are the
acid-base reactions.

Lewis base  Lewis aeid Adduct
O=£€; + Wx  — {}—-Jls—r 0:  or SO,

|
) O

) °=i|"9 L 0=-‘J|5*+ §  or 8,00
O '}

()

The formation of pyridine oxide (C.H.N — ) is an example of Lewis acid-
bage reaction in which pyridine (C;H.N) acts as a Lewis base and O-atom acts as

a Lewis acid.
"‘»._f H@(}{:}: — {\Hf H—a{j:

Lewis Lavwis Pyridine oxide
base acid (Adduct)
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Classification of Lewis Bases.

Lewis bases can be classified as:

() Neutral molecules like NH,, R - NH,, R - l;'_:'l'H H - E'-' — H ete., in whig,
one of the atoms has got at least one lone pair of electrons.
(i) All negative ions like F-, Cl°, Br~, I, OH™, CN", etc.

Steric Effect of Substituents in Lewis Acid-Base Reactions

It has been observed that due to the presence of a Ip of electrons on N-atom
pyridine (I), 2-methyl pyridine (II) and 2, 6-dimethyl pyridine (III) show basi
properties. Due to the inductive effect of -CH, groups, their basic property incraass
in the order : (I) < (I} < (ITI). It has been seen that (I) and (II) both react with the
electron-deficient B(CH,), molecule to form stable acid-base adducts.

Lewis base

Lewis acid Lewis acid-base adduct
(Stable product)
Pyridine (1) Trimethyl 4
horon B{GHEJE
B(CH,), — O
@m&a LR s (Hj—{fﬂn
a8 | ‘lr

2-methl py¥T1- B{'E'Hg}a

dine (II)

Although (III) is stronger Lewis base than (I) and (II) both, yet it does not form
stable adduct with B(CH,);. The non-formation of stable adduct is because of th#

fact that the overcrowding of two —CH, groups at 2- and 6-positions in (111} moleculs
hinders the approach of B(CH,), molecule to give stable adduct.

4
3 No stable adduct
HHC@E‘EHH + Bl is formed
2, B-dimetly]

pyridine (11)

2-t-butyl pyridine (IV) also does not form stable acid-base adduct with BICH, s
because of the steric effect of t-butyl group, —-C(CH, ), at the 2-position of the pyridine

No product
‘H,;)
I@‘EE{JHH]L= t BER T fened

2-t-hutyl pyridine (IV})
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Arrhenius Acids vs Lewis Acids
Arrhenius considered those substances as acids which could donate proton
(H*). Since proton can accept an electron pair from a base, all Arrhenius acids are
al=o Lewis acids. For example:
HCI —» H'+0C1
Arrhenius acid
HN: + H — H;N —» H+ or NH|
Lewis base Lewiz acid
Bronsted Bases vs Lewis Bases
According to Bronsted a base is a substance which accepts proton while
according to Lewis, a base is any species which can donate an electron pair. Bronsted
base can accept proton only when it has an unshared pair of electrons in it. Thus
all Bronsted bases are also Lewis bases. This fact can be made evident from the
following neutralisation reaction in which NH, behaves both as Bronsted base as
well as Lewis base.
H*+ :NH; — H"+« NH, or NH,
Bronsted base
or Lewis baze
In this reaction, since NH, molecule accepts a proton (H"), it behaves as a
Bronsted base. At the same time, since NH, molecule also donates an electron pair
to H® ion, this molecule (i.e. NH, molecule) behaves as a Lewis base.

Bronsted-Acids vs Lewis Acids

There are many Lewis acids (e.g. SO,, halides of B, Al, Fe (III) and Zn} which
cannot be treated as Bronsted acids. The central atom of these acids is electron-
deficient and hence can accept a pair of electrons from a base to complete its octet.

Similarly HCI which 15 a Bronsted acid cannot be called a Lewis acid, since it
has no vacant orbital to accept an electron pair from a base.

Bolvent System vs Lewis System
Solvent system considers NH', ion as an acid and NH, ion as a base in lig.

NH, as shown below:
Arid Base Actd Base
NH‘; + N‘H:A — NH1 + NH:,_

In the above reaction, NH,” ion donates a lone pair of electrons to NH,” ion
to produce two molecules of NH,. Since NH " ion is nothing but an ammoniated
proton and the proton (H*) can accept a lone pair of electrons from a base (i.e. NH;
ion), NH; and NH, ions which are acid and base respectively in liquid NH, are
also Lewis acid and Lewis base.

Factors Affecting the Relative Strength of Lewis Acids

Relative strength of Lewis acids depends mainly on the following factors:

1. Inductive effect of EWG and EDG The inductive effect caused by EWG
increases the acid strength of Lewis acid while inductive effect caused by EDG
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decreases the acid strength of Lewis acid, For example if H in BH., is replaced by
which iz an EWG, acidie strength increases. Thus BF, is a stronger Lewis acid an

than BH {EF >BH. ). On the other hand, if H in BH m replaced by Me group whie
isan £ 1]{1 thl.‘ ar:ldn‘: strength decreases. Thus M[‘.-!B 18 weaker Lewis acid than B
(Me,B < BH,) Thus the overall acidic strength of BH,, BF, and BMe, increases 3

Me,B < BH, < BF,.

Note. Experimentally it has been found that the acid strength of BF,, B(j
and BBr, molecules which are Lewis acids increases as:

BF, < BCl, < BBr, ol

This increasing order cannot be explained on the basis of electron-withdrawin,
inductive effect (I effect) of —-F, —Cl and ~Br groups present in the trihalide moleculs
as shown below. |

Since -1 effect of halide groups decreases as —F = — Cl = — Br, the electrog
accepting power (Lewis acid strength) of B-atom in BX, molecules (X = F, CL,
should also increase in the order:

BF; > BCl, > BBr, i

This decreasing order which is based on —I effect of halide groups is opposit
to that shown at (i) which is experimentally observed order. Thus we see that the
experimentally observed increasing order of acidic strength of BF,, BCl, and BE
shown at (i) cannot be explained on the basis of inductive effect.

2. Electronegativity. Tetrahalides of Sn (SnCl,, SnBr, and Snl,) are Lewi
acids. The acid strength of these acids decreases as SnCl, > SnBr, > Snl,. Thi

decreasing order is due to the decrease in electronegativity of halogen atoms fron
Clto L

MNote. It has been found experimentally that the Lewis acid strength of BX
molecules (X = F, Cl, Br) which are Lewis acids decreases as:

BF, < BCl, < BBr, i
This order cannot be Explamed on tha basis ﬂf electronegativity (EN) of ha.lﬂ J.

atoms. Due to the decrease in EN values of halogens from F to Br (F > Cl > Br), th
Lewis acid strength of BX, molecules should decrease as:

BF, > BCl; > BBr, (i

This order is opposite to the order uhuwn at (i) which has been found expers
mentally. Thus we see that the experimentally observed increasing ordér of acidi
strength of BF,, BCl, and BBr, shown of (i) cannot be explained on the basis o
electronegativity values of halogen atoms.

3. Back donation in BF,, BC]; and BI,. It has been found experiments
that the Lewis acid strength of BF,, BCl, and BBr, molecules increases in the orde

BF, < BCl, < BBr,

This order can neither be explained on the basis of inductive effect of haloge
groups nor on the basis of EN values of halogen atoms. This order has been explaine
on the basis of the formation of dative bond or pn — pr back bond (back donation) i
BX, molecules, The structures of BF,, BCL, and BBr, molecules are given in Fig, 3.11
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gp" (B)-2p(F) sp” (B-Ap(ChH gp’ (Bl—4p(Bri
& bond i bond a band
=Fla"’.‘: ES :Br LB ]
i HE: Cl: Br:
Fig. 3.12 Structure of BFF,, BCl, and BBr, molecules

In the structure of each of trihalide molecules, B-atom is sp” lybridised [B*
= 25" 2p'2p"'2p" or (sp)! (sp)' (sp)' 2p°1. Obviously B-atom has three singly-filled
sp hybrid orbitals and one empty Zp orbital in its valence shell. In BF, molecule
each of the three B-F o bonds is formed by the overlap between singly-filled sp?
hyvbrid orbital on B-atom and singly-filled 2p orbital on F-atom. (F = 2s® 2p® 2p°
2p"). Thus each of the three B-F bonds in BF, molecules is sp*(B) — 2p(F) o-bond. In
case of BCl, and BBr, molecules B — Cl and B — Br o-bonds are sp*(B) — 3p(Cl) and
sp™(B) — 4p(Br) o-bonds. (Cl = 3s” 3p® 3p® 3p’, Br = 4s° 4p® 4p® 4p").

Now let us take the example of BF,
molecule to explain tbe formation of
pn - pr back bond in this molecule, We
have already stated F-atom. has one
completely-filled 25 orbital and two
completely-filled 2p orbitals (F = 25 2p®
2p* 2p'). One of the filled 2p orbitals
on F-atom overalps with the vacant 2p

orbital (acceptor orbital) on B-atom and
forms an additional F — Br bond which
is a 2p® (F) — 2p° (B)n bond. This bond
ie represented as prm — pn bond and is
called dative bond or pr — px back bond.,
Obviously pm— pr bond is formed by

Vacant 2p
orbital (donor orbital {accetper
orbital) on F-atom orbital} on B-atom

Fig. 3.13 Formation of (px — p=x)
back bonding in BF; molecule

Filled 2p

the donation of an electron pair from the

filled 2p orbital of F-atom to the vacant 2p orbital of B-atom (see Fig. 3.13). This is
called back donation. Filled 2p orbital of F-atom is called domor 2p orbital and
vacant 2p orbital on B-atom is called acceptor 2p orbital.

Due to the formation of pn - pr back bond, electronic charge from the filled
Zp orbital of F-atom is shifted to the vacant 2p orbital of B-atom. The shifting of
electronic charge from F-atom to B-atom decreases the electron-accepting power
(electron-accepting tendency) or Lewis acid strength of B-atom in BF, molecule.

The back bonding in BF,, molecule is supported by the fact that the observed
B - F bond length (=130pm) in BF,, molecule is much less than the sum of the covalent
radii of B and F atoms (B = 85 pm and F = 64 pm, sum = 85 + 64 = 149 pm). Here
it should be noted that since 2p orbtial (filled) of F atom and 2p orbital (empty) of
B atom have almost the same size, the overlap between these two 2p orbitals to
form 2p* (F) — 2p® (B)x bond is very effective. In case of BCl, and BBr; molecules
pn—pn back bonds are 3p*(Cl) — 2p°(B) and 4p° (Br) — 2p°(B) = bonds respectively.
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Now since 3p nrhttnl of Cl and 4p orbital of Br both have larger size than 2p orhits
of B-atom, 3p (C1) — 2p*(B) overlap in BCL, molecule and 4;:-"{Hrjl — 2p°(B) overls
in BBr, molecule are not so effective as E:_uﬂ'[ ') = 2p"(B) overlap in BF, molecule
Thus i m case of BCl, and BBr, molecules the shifting of electronic charge fromt
filled 3p orbital of lf"l-atclm 'md from the filled 4p orbital of Br-atom to the vacant 2
orbital of B-atom 15 much less than the shifting of electronic charge from the fill
2p orbital of F atom to the vacant 2p orbital of B atom. Hence we can say thatt
electron-accepting power of B-atom in BCl, and BBr, is more than that of B-ata
in BF,. In other words, the electron- acceptmg power or Lewis acid strength of t
three I:mr::-n trihalides inereases in the order:

BF, < BCl, < BBr,

The increasing order of Lewis acid strength of BX,, molecules from BF, to BBr
can also be explained on the basis of resonance stabilisation of BX; molecules. Bac
bonding in BF, molecule can oscillate among the three B — F bonds in BF, molecul
as shown in Fig. 3.14.

i * +14
4+ F: F: F =B
- I'"f (3] - "ﬂ'ﬂ
P > P—BL. > F—B(, = =R
Resorance hybrid
Fig. 3.14 Resonance forms of BF, molecule

Resonance stabilisation of BF, molecule is large while that in BCl; moleculei
emall and that in BBr, molecule is still smaller. Hence Lewis acid strength of
molecules increases as: BF, < BCl, < BBr,,

4. Lewis acidic strength of simple cations. The Lewis acid strength o
coordinating ability of the simple cations which, according to Lewis, are Lewi
acids, increases with (a) an increase in the positive charge carried by the cation (b
an increase in the nuclear charge for atoms in any period of the periodic table (¢}
decrease in ionic radius (d) a decrease in the number of shielding electron shells.

Evidently the acid strength of simple cations increases for the elements
moving from left to right in a period and from bottom to top in a group of periodi
table. Thus:

Fe®* « Fe* (positive charge increases from +2 to +3)

K* <« Na® (on moving form bottom to top in a group)
Lit < Be** (on moving from left to right in a period)
————— Strength of Lewis acids increasing — -

Lewis Acid Strength of Metal Cations in Gas Phase

Acidity of metal eations in gas phase can be measured from the values of EA 0
metal cation. Lower is the value of EA of a given metal cation, lower is the acidit
of the cation, For example since the value of EA of K ion (= 420 KJ / mol) is low
than that of Ca®* ion (= 1150 KJ/mol), the former (i.e K* cation) is a weaker ac

than the latter (i.e. Ca** cation)
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Relative Strength of Lewis Bases
As a we move down a group, the basic strength of Lewis bases decreases. For
example the basic strength of (CH,),N, (CH,),F and (CH, ), As which are Lewis
bases decreases in the order:
(CH,), N > (CH,),P > (CH,), As
On moving from left to right in a period, the basic strength of Lewis bases
decreases, For example:

(CH,),N > (CH,),0 > (CH,) F
The decrease in basic strength is due to the increase in electronegativity of
the central atoms from N to F.

Behaviour of NH; and NH; Ions According to Solvent System and
Lewis System
Solvent system considers NH," ion as an acid and NH,™ ion as a base in liquid

NH, as shown below:
Acid Base Acid Base
NH; + NH; = NH, ; NH,

Now since NH ‘i"' 1on is an ammoniated proton, the above equation can also be
written as:

NH, + H +& NH,— NH, + NH,
i
NH, Lewis base

Lewis acid
In this reaction, since NH; ion donates an electron pair to H" ion, NH ion acs
ag a Lewis bage and H” ion or NH?, ion which accepts an electron pair behaves as
a Lewig acid. Thue we see that NH; and NH; ions which behave as acid and base
respectively in liq. NH, also behave as Lewis acid and Lewis base.

Utility of Lewis Concept

(i) This concept also includes those reactions in which no protons are involved.

(ii) Lewis concept is more general than the Bronsted-Lowry concept (Le.
protonic concept) in that acid-base behaviour is not dependent on the presence of
one particular element or on the presence or absence of a solvent,

(iii) It explains the long accepted basie properties of metallic oxides and acidic
properties of non-metallic oxides.

(iv) This theory also includes many reactions such as gas-phase, high
temperature and non-solvent reaction as neutralisation processes.

{v) The Lewis approach is, however, of great value in cases where the protonic
concept is inapplicable, for example, in reaction between acidic and basic oxide in
fused state.

Drawback of Lewis Concept
Lewis concept suffers from the following drawbacks.
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(i) Lewis concept is so general that it considers every reaction forming 4
coordinate bond to be acid-base reaction. This however, may not be always tr.
since according to this concept, even some metals are acids, e.g., nickel is arg
because it forms the coordination compound with CO, fe., Ni (: C = 0 1), call
nickel tetracarbony.

(i} The necessary requirement in Lewis concept is the formation of a coord;
nate bond between the acid and base. However, the well known acids like HC and
H,S0, do not form any coordinate bond and, therefore, should net be acids aceo
ing to this concept.

(111) Acid-base reactions are usually fast but formation of coordination compo
is slow. Hence, it does not fit in the acid-base concept.

(fv) The catalytic activity of an acid is due to H* (ag) ion. Since the presence o
hydrogen i1s not an essential requirement for a Lewis acid, many Lewis acids =]
not have this property.

(v) The drawback of Lewis concept compared to Arreheneins concept or Bor
sted concept is that there is no simple method of measuring the relative strens}
of bases as electron donors or of acids as electron acceptors.

Summary: Definition of Acids and Bases Aecording to Different
Concepts

(i) Arrhenins concept (Water ion system) An acid is a species that gives
H" or H,O" ions in aqueous solution. A base is a species that gives OH™ ions i
aqueous solution.

(i1} Bronsted-Lowry concept (Proton donor-acceptor system). An aci
15 a species which can donate a proton (H' 1ion) to other substance, t.e. an acid is
proton donor. A base is species which can accept a proton donated by an acid, La
base 15 a proton acceptor.

(iii) Lux-Flood concept: The species that loses (donates) an O° ion behave
as a base and the species that accepts an O* ion is an acid, i.e. a base is 0 i
donor and an acid is O* ion acceptor.

(iv) Solvent-system concept. An acid is a substance which, by dissolution
in the solvent, gives the solvent cation (acid jion) obtained by the auto-ionisation
the solvent itself. A base 18 a substance which, by dissolution in the solvent, give
the solvent anion (base ion) obtained by the ionisation of the solvent itself.

(v) Lewis concept (Electron donor-acceptor system). An acid is a specie

that can accept an electron pair, i.e. an acid is an electron pair acceptor. A base|
a gpecies that can donate an electron pair, i.e. base is an electron pair donor.

UNIVERSITY QUESTIONS

1. Write a short note on "Arrhenius concept of acids and bases." (Ranch: 201
2, Write conjugate acids and bases of H,0 and HCO, (Kota 2006

3. (a) Arrange the following conjugate bases in the increasing order of the
basic strength [?JCI'*, Clo, EID':] and EI{]'E-
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Hard and Soft Acids and Bases

According to Lewis concept of acids and bases, a Lewis and Lewis base reactiog
is the combination of a Lewis acid and a Lewis base to form complex ion (adduoe,
In this reaction the filled orbital on L.ewis base and a vacant orbital on Lewis ac
combine together to form a stable complex,

Coordination chemists studied the relative reactivities of a large number
ligands (Lewis bases) with different metal ions (Lewis acids) and found that certas
ligands form complexes with heavier metal ions like Ag®, Hg**, Pd**, Pt**, etc. whil
other ligands form complexes with metal ions like Beg", Al?* Ti% ete.

Based on the preferential tendency of ligands (Lewis bases) and metal i
(Lewis acids) to form stable complexes, the metal ions as well as ligands have
classified by Pearson (1963) into two categories each. Metal ions (Lewisz acds
are categorised as hard acids and soft acids, and the ligands (Lewis bases) &
categorised as hard bases and soft bases.

There are Lewis acids and Lewis bases which are neither too hard nort
soft. such acide and bases are called border line acids and border line

respectively.
Table 4.1. Some common hard, soft and border line Lewis acids
Hard Acids Soft Acids Border Line Acids
(a type metal ions) (b type metal ions)

H',Li",Na’, K’, Mn¥, Co** | Cu", Ag', Au", TI", Hg", CH,_Hg" | Fe*, Co™ Ni¥", Cu®
Be®, Mg™, Ca®, 8r*, Ni** | Pt2*, Cd?*, pd?*, Hg?, Ir?*, | Zn®, Sb™, Bi*, NO'
Ptﬂ,. CH;
A 8c™ Ga¥, In%, La® | Ti™, BH,, GaCl,, GaBr, SO,, B(CH,),, GaH,
Cr” Co™, Fe™, As”, Ce” | Gal,, InCl,, Cs*, Rh%*

8i*, Ti*, Zr*, Th*, Pu** | I*, Br*, HO*, RO*, CH,Cd",
C,H Hg"

U0j3’, VO3", Mo0* , Cu*
BF, BCl, AlICl,,AlH,,|L,Br, ICN
Al éHp"!r iﬂg" ” ) 4 g __
o g v Y L 0,Cl, Br,I, N
RCO*, CO,, NC*HX M® (Metal atom)

HX(Hydrogen bonding | CH,, Carbenes
molecules)

182
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Some common metal iona which act ag hard, soft or border line acids are given
in Table 4.1. According to Ahrland and Chatt hard acids are a type metal ions or
acceptors while soft acids are b type metal ions or acceptors.

List of =ome common hard, soft and border line bases ia given in Table, 4.2,
Table 4.2. Some common hard, soft and border ]ine‘l':muea
Hard bases Soft bases Border line bases
NH,, RNH,, N H A H* CF, |HR,CH,CH,CHS|CHNH, CHN
N,0, OH", O™, ROH, RO, |[CN, RNC,CO,R,S [N, N,,NO,-

RO

Fm,um-, COZ-, NO; S.0.7,SCN-, R P s
[P0, S0, CIO F, CI  [R.As, I', SH', 8, 80}

Characteristics of Hard Acids

(i) Ahrland and Chatt have termed hard acid metal ions as class @ metals or
acceptors.
(fi) In general, alkali metal ions, alkaline earth metal ions, lighter and more
highly charged metal ions are hard acids.
(fz1) Hard acids have generally high positive oxidation states or high positive
charge,
(iv) Hard acids have smaller acceptor atoms.

{v) Hard acids do not contain large number of valence electrons and hence their
valence electrons cannot be easily distorted, i.e. hard acids cannot be easily

polarised.
{vi) Hard acids have high EN.
(vii) Hard acids bind strongly to proton.
(véii) Hard acids usually form stable complexes with bases that bind well with
protons.

{ix) The tendency of different donor atom (ligands) to form complexes with hard
acids follows the order:

N>>P>As>8b
O>>8>8e>Te
F>Cl>Br>1

Characteristics of Soft Acids

(i) Ahrland and Chatt have termed soft acid metal ions as class b metals or
acceptors.
(i£) In general soft acids are heavier transition metal ions.
(iii) Boft acids have large acceptor atoms.
(iv) Soft acids have usually low (or even zero) positive oxidation state.

(v) Boft acids have large number of valence electrons and therefore, their valence
electrons can easily be distorted, i.e. soft acids can be easily polarised,
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(i} Soft acids have low EN.

(vif) Soft acids form stable complexes with bases that are highly polarisable, ar-
good reducing agents and not necessarily good bases towards the proton.

{viii) The tendency of different donor atoms (ligands) to form complexes with soft
acids follows the order:

N<<Pc<As <5b
ODO<<S<Se<Te
FeCleBrel

Important Points
(i} Ifdonor atoms of most common bases (ligands) are arranged in the increasing
order of their electronegativity, the following order is obtained.
As P </C S 8 1| <Br | <N Cl | <0O| <F
20 2.1 <[25 24 25 2.5| <2.8 | <30 3.0 |E 35 | 40

Soft acids will form more stable complexes with left hand donor atoms of
this series and hard acids will form more stable complexes with right hand
donor atoms of this series.

(if) It should be noted that all hard acids are not equally hard. Similarly, all
soft acids are not equally soft. For example Cu”* ion is a harder acid than
Mn** ion because of smaller size of Cu* ion. Similarly, Li* ion is a harder
acid than Cs" 1ion because of smaller size of Li* ion

(ifi) Metals and non-metals in lower oxidation states behave as soft acids while
the same species in higher oxidation states behave as hard acids.

Characteristics of Hard Bases

{t) Hard bases are usually anions or neutral molecules.
(ii) Donor atoms present in hard bases have high electronegativity (EN).

(¢ii) Donor atoms of hard bases have low polarisability, i.e. donor atoms of hard
bases cannot be easily polarised.

(iv) Donor atoms are hard to oxidise, i.e. donor atoms cannot be easily oxidised

(v) Hard bases hold on to their valence electrons strongly. Thus, hardness of
hard bases is associated with a highly held electron shell with little tendency

to polarise.
(vi) Hard bases have completely filled low energy orbitals,
(vii) Hard bases strongly link to the proton.
(viii) Hard bases prefer to coordinate with hard acids.

Characteristics of Soft Bases
(i} Soft bases are usually anions or neutral molecules.
(ii) Donor atoms in soft bases have low EN.

(iti} Donor atoms have high polarisability, i.e. donor atoms of soft bases can be
easily polarised. '




Hard and Soft Acids and Bases (HSAB) 185

(iv) Soft bases can easily be oxidised.
() Soft bases hold on to their valence electrons rather loosely. Thus softness
of =oft bases is associated with a loosely bound polarisable electron shell.
(i) Soft bases contain emply low energy orbitals,
(vii) Soft bases prefer to combine with soft acids.
Tt should be noted that all the bases containing the same donor atom are not
equally hard. For example the hardness of C.H, NH,, (C_H_), NH and NH, bases is

in the order: NH, > C.H, NH, > (C_H_),N. In fact, (C_H,), N is a =oft base.

Characteristics of Border Line Acids and Border Line Bases

The properties (e.g. size, oxidation states, polarisability, ete.) of border line
acids and border line bases are neither too low nor too high. These properties are
intermediate between the properties of hard/soft acids and hard /soft bases.

Pearson's HSAB Principle

In 1963 Pearson proposed a rule for predicting the feasibility of a given reac-
tion. This rule states:

A given reaction is feasible in which a hard acid reacts with a hard base
and a soft acid reacts with a soft base, i.e. according to HSAB principle, only that
reaction is feasible (Z.e. only that reaction proceeds from left to right) in which the
products are formed by hard acids-hard base and soft acid-soft base combinations.
In other words, we can say that the reaction in which the products are formed by
hard acid-soft base or soft acid-hard base combinations is not feasible.

OR

A given reaction is feasible in which the products formed in the reaction are

either hard acid-hard base or soft acid-soft base combinations.
OR

A given reaction is not feasible in which the products formed in the reaction

are either hard acid-soft base or soft acid-hard base combinations.

Mlustrative Examples : (i) The following reaction is feasible, since a hard
acid (Li*) combines with a hard base (F~) and a soft acid (Cs*) combines with a soft
base (I") to form Li F (hard — hard combination) and CsI (soft — soft combination)
regpectively.

hard-hard
; combination
Li r"‘f"';"ifé; F| — LiF + (sl
hﬂfﬂ : soft sofL ! hard hard-hard soft-soft
acid [Jl“f'? ___gt_‘iEl_: base combination combination
soft-soft
combination

The reaction given above is feasible since the products (LiF and Csl) formed
are hard acid (Li*) — hard base (F") and soft acid (Cs*) — soft base (")
combinations
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(i) The following reaction is not feasible, since the products (HgF, and Bel |

(£iz)

()

1.
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formed are soft acid (Hg®') - hard base (F) and hard acid (Be*) - soft hag.,,

{I") combinations
hard-=zoft

; combination

S W S W = L s

Be| | F, + Hg Ly, — HgF, + Bel,

hard| | hard soft | | soft soft-hard hard-soft
acid | | base  acid] [base combination combination
soft-hard
combination

The following reaction is feasible, since soft acid{Ag*) combines with a soft
base ( I") to form Agl; (product) which is a soft acid (Ag*) — soft base (I

combination.

Ag' + 2 —  Agl; (stable)
Soft acid Soft base Soft—soft

The following reaction is not feasible, since soft acid (Ag") combines witha
hard base (F7). According to HSAB principle, this type of combination does
not give any product.

Ag' + 2F —— AgF, (unstable)
Softacid Hard base Soft—hard

Also, since the product (AgF,) is a soft acid (Ag") — hard base (F
combination, the reaction is not feasible.

Applications of HSAB Principle

HSAE principle has several applications some of which are discussed below:
Relative Stability of Complexes

Pearson (1963) has explained the relative stability of complexes on the basis
of HSAB principle. Consider the formation of A : B complex by the combina-
tion of A (Lewis acid) and : B (Lewis base) as shown below:

A + :B — A:B
Lewis acid Lewis base Complex

According to HSAB principle the complex, A : B would be the most stable,
if A (Lewis acid) and B { Lewis base) are either both hard or are both soft,
t.e., hard acid + hard base and soft acid + soft base combinations give most
etable complex.

The complex, A : B would be least stable, if A (Lewis acid) is hard and B
{(Lewis base) is soft or vice versa, i.e. hard acid + soft base and soft acid
hard base combinations give least stable complex.
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Examples (i) Agl; is astable complex ion but AgF; is an unstable complex
ion, This can be explained as follows:
Since Ag* ion is soft acid and I ion is a soft base, the combination of theae

ions gives stable complex ion, Agl;
Agt + 2I
Softacid Soft base Stable complex jon

Since Ag* ion iz a soft acid and F~ ion is a hard base, the combination of
these ions gives unstable complex ion, AgF;

Ag+ & 9F- goft—hard interaction EEFE_
Soft acid Hard base Unstable

complex ion

(ii) [Co F,]* is more stable than [CoI ]*", This can be explained as follows:

Soft-solt interaction :
» Agl,

é:} . GF- Hard-hard interaction | CoF, -
Hard acid Hard base More stable
complexion
E'; + aI Hard—soft interaction [CoF, P
Hard acid Soft base Less stable
complex ion

(iif) Complex ions of a given metal ion having a combination of soft ligands
(soft bases) and hard ligands (hard bases ) are unstable while the
complex ions of the same metal ion having a combination of soft ligands
or hard ligands are stable.

Example: [Co( CN), F1* and [Co(NH,), 1] 2+ are unstable complex ions
while [Co (CN), II*" and [Co (NH,), F1** are stable complex ions. This
observation is due to the fact that CN™ and I” both are soft ligands (soft
bases) and NH, and F~ both are hard ligands (hard bases).

2. Formation of Complexes with Ambidentate Ligands

HSAB Principle can explain the formation of complexes with ambidentate
ligands. An ambidentate ligand is a unidentate (monodentate) ligand which
can coordinate to the metal ion through either of its two coordinating atoms.
For example, SCN™ ion is an ambidentate ligand, since it can coordinate to
the metal ion either through S-atom or through N-atom. When this ligand
gets coordinated to the metal ion through S-atom, thiocyvanato complexes are
formed. When this ligand is coordinated to the metal ion through N-atom,
isothiocyanato complexes are formed. In this ligand N-atom is a hard
base and S-atom is a soft base. This ligand forms thiocyanato complexes
of [MfECN}IJE" type with Rh**, Ir**, Pd**, Pt**, etc. cations (soft acids) by
coordinating through S-atom (soft base) to form M — SCN bond. This ligand
forms isothiocyanato complexes of [M(NCS) |* type with Co®, Ni**, Cu** and
Zn** cations (hard acids) by coordinating through N-atom (hard base) to form
M — NCS bond.
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Example: We have said above that Co®* ion forms isothiocyanato compley
[Cs}[HSC‘!J“‘ while Pd** ion forms thiocyanate complex, [Pd (SCN L
The formation of these complexes can be explained on the basis of HS;

principle. According to this principle, since Co®" ion is a hard acid, it prefer
to coordinate to hard base N-atom of the hgand to form [Co {HEE}II"" iy
which contains Co— NCS bond (hard acid-hard base interaction). Since Pd*
ion is a soft actd, it prefers to coordinate to soft base S-atom of the ligand to f
Pd {EGN]JE' which contain Pd — SCN bond (Soft acid-soft base interaction),
Predication of Hardness and Softness of an Acid and a Base,

HSAB principle is useful in predicting whether a given base or an acid |
hard or soft. Suppose we want to predict whether a given base B present ip
HB is a hard base or a soft base. For this let us consider the reaction betwesn
CH,Hg" and HB. CH Hg" is a soft acid. In HB, H" ion is a hard acid and B
may be a soft base or a hard base. -
If B is a soft base, then the reaction between l‘.ZH:tHg*r and HB can be
written as:

CHHg | + H Bl — CHHg'B + H .l
soft hard saft Eﬂﬁ..sgft hard
acid acid base acid

If Bis a hard base, then the reaction between CH, Hg" and HB can be
written as:

CHHg| + H |B| — CHHg'B + H )
soft hard hard soft-hard hard i
acid acid base acid

It may be noted that the products formed in both the reactions are the same. :
Now let us decide which of the above two reactions is feasible. This can be
decided as follows:

In reaction (i), since CH, Hg" B (product) is formed by soft acid (CH, Hg"
soft base (B) interaction, this reaction is feasible in accordance with HS
principle. In other words we say that if reaction (i) is feasible (i.e.
from left to right), the base , B is a soft base.

In reaction (if), since CH, Hg'B (product) is formed by soft acid (CH, Hg'
— hard base (B) interaction, this reaction is not feasible as suggested b
HSABRB principle. In other words we say that if the reaction (i) is not feasibl
{i.e. does not proceed from left to right), the base, B is a hard base.

MNow let us consider reaction (ii) proceeding from right to left as written below:

CHHg' | B + H'| — CHHg + HB
soft hard hard soft acid hard-hard
acid basge acid

In reaction (iii}, since H*B (product) is formed by hard acid (H*) - hard
{B) interaction, this reaction is feasible (HSAB principle). In other wo
we say that if reaction (if) proceeds from right to left, B is a hard base.
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Solved Examples. (1) Predict whether R S is a soft base or a hard base in the fol-

(e2)

{owing reaction which proceeds from left to right.

CH Hg'+H'RS —s CHHg'SR,+H"*
Ans: We know that CH,Hg" i a soft acid and H" is a hard acid. Since the
reaction proceeds from left to right,the formation of CH,Hg" SR, (product)

should take place through soft acid (CH Hg") — soft base (RS} interaction
(HSAB principle). For this interaction R,S must be a soft base. Thus the

given reaction can be written as:

CH,Hg| + H |RS| — CHHgSR, + H
soft hard soft soft soft hard
acid acid base acid

Predict whether NH , is a soft base or a hard base in the following reaction
which proceeds from left to right.

EH‘;E{EJ- NH.T + H-I- — NH,: + EH&HE-'-
Ans. We know that CH Hg" and H" are soft acid and hard acid respectively.

Since this reaction proceeds from left to right, the formation of NH] (product)
should take place through hard acid (H*) — hard base (NH,) interaction
(HSAB principle). For this interaction NH, must be a hard base. Thus the
given reaction can also be written as:

CH,Hg |NH, + H| — H NHyorNH;) + CH,Hg
soft acid | hard hard hard-hard soft acid
base acid

Predicting Feasibility of a Reaction.
According to HSARB principle only those reactions are feasible (t.e.only those
reactions proceed from left to right) in which products are formed by hard
~ hard and soft — soft combinations. The reactions in which products are
formed by hard - soft and soft — hard combinations are not feasible.
Examples: (i) The following reaction proceeds from left to right.
soft acid (Cs"}- soft
r base (I'} combination

Cs| ' F + Li! |1 —» Csl +  LiF
soft | | hard hard | | 5oft soft-soft hard-hard
acid] ibase __ acid; [base

hard acid (Li")

hard base (F )

combination
Explanation. In CsF, Cs” (soft acid) is combined with F~ (hard base) while
in Lil, Li* (hard acid) is combined with I” (soft base). Csl (soft + soft) and
LiF (hard + hard) (products) are obtained by soft — soft and hard — hard

combinations.



Selected Topics in Inorganic Chemist,

(1) The following reaction proceeds in the forward direction

Hg| (F, + Be| || — BeF, + Hgl,
soft | 'hard hard : soft hard-hard aoft-soft
acid ' baze acid | |base

_____________J

Explanation: In HgF,, Hg** (soft acid) is combined with F~ {hard bass |

while in Bel,, Be™* ﬂ'tard acid) is combined with 1™ (soft base). BeF, (hard. |

hard) and Hgl (soft-soft) (products) are obtained by hard-hard and ﬂnﬁ-ﬂuﬁ

combinations. .

(iif) Other examples of reactions which proceed from left to right are gwen
below:

BF, {H + BHj|F| —  BH, + BF,
hard 1 aoft ﬂ-ﬂﬁ:: hard soft-soft hard-hard
acid ihase acid ! | base

(@)

%)|Cd|{CO; + Na,i|8| —  NaCO, + CdSippt) |
soft | | hard hard 1 | soft hard-hard soft-soft
acid| | base acid ' base

.

In this reaction the ppt. of CdS is obtained by the combination of Cd*
ion (soft acid) and 5° ion (soft base).

@) |CH;Hg'| €I + | RS | — [CHHgR,S)] +CI'
goft acid | hard bass |soft base soft-goft
{complex ion}

In this reaction, C,H Hg" (soft acid) combines with R 3 (soft base] to
form the complex ion, [C, H, Hg (R, S)I". .

@) |CHsHg "F + H||SO,] — CHHgSO, + HF

| 1
: H
soft d hard ' | soft goft-soft hard-hard |
acid e |1 base

le ) BF, SR, + R,O — BF,OR, + R,S
hard acid| soft base |hard base hard-hard soft base

————————————————

Cu'[! W F| & 2Cu'l + Euz*Fg |
hard || soft goft | | hard soft-soft hard-hard
acid |! | | base

(f}

——

VL S i ElES T b S

raRT T
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5. Direction of Reaction

Consider the following reactions

(a) H” + CHHg' OH —— H" OH for H,0)+ CH,Hg"
hard acid softacid  hard base hard -hard anft acid

(b H* +CH;Hg' SH » H'SH" (or H,S) + CH,Hg"*
hardacid  =zoft acid soft base hard-soft aoft acid

In reaction (a), since H* OH™ or H,O (product) is obtained by hard acid

{H") — hard base (OH") interaction, this reaction proceeds from left to right.

In reaction (b), since H" SH™ or H,S (product) is obtained by hard acid
(H*) — soft base (SH") interaction which is against HSAB principle, this
reaction proceeds from right to left,

Reaction of HgO and HgS with HCI

HgO reacts with HCI to form HgCl, and H,O but HgS does not react with
HCL

Explanation. The reaction of HgO and HgS with HCI] can be shown as
follows:

(@ Hg* 0¥ + 2H*' CI° — HgCl, + 2H" 0% or H,0

zoft acid hard base  hard acid soft base soft—soft hard-hard
(b) Hg® 8 + 2H' CI° —— HgCL +2H'S* orH.S
oft fi hard  soft ’
Wid Bae il e ik

In reaction (a), since HgCl, (product) is obtained by soft acid [Hg™"] — soft
base (Cl7) interaction and 2H* O or H,0 (another product) is obtained by
hard acid (H*) — hard base (0%} interaction, both the interactions are in ac-
cordance with HSAB principle. Thus reaction (a) is feasible, i.e. HgO reacts
with HCl and forms HgCl, and H,0.
On the other hand, in reaction [b} since one product (HgCl,) is obtained
h}r soft acid (Hg>*) — soft base (Cl") interaction and the other product (H,S)
is formed by hard acid (H*) - soft base (%) interaction, reaction (b) is not
feasible, i.e. HgS does not react with HCL
Order of Stability of Hydrogen Halides, HX (X = F, Cl, Br, I).
In HX molecule, H* ion is a hard acid. Halide ions (X°) are hard bases. The
hardness of halide bases decreases in the order F~ > Cl” = Br™ > I". This order
shows that F~ ion is the hardest ion and 1" ion is the least hard (1.e. softest)
ion. Hence HF which is a hard acid (H*) — hard base (F") combination is
the most stable. On the other hand , since HI is a hard acid (H") — soft base
(I") combination, HI is the least stable. Thus, the order of stability of HX
molecules is as:

HF > HC1 = HBr > HI
Occurence of Metals in Nature

We know that some metals occur as carbonates, oxides and halides in nature
while some metals occur as sulphides in nature, Now:
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(i) Since Mg, Ca®™, Mn®', AI, Fe™, Cr**, ete. metal ions are hard acids,

these metal ions prefer to combine with CO5 0% and X~ (halide) ions
which are hard bases (hard acid - hard base interaction) and thus thess
metal ions oceur as carbonates, oxides and halides 1n nature.

(i) Since Cu®, Ag", Pb**, Hg"z"~ Pd**, etc. metal ions are soft acids, thess
metal ions prefer to combine with S% ion which is a soft base (soft acid
- goft base interaction) and thus occur as sulphides in nature.

(1i1) Since Ni**, Fe**, Zn®, Pb*, Co®*, etc. metal ions are border line acids,
these metal ions occur in nature as oxides or carbonates (hard bases)
as well as sulphides (soft bases)

It should be clear from the above discussion that since Mg®*, Ca** and
Al? cations are hard acids and 8% ion is a soft base, these cations are
never found as sulphides in nature.

9. Piosoning of Metal Catalysts.

There are some metals like Ni, Pt, Pd, Cr, Mo, ete. (soft acids) which act as
catalysts. These metal catalysts can strongly adsorb on their surface the
substances like CO, unsaturated hydrocarbons (olefins, arenes, dienes, alky
alkylenes), phosphine and arsine containing ligands which are soft bases
The adsorption of soft bases on the surface of the metal catalysts is called
poisoning of the metal catalysts, since the adsorption of the ligands by the
metals catalysts blocks the active sites of the metal catalysts. The adsorption
of soft bases (i.e. poisoning of the metal catalysts) takes place through soft
acid (metal catalysts) — soft base (ligands) interaction. Since metal catalystz
are soft acids, these are not affected by hard bases or ligands containing
N,OorF.

Theoretical Basis of Hardness and Softness of Acids and Bases

Several theories have been put forth to explain the basis of hard acid - hard
base and =oft acid - soft base interactions. However, no single theory is completely
satiefactory. These interactions may be of the following types:

1. Hard acid - hard base electrostatic (ionic) interaction. According

to the most accepted view, the hard acid — hard base interaction is an
electrostatic (ionic) interaction, i.e. the bonding between hard acid and hard
hasge is predominantly ionic . For example, the interaction between hard
acids like Li*, Na®, K', etc. and hard bases like OH-, F~, 0%, etc. gives ionic
compounds,
Now we know that if both the ions (i.e. positive and negative ions) of an ion
pair are smaller in size, the inter-nuclear distance between such ions would
also be smaller and hence the attraction between such two ions would be
greater. Consequently, the compound resulted from hard acid — hard base
interaction would be highly stable.

2. Soft acid - soft base covalent interaction. We know that most of
the soft acids are transition metal ions which contain 6 to 10 electrons
in their d-orbitals. These d-electrons of the metal ions (soft acids) have,
polarising power and soft bases like 8%, I, etc. are easily polarisable. |
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As a result, bonding between soft acids and soft bases is largely
covalent (Recall covalent bonding is established between Li* and I ions due to
polarisation of I” ion by Li* ion)

3. n-bonding in soft acid - soft base interaction. In soft acid — soft base
interactions, n-bonding plays an important role. Soft acids are generally
metals in low oxidation states and have a tendency to form pi bonds with
soft bases, Soft bases are good pi bonding ligands.

Miosons Relation
Miosons and coworkers (1967) have proposed a relation with the help of which
we can predict whether a given species is hard or soft. This relationship is:
pK ==logK=a X +bY +C
where K = equilibrium constant for the dissociation of metal-ligand (i.e. acid-base)
complex. X and Y = parameters for the metal ions (acids). These are called metal or
acid parameters. a and b = parameters for the ligands (i.e. bases). These are called

ligand parameters, C = a constant required to adjust the value of pK in such a way
that all of them lie in the same scale.

Values of acid parameter (Y) for some metal ions which may be hard acids as
well as soft bases are given below:

Hard acids: Li* = 0.36, AI** = 0.70, Mg® = 0.87, Na* = 0.93, Ca®" =1.62,

Fe** =237, Ca®" = 2.56, Cs* = 2.73, Co™ =293

Soft acids: Sn** =3.17, TI** =3.2, Cu* = 3.45, Pb** = 3,58, T1* =3.78, Hg"" = 4.25,

Au* =595

If the value of Y is less than 2.8, the acid is hard and if the value of Y is more
than 3.2, the acid is soft.

The value of b (ligand parameter) increases as we move from hard bases to
soft bases, i.e. with the increase in the value of b, the softness of bases increases

as ehown below.

OH NH, C | Br I 8,05
0.40 104 249 | 558 717 124
Hard bases : Soft bazes
Softness of bases increases oy

If the value of b is less than 3, the base is hard and if the value of b 13 more
than 5,the base is soft.

Acid-Base Strength and Hardness and Softness

Hardness or softness of an acid or a base has no relationship with acidic strength
of an acid and basic strength of a base. For example: (1) OH™ and F~ both are hard

bases but OH™ ion is much stronger (about 10™ times) base than F~ ion. (i) SOF
and Et,P both are soft bases but Et,P is much stronger (about 10" times) than 803"

ion towards CH_Hg* which is a soft acid. (iii) SO§ ion is a stronger base than

F~ion (iv) OH™ ion 18 much stronger than Eﬂg 10m.
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There are many reactions which proceed from left to right, but these reaction,
cannot be explained on the basis of HSAB principle, since in these reactions the
products are not formed by hard-hard or soft-soft interactions, rather the product;
are formed either by hard-soft or soft-hard interaction. Such reactions are explained
on the basis of relative basic strength of bases involved in these reactions.

Examples: (i) The following reaction proceeds from lefts to right.

S0 + H F —— HS0; + F°
goft base hard acid hard bage hard-soft  hard base
(stronger bage) {weaker base)

The formation of HS0; (product) cannot be explained on the basis of HSAR
principle, since the product { HS03 ) is formed by hard acid (H*) — soft base (8057
interaction. According to HSAB principle HS0; (product) should have been formed
either by hard acid-hard base or by soft acid-soft base interaction.

How to explain this reaction? The feasibility of the above reaction i=
explained on the basis of relative basic strength of 303~ and F~ bases. Since SO; .
ion is stronger base than F~ ion, S02~ ion displaces F icn from HF and forms

HSO; which is a hard acid (H*) — soft base {Sﬂi_} — product
{ii} The following reaction proceeds from left to right.
OH- + CHjHg* 8077 —— CH;Hg'OH + SO}

hard base soft acid soft base
(stronger base) e le i) soft-hard soft base

The formation of CH HgOH (product) cannot be explained on the basiz
of HSAB principle, since the product (CH,HgOH) is formed by soft acid
(CH_Hg") — hard base (OH") interaction. According to HSAB principle.|
CH,HgOH (product) should have been formed either by hard acid - hard
base or by soft acid - soft base interaction. |
How to explain this reaction? The feasibility of the above reaction 12

explained on the basis of relative basic strength of OH™ and Sﬂg' bases. :'

Since OH ion is stronger base than 803 ion, this ion displaces SO ion
from CH,Hg50; and CH,HgOH which is a soft acid (CH, Hg*) — hard base’

(OH") product.
(ifi) The reaction
CH,Cd OH + BOj” —¢>» CH,CdSO; + OH
goft acid hard base soft basa soft—aqft hard bage .

(stronger base)  (weaker base)
is not feasible (i.e. this reaction does not occur in the forward direction), since

80% base is weak base than OH ion and hence EDE' ion is not able to
displace OH™ ion from CH,Cd OH to form CH,Cd S0j; (product).

We can conclude from the above discussion that Lewis acid — Lewis base
reactions can be explained by two independent principles which depend on
(i) softness and hardness of acids and bases, and (it} acidic strength of acids:
and basic strength of bases. '
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Variation of Hardness and Softness of Cations in a Group

We know that the size of the cations of the elements of a group having the
same charge increases with the increase of atomic number. Due to the increase in
the size, the hardness of cations decreases and softness increases. For example:

(@) Li* >Na'>K'>Rb" > Cs’

Hardest Least hard
{ Least soft) iSofteat)
(b) Cu* > Agt > A
Hardest Least hard
{Least soft) { Softest)

Variation of hardness and softness of cations in a period
‘When we move from left to right in a period, the charge on cations increases
and hence hardness of cations increases. For example:
Na' < Mg¥ <A™ <« g%

leasthard hardest
(softest) (least soft)

Thus in a period, alkali metal cations are the softest.

Cations with High Charge are Hard Acids

The cations with high charge like Mn™, Cr®*, 0s%, Pt®, 1", 8% etc. are hard
acids. This nature of these cations is confirmed by the fact that these cations combine
with hard bases like O and F~ and form stable compounds and complex ions.

Examples of compounds and complex ions are MnO},CrO3~,0s0, PtFy IF, and SF;
Transition Metal Ions in their Low Oxidation States are Soft Acids

Transition metal ions in their low oxidation state act as soft acids and hence
combine with soft bases like CO, CNR, PR,, etc. to form stable complexes. Examples
of some stable complexes are Ni (CO),, Cr(CO)_, Ni(CNR), Ni(PCL) , Fe (CO), etc.

Many Soft Acids are Toxic

Many soft acids are toxic, For example:

(i) Hg* and CH_Hg" which are soft acids can bind with crystein 8 in enzymes
and can thus destroy the enzymetic functions.

(i) Pb®* and Cd®* ions which are soft border line acids are quite toxic, since
these metal ions react with enzyme-SH groups and thus spoil the enzyme
funetion.

Limitations of HSAB Principle
(i) HSAB principle is unable to explain the reactions which take place through
hard acid- soft base and soft acid- hard base interactions. For example,

consider the following reactions which take place spontaneously in the
forward direction.
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2 TN

(@) sO. + H F — HSO, + F

soft base hard hard hard-soft hard
istronger base) acid  base base
(weaker
base)

A oy

%) OH + CHJHg S0; — CHHgOH + S0,

hard base soft soft soft-hard soft base
{stronger base) acid base
' (weaker
base)

On the basis of HSAB principle, reaction (a) should not be expected to procee
from left to right, since the formation of H50; (produet) does not take place

through soft acid-soft base or hard acid-hard base interaction. The formatio |
of HSO3 oceurs through hard acid (H*) and soft base {SDE_} combination
which is against HSAB principle. The occurrence of this reaction can

explained as follows: SD%' ion is a stronger soft base and F~ ion is a wea
hard base (30" >F). Being stronger, 303 ion (stronger base) disp
F~ ion (weaker base) from HF to form HSO0,,

On the basis of HSAB prineiple, reaction (b) should not proceed from left
right, since the formation of CH, HgOH (product) does not take place through st
acid-soft base or hard acid-hard base interaction. The formation of CH HgOH
through soft acid (CH, Hg") — hard base (OH") combination which is against HS
principle. The oecurence of this reaction can be explained as follows:

OH" ion is a stronger hard base and ED%’ ion is a weaker soft ba
(OH > SOj ). Being stronger, OH ion (stronger base) displace SO3™ ion (weak
base) from CH, HgS0;3 to form CH HgOH.

It should be clear from the above discussion that the relative strength of
(803 >F and OH™ > $0; ) plays an important role in explaining the occurre
of these reactions. HSAB principle cannot be used to explain these reactions.

(it) These are many reaction which, according to HSAB principle, should p
from left to right. Actually these reactions do not take place in the forw
direction.

Examples (a) According to HSAB principle, the reaction:

CH,Cd| OH +| 8O, | — CH,CdSO, + OH
soft acid| hard base | soft base soft-soft hard
(gtronger | (wealker base
base) base)
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should proceed from left to right to produce CH,CdSO, as shown above by soft acid
(CH,Cd*) - soft base (50, ) combination. As a matter of fact this reaction does not
occur to give CH,CdS80; . The non-occurence of this reaction is explained on the
basis of relative strength of OH and S0} bases. Since 803 jon is weaker base
than OH ion, this ion ({.e., SO3 ion) i not able to displace stronger OH ™ base from

CH, Cd OH to produce CH,Cd S0,
(b} According to HSAB principle, the reaction:

CH, + H' H — CH,H or CH, + H
soft acid| hard base soft soft-soft hard
(weaker | (stronger | base acid

acid) base)

should proceed from left to right to produce CH, as shown above by soft acid (CHJ)
-soft base (H™) combination. As a matter of fact this reaction does not occur due to

its unfavourable entropy change (= + 359 kJ /mole) to give CH,, since CHj is a

weaker acid than H" and hence is not able to displace stronger H* acid from
H* H™ to produce CH,.

Symbiosis

The term symbiosis was introduced by Jorgenson in 1868,

According to Jorgenson, soft ligands have a tendency to combine with a centre
(metal ion) which is already linked with soft ligands. Similarly hard ligands have a
tendency to combine with a centre which is already associated with hard ligands.
Thue the term symbiosis indicates the tendency of ligands to combine with a centre
(metal ion) which is already linked with ligands.

Examples: Let us consider the following reactions:
i) BF,+¥ — BF,~

In BF, molecule, B-atom is associated with three hard ligands (F~ ions). Due
to eymbiosis tendency of F ion (hard ligand), this ligand (i.e. F~ ion) prefers to
combine with F~ ions (hard ligands) present in BF, and thus forms BF, ™ ion. Thus
the formation of BF | ion can be shown as:

By + F —— BKJF

1 hard or EF,.
ligand
hard
ligands

(i{) BH,+ H" —— BH,

Since H-atome present in BH, molecule are soft ligands and H™ ion is also a
soft ligand, BF,~ ion is formed

BH, + H —  BHLIT or BH,
1 wall
soft ligand

ligands
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(i) BF,H +BH,F — BF, +BH,

In BF,, B-atom is linked with three hard ligands (F~ ions) and H™ present |
BF H" is a soft ligand. In BH,, B-atom is linked with three soft liganda (H-atoms
and F~ ion present in BH.F~ is a hard ligand. In this reaction, F~ ion (hard ligand)
present in BH,F~ prefers to combine with B-atom of BF, which is already linkeq
with F-atoms (hard ligands) to form BF ", Similary H™ ion (soft ligand) present
BF ,H™ prefers to combine with B-atom of BH, which is already assoicated with §.
atom (soft ligand). Thus, the formation of BF,” and BF,” ions can be shown as:

o o T ey e e e oY s

BF; |[{ H + B H, E F —* BF,F + BHH
T ! ;
parg | E:ﬁ 1| - hard-hard soft

ligands | 1 ligand ligand || ligand

B o o s e s e e s

or BFH + BH,FF —— BF +BHS

(tv) Fluroinated methanes (CH,F and CHF,) react in the same way as BF H™ and
BH_F react together as shown above:

CHy F +CF, H — CHH + CFF

T T 1 T soft — soft hard — hard
soft hard hard soft

ligand ligand ligand ligands
or CH,F+CFH — CH,+CF,

(v) BF, + NH, — F,B. NH, (adduct)
In BF, molecule, B-atom is associated with three hard ligands (F atoms) and

molecule is also a hard ligand. Hence, NH, (hard ligand) gets associated with
B-atom nfEFamﬂlacu]e to form FHB. NH& adduct. -

BF;, + NH; —— F;B.NH; (Adduct)

T T
hard Bt hard hard

ligands ligand
Relation of Electronegativity (EN) of Acids and Bases with Their
Hardness and Softness :

Hardness and softness of acids and bases are related with their EN values.
In general, a species having high EN is hard and the species with low EN value s
soft. For example since Li*, Na*, etc. ions have high EN, these ions are hard acids.
On the other hand, since transition metal ions in low oxidation states like Cu", Ag"
Au®, ete. have low EN, those ions are soft acids. On similar basis the hardness a
softness of bases can also be explained,

The relationship between hardness/softness of acids and bases and their E
values helps us to explain the fact that CF, group is harder than CH, group &
BF, molecule is harder than BH, molecule. This is because the presence of hig
electronegative groups makes the central atom more electronegative.




