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7.1.2: Brgnsted-Lowry Model

The Brgnsted-Lowry Acid Base Concept

The Brgnsted-Lowry acid base concept overcomes the Arrhenius system's inability to describe reactions that take place outside of
aqueous solution by moving the focus away from the solution and onto the acid and base themselves. It does this by redefining
acid-base reactivity as involving the transfer of a hydrogen ion, H*, between an acid and a base. Specifically, a Bregnsted acid is a
substance that loses a H " ion by donating it to a base. This means that a Brgnsted base is defined as a substance which accepts
H from an acid when it reacts.
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Because the Brgnsted-Lowry concept is concerned with H* ion transfer rather than the creation of a particular chemical species it
is able to handle a diverse array of acid-base concepts. In fact, from the viewpoint of the Brgnsted-Lowry concept, Arrhenius acids
and bases are just a special case involving hydrogen ion donation and acceptance involving water. Arrhenius acids donate H* ion to
water, which acts as a Brgnsted base to give H;O*

HA(aq) + H,O == H;07(aq) + A(aq)

acid base

(7.1.2.1)
Similarly, Arrhenius bases act as Brgnsted bases in accepting a hydrogen ion from the Brgnsted acid water:
B(aq) + H,O(aq) =——= BH"(aq) + OH<(aq)
base acid
(7.1.2.2)

In this way it can be seen that Arrhenius acids and bases are defined in terms of their causing hydrogen ions to be donated to and
abstracted from water, respectively, while Brgnsted acids and bases are defined in terms of their ability to donate and accept
hydrogen ions to and from anything.

Because the Brgnsted-Lowry concept can handle any sort of hydrogen ion transfer it readily accommodates many reactions that
Arrhenius theory cannot, including those that take place outside of water, such as the reaction between gaseous hydrochloric acid
and ammonia:

NHs(g) + HCI(g) = NH,CI(s)

base acid

(7.1.2.3)

The classification of acids as strong or weak usually refers to their ability to donate or abstract hydrogen ions to or from water to
give H30" and OH —, respectively, - i.e. their Arrhenius acidity and basicity. However, acids and bases may be classified as
strong and weak under the Brgnsted-Lowry definition based on whether they completely transfer or accept hydrogen ions; it is just
that in this case it is important to specify the conditions under which a given acid or base acts strong or weak. For example, acetic
acid acts as a weak base in water but is a strong base in triethylamine, since in the latter case it completely transfers a hydrogen ion
to triethylamine to give triethylammonium acetate. Alternatively, the acidity or basicity of a compound may be specified using a
thermodynamic scale like the Hammett acidity.

Conjugate Acids and Bases

By redefining acids and bases in terms of hydrogen ion donation and acceptance the Brgnsted-Lowry system makes it easy to
recognize that when an acid loses its hydrogen ion it becomes a substance that is capable of receiving it back again, namely a base.
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Consider, for example, the base dissociation of ammonia in water. When ammonia acts as a Brensted base and receives a hydrogen
ion from water ammonium ion and hydroxide are formed:

[ 1
NHs(aq) + H,O == NH,’(aq) + OH(aq)
base acid Conjugate Conjugate

acid base
]

(7.1.2.4)
The ammonium ion is itself a weak acid that can undergo dissociation:
I |
NH.*(aq) + H;O(aq) =——= NHs(aq) + H;C*(aq)
acid base Conjugate Conjugate
| balse acid
(7.1.2.5)

In this case ammonia and ammonium ion are acid-base conjugates. In general acids and bases that differ by a single ionizable
hydrogen ion are said to be conjugates of one another.

The strengths of conjugates vary reciprocally with one another so that the stronger the acid the weaker the base and vice versa. For
example, in water, acetic acid acts as a weak Brgnsted acid:

0 O
Y | 4
HyC—C + HO == H0" + HC(

acid OH base Conjugate ijugawo,

| acid base
|

(7.1.2.6)
and acetic acid's conjugate base, acetate, acts as a weak Brgnsted base.
@] @]
¢ 7
HyC—C, + HO == OH + HCTC
o OH
(7.1.2.7)
However, in liquid ammonia acetic acid acts as a strong Brgnsted acid:
4’0 //O
HC—C + NH; — NHS + HC—C
OH o
(7.1.2.8)
while its conjugate base, acetate, is neutral.
Vi
H30*C\ + NHy —— No Reaction
o
(7.1.2.9)

The reciprocal relationship between the strengths of acids and their conjugate bases has several consequences:

1. Under conditions when an acid or base acts as a weak acid or base its conjugate acts as weak as well. Conversely, when an acid
or base acts as a strong acid or base its conjugate acts as a neutral species.

2. When a Brgnsted acid and base react with one another the equilibrium favors formation of the weakest acid-base pair. That is
why the acid-base reaction between acetic acid and ammonia in liquid ammonia proceeded to give the weak acid ammonium
ion and neutral acetate. This consequence is particularly important for understanding the behavior of acids and bases in
nonaqueous solvents, as illustrated by the following example.
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Can a solution of lithium diisopropylamide in heptane be used to form lithium cyclopentadienide? The p K, of cyclopentadiene
and diisopropylamine are ~15 and 40, respectively, and the proposed reaction is as follows:

=

B Lithium ) cyclopentadiene diisopropylamine lithium
diisopropylamide cyclopentadienide

Solution:

Since cyclopentadiene is a stronger acid than diisopropylamine (the stronger the acid the lower the pK,) the equilibrium
will favor protonation of the diisopropylamine by cyclopentadiene. Consequently addition of a heptane solution lithium
diisopropylamide to monomeric cyclopentadiene should give lithium cyclopentadienide.

Molecular Structure and Brgnsted Acidity and Basicity

Because the acidity of a given substance depends on the interplay between the relatively large values of its proton affinity and the
energy associated with solvation of an acid's conjugate base it can be sometimes difficult to estimate the strength of an acid in a
given solvent in the absence of detailed computations. Nevertheless a variety of simple ideas may be used to roughly estimate the
relative strengths of acids. These should never be substituted for a detailed consideration of solvation but can serve as useful aids
when thinking about trends and designing new Brgnsted acids and bases.

Some simple factors that it can be helpful to consider when thinking about the strength of a given acid or base are:

Bond strength effects

The weaker the bond to the ionizable hydrogen, the stronger the acid. Strongly bonded hydrogen ions are difficult to remove,
weakly bonded ones much less so.

Inductive effects

Inductive effects involve the donation or withdrawal of electrons from an atom by a group connected to it through bonds. Electron
donating groups increase the electron density while electron withdrawing groups decrease it. Atoms or groups that withdraw
electron density away from a center increase its acidity while those which donate electrons to the center decrease its acidity. The
reasons for this follow from the heterolytic bond cleavage of acid ionization:

E-H—E: +H" (7.1.2.10)

o When a bond to hydrogen is more polarized away from the H (more like ® E — H®* ) it is easier to cleave off the hydrogen ion
from that E-H bond. This may be seen from how the pK, values of acetic acid and its mono-, di-, and tri-chlorinated derivatives
decreases with the extent of chlorination of the methyl group.

o clo clo clo
H—C::—(‘Z‘—OH H—(.:‘,—‘C‘:—OH CI—(::—(!—OH CI—(.:‘,—‘Cll—OH
H H H cl
pK, =48 pK, =28 pK, =13 pK, = 0.64

o Polarized E-H bonds also make for stronger Brgnsted acids because the resulting F :~ conjugate base is more stable.

This leads to the third major factor that should be considered when thinking about acid strength.

Electronegativity effects

The more stable the acid's conjugate base, the stronger the Brensted acid. All reactions are in theory reversible and so when
considering the propensity of an acid to donate hydrogen ions it can be helpful to look at the reverse of hydrogen ion donation,
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namely protonation of the acid's conjugate base. If deprotonation of the acid gives a very stable conjugate base then deprotonation
of the acid will be more favorable.

Two factors determine the stability of an acid's conjugate base.

o Conjugate bases in which a small amount of charge is on a large atom, spread over a large number atoms, and on
electronegative atoms tend to be more stable. Conjugate bases in which a small amount of charge are spread over a large
number of electronegative atoms are especially stable. That is why magic acid, a mixture of HF and SbFj, is so acidic; the
single negative charge on its conjugate base is spread over six F atoms and on Sb in SbFy .

¢ Groups which tend to inductively polarize E-H bonds also tend to stabilize the conjugate base formed when that bond ionizes.
In general, the more electronegative an atom, the better able it is to bear a negative charge. All other things being equal weaker
bases have negative charges on more electronegative atoms; stronger bases have negative charges on less electronegative atoms.
This is apparent from how inductive effects lead to an increase in the acidity of E-H bonds as the electronegativity of the
element to which the acidic hydrogen is bound increases from left to right across a row of the periodic table. This horizontal
periodic trend in acidity and basicity is apparent from the homologous series below in Figure 7.1.2.1

stronger base
Y i Y
H—ﬁ)—(?:e H (},‘7!}1 <] H*CIJ*(I‘,*O <}
H H H H H H
Y g 'y
H—¢—C—H Hf(‘Jfr}ifH H—C—¢—O—H
H H H H H H
pK, > 45 pK, ~35 pKa=17

stronger acid
Figure 7.1.2.1: Horizontal periodic trend in acidity and basicity.

Notice how the inductive polarization of the E-H bond which results in greater acidity contributes to the greater stability of the

conjugate base. For the case above look at where the negative charge ends up in each conjugate base. In the conjugate base of

ethane, the negative charge is borne by a carbon atom, while on the conjugate base of methylamine and ethanol the negative charge

is located on a nitrogen and an oxygen, respectively. Remember that electronegativity also increases as we move from left to right

along a row of the periodic table, meaning that oxygen is the most electronegative of the three atoms, and carbon the least.

Thus, the methoxide anion is the most stable (lowest energy, least basic) of the three conjugate bases, and the ethyl carbanion anion
is the least stable (highest energy, most basic). Conversely, ethanol is the strongest acid, and ethane the weakest acid.

Size effects
There are two classes of size effects to be considered:
a. The larger the atom to which a H is bound in an E-H bond, the weaker the bond and the stronger the acid.
b. Increased charge delocalization with increasing size. Electrostatic charges, whether positive or negative, are more stable when

they are ‘spread out’ over a larger area. The greater the volume over which charge is spread in the acid's conjugate base, the
more stable that base and the stronger the acid.

The impact of size effects are readily seen in the increase in acidity of the hydrogen halides, as illustrated by the vertical periodic
trend in acidity and basicity below in Figure 7.1.2.2

pK,of acid conjugate acid conjugate base

32 H—F <~——F°

stronger base

7 H-cl ——cl®

8 H—Br <« B®
stronger acid 9 Hl =
Figure 7.1.2.2: Vertical periodic trend in acidity and basicity.
On going vertically down the halogen group from F to I the H-X bond strength decreases in the acid, making it easier to ionize,
while the charge becomes more diffuse in the resultant X" ion, making the conjugate base more stable.
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over larger volume
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The increase in the acidity of the hydrogen halides down a group suggests that size effects are more important than inductive
effects. In the case of the hydrogen halides because fluorine is the most electronegative halogen element, we might expect fluoride
to also be the least basic halogen ion. But in fact, it is the least stable, and the most basic! It turns out that when moving vertically
in the periodic table, the size of the atom trumps its electronegativity with regard to basicity. The atomic radius of iodine is
approximately twice that of fluorine, so in an iodide ion, the negative charge is spread out over a significantly larger volume.

? Exercise 7.1.2.1

The structure of the amino acids serine and cysteine are shown below. Which do expect will have the more acidic side chain?

0] o]
"HN—-CH —t!—o- +H;N—CH—(L!—C)'
AHZ éHz
ok
Serine Cysteine

Answer

Cysteine, since the cysteine side chain possesses an ionizable S-H bond while serine's side chain possesses an ionizable O-
H bond. Since S is larger than O cysteine's S-H bond will be weaker than serine's O-H bond the and cysteine side chain's
thiolate conjugate base more stable than the serine side chian's alkoxide conjugate base. In fact, the side chain pK, of
cysteine is 8.3 while serine is considered to be nonionizable under physiological conditions.

Binary Hydrides

The compounds formed between the elements and hydrogen are called binary hydrides. All such compounds can in principle act as
Brgnsted acids in reactions with a suitably strong base. However, as the electronegativity decreases down a group and increases
from left to right across the periodic table the acidity of binary hydrides increases. In fact, on the left side of the periodic table the
hydrides of extremely electropositive alkali and alkaline earth metals are not acidic but basic. They are perhaps best considered to
be ionic salts of the hydride ion (H™). Consequently substances such as NaH and CaH,, tend to act as Brensted bases in their
reactions.

NaH(s) +H,0(l) — Na* (aq) + OH™ (aq) + H,(g) (7.1.2.11)
CaH,(s) +2H,0(1) — Ca’ " (aq) +2 OH ™ (aq) + 2 H,(g) (7.1.2.12)

On the right side of the periodic table the binary hydrides of the nonmetals exhibit appreciable acidity.
HBr(aq) +H,0(l) — H (aq) +Br~ (aq) (7.1.2.13)

For this reason the binary nonmetal hydrides are termed acidic hydrides. Nevertheless not all are equally acidic. The dilute aqueous
acid ionization constants for these hydrides are given in Figure 7.1.2.3 As can be seen from the constants in Figure 7.1.2.2the
ability of the hydrides to transfer a hydrogen to water increases across a period and down a group.
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Figure 7.1.2.3: The acid ionization constants of nonmetal hydrides increase across a period and down a group.
These trends are largely due to changes in the electronegativity and size of the nonmetal atom:

1. Going across a period the acid strength increases as there is an increase in electronegativity and the molecule gets more polar,
with the hydrogen getting a larger partial positive charge. This makes it easier to heterolytically cleave the E-H bond to produce a
stable anion.

E-H—E: +H" (7.1.2.14)

2. Going down a group the acid strength increases because the bond strength decreases as a function of increasing size of the
nonmetal, and this has a larger effect than the electronegativity. In fact HF is a weak acid because it is so small that the hydrogen-
fluorine bond is so strong that it is hard to break. Remember, the weaker the bond, the strong the acid strength. This is further
illustrated in Table 7.1.2.1where the weakest bond has produces the strongest acid.

Table 7.1.2.1 Acid strength as function of bond energy

Relative Acid

HF << HCI < HBr < HI
Strength
H-X Bond
Energy 570 432 366 298
(kJ/mol)
K, 107 107 10° 10%°
Superacids

Superacids are acids that are more acidic than pure sulfuric acid. They are able to dissociate completely because when they do so
they give an extremely stable anion in which the residual negative charge is distributed among multiple electronegative atoms. For
example, in mixtures of HF and antimony pentaflouride the dissociation of a hydrogen ion from the HF is promoted by the
formation of a Lewis acid-base adduct between the HF fluoride and SbF5.

F FooI
.. F////,,S|b»‘\\\F
H—F: +
e Ff ’ F( | ‘F
F F
(7.1.2.15)

This gives extremely stable anions like SbF; and SboF);, in which a single negative charge is delocalized among many
electronegative groups and atoms; of these C'F3 and F are particularly common.

Fol- K - F
o) —c/ &F N &F
/ < F—sSb—F F—Sb—F——Sb—F
4 F 2 4 |
4 F A
F F F

(7.1.2.16)

Superacids are able to protonate species that would otherwise act as neutral or even acidic species in water or aprotic media.
Phosphoric, nitric, carboxylic, and other ordinary acids are all protonated when dissolved in superacids:
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H—O
(7.1.2.17)
2 H from _-H
Q Superacid e
=N H " Ho _.Ng._ _H
O/ \O/ \O/ \O/
(7.1.2.18)
H* from H
. ~
|C|> Superacid 0
c H Ca. _H
R/ \o/ R/ \o/
(7.1.2.19)

However, superacids also protonate many species that are not usually considered ot have acid base properties. Even alkanes can be
protonated and, in fact, superacids are used to generate carbocations in a variety of synthetic applications. They do this by
protonating alkanes to give unstable species which then decompose to carbocations in further reactions. For example, Mixtures of
SbF5 and F'SO3 H called Magic Acid can even protonate methane, which subsequently decomposes to give a C H; cation:

F5;Sb+FSOsH +CHy — F5Sb—0SO,F~ +CH, (7.1.2.20)
which subsequently decomposes to give an ordinary carbocation
CH; — CH; +H, (7.1.2.21)

Solid superacids

Since liquid superacids are extremely corrosive and can be costly to separate from reaction mixtures solid superacids are used
industrially instead. The main use these solid superacids to generate carbocations for use in hydrocarbon isomerization and
alkylation chemistry. Many solids superacids consist of sulfuric acid/sulfates attached to a metal oxide surface to give structures
similar to that shown below:

Brensted 0
acid SIte\\H‘\ _ \/<O o\\//o _‘
NS o PN
H—¢ — > Ht + o o)
S ]
N to/ QON"\ b’mo// \O/l o

(7.1.2.22)

These structures exhibit Hammett acidity parameters in the superacid range. However, the mechanism by which these solid
superacids generate carbocations isn't entirely clear since they contain both Brgnsted acid sites (at OH) and Lewis acid sites (at M)
that could be involved in the carbocation generation process.

Oxyacids

Oxyacids (also known as oxoacids) are compounds of the general formula H,EO,,, where E is a nonmetal or early transition metal
and the acidic hydrogens are attached directly to oxygen (not E). This class of compounds includes such well-known acids as nitric
acid, HNOs3, and phosphoric acid, H3POj4.
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The acidity of oxyacids follows three trends:

Electronegativity of the central atom

In a homologous series the acidity increases with the electronegativity of the central atom. Elements in the same group frequently
form oxyacids of the same general formula. For example, chlorine, bromine, and iodine all form oxyacids of formula HOE:
hypochlorous, hypobromous and hypoiodous acids. In the case of these homologous oxyacids the acidity is largely determined by
the electronegativity of the central element. Central atoms which are better able to inductively pull electron density towards
themselves make the oxygen-hydrogen bond that is to be ionized more polar and stabilize the conjugate base, OE". Thus the acid
strength in such homologous series increases with the electronegativity of the central atom. This may be seen from the data for the
hypohalous acids in Table 7.1.2.2 in which the acid strength increases with the electronegativity of the halogen so that the order of
acidity is:
HCIO > HBrO > HIO

Table 7.1.2.2: Relationship of central atoms electronegativity to acid ionization constant in the hypohalous acids.

HOE Electronegativity of E K,

HOCI1 3.0 40x1078
HOBr 2.8 2.8%107°
HOI 2.5 3.2x 1071

Note this the influence of central atom electronegativity on the strength of oxyacids is exactly the opposite to that observed for the
binary hydrides in Table PageIndex5, for which acidity increased down a group giving the order of acidity:

HI > HBr > HC1 > HF (7.1.2.23)

The reason for this is that in the hydrogen halides the bond to be broken (H-E bond) decreased in strength down the group while in
oxyacids the bond to be broken is always an O-H bond and so varies much less in strength with the electronegativity of central
atom.

Central element's oxidation state

For oxoacids of a given central atom the acidity increases with the central element's oxidation state or, in other words, the number
of oxygens bound to the central atom. Here we are looking at the trend for acids in which there are variable numbers of oxygen
bound to a given central atom. An examples is the perchloric (HClIOy), chloric (HCIO3), chlorous (HCIO,), and hypochlorous
(HCIO) acid series. In such series the greater the number of oxygens the stronger the acid. This can be explained in several ways.
From the viewpoint of the acid itself the key factor is again the inductive effect, in this case involving the ability of the oxygens
attached to the central atom to pull on electron density across the OH bond. This is seen from the charge density diagram for the
chlorine oxoacids shown in Figure 7.1.2.4 in which the partial positive charge on the acidic hydrogen increases with the number of
oxygens present.
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HOCIO, (pK, = —2.0) HOCIO; (pK, = —7.3to —8)

electron electron
rich poor

Figure 7.1.2.4: Increasing number of oxygens increases K, as evidenced by the decreased electron density on the acidic hydrogen
(which is most blue in HC1O,). Note, K, =10"PXs, and so the larger pK,, the smaller K,. (CC BY-SA-NC; anonymous)

The increase in oxoacid acidity with the number of oxygens bound to the central atom may also be seen by considering the stability
of the conjugate oxyanion. That the stability of the conjugate base increases with the number of oxygens may be seen from the
charge distribution diagrams and Lewis bonding models for the chlorine oxyanions shown in figure 7.1.2.5 As the negative charge
is spread over more oxygen atoms it becomes increasingly diffuse.
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Figure 7.1.2.5: Increased diffusion of charge in chlorine oxyanions with increasing number of oxygens. The larger the ion the more
dispersed the charge and thus the less the charge density, making the perchlorate the most stable anion in the series. Even the
simplistic treatment of bonding depicted in the resonance structures correctly show an increased dispersion of the charge density.
(CC BY-SA-NC 3.0; anonymous)
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Sulfur and selenium both forms oxoacids of formula H,EO, where E is either S or Se. These are called sulfurous and selenous
acid, respectively. Which oxoacid would you expect to be more acidic: selenous acid or sulfurous acid?
Answer

Sulfurous acid should be more acidic. Since sulfur is more electronegative than selenium sulfur will polarize OH bonds to a
greater extent, making them more acidic. This prediction is borne out by a comparison of the p K, values for the acids:

Acid pKau pKa
sulfurous acid, HySO3 1.85 7.2
selenous acid, HySeO5 2.62 8.32

Successive proton removal

For polyprotic oxoacids the acidity decreases as each successive proton is removed. Oxoacids with multiple O-H bonds are called
polyprotic since they can donate more than one hydrogen ion. In this case hydrogen ions are removed in successive ionization
reactions. Examples include phosphoric and carbonic acid:

H3;PO, = H' + H, PO, pKa =2.2 (7.1.2.24)
H,PO, < H'+HPO* pKap =17.2 (7.1.2.25)
HPO,= H"+ PO}~ pK,3=12.4 (7.1.2.26)
H,CO3 = H" +HCO; pK, =3.6 (7.1.2.27)
HCO; = H"+CO5~ pKa, =10.3 (7.1.2.28)

The dissociation constants for successive ionization constants decrease by about five orders of magnitude between successive
hydrogen ions. This is reflected in Linus Pauling's rule for oxoacids and their oxyanions.

# Pauling's Rules

1. The pK,, or an oxyacid of general formula E(OH),(O),, is given by
pK,=8—5xp (7.1.2.29)

2. As an oxoaxid undergoes successive ionizations the pK, increases by five each time.

The central theme of Pauling's Rules is that the more oxygen there are on the central atom, the more resonance structure that can be
constructed of the conjugate base, which increases it stability and increases the acidity of the acid. However, as the acids
successively ionize, they have fewer resonance structure. Pauling's Rules are phenomenological (i.e., not based on a theoretical
basis). As with many empirical rules, they often work quite well, but they are approximations which may not work in all situations.

? Exercise 7.1.2.2: How well do Pauling's rules for oxoacids work?

Calculate the theoretical pK, values for phosphoric and carbonic acid and their dissociation produces and compare the results
with the experimental p K, values.

Answer
For phosphoric acid, Pauling's rules (Equation 7.1.2.29 predict the p K, values quite well:
e H3;POy:p=3andqg=1 and
pKal,predicted =8-5x1=3

This slightly greater than the observed value of 2.2.
e HyP OZ
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This Spot on with experiment.
« HPOS:

pKaZ,p’redicted = pKal,ezperimental +5=7.2

DK a3 predicted = PK a2 experimental +5 = 12.2
. This is slightly less than the experimental value of 12.4.
For carbonic acid Pauling's rules predict pK,; reasonably well, but pK,s less so:
e HyCOs3:p=2,q=1 and
PK a1 predicted =8 —5 x1=3
This is slightly lower than the observed value of 3.6.
e HCO;:
DK a2 predicted = PK a1 experimental +5 = 8.6
This is 1.7 units less than the experimental value of 10.3.

In some cases discrepancies between experimental p K, values and those predicted by Pauling's rules suggest that structural
rearrangements may be taking place upon ionization or else that the reported pK, values do not really represent the
ionization in question because they do not fully account for all the equilibria taking place in solution. In the case of
carbonic acid, however, the reason for the discrepancy between the predicted and experimental p K, values is not entirely
clear.
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