120 ACID/BASE EQUILIBRIUM

- Several scientific theories exist that define acid-base chemistry. We will discuss
THREE of these theories.

- These theories differ in the way that acids, bases, and their associated reactions
are defined.

- Typically, the newer theories include MORE chemicals under the umbrella of "acid-base
chemistry”l

THREE ACID-BASE THEORIES

@ Arrhenius theory

@ Bronsted-Lowry theory

@ Lewis theory
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ARRHENIUS THEORY

- The oldest model of acid-base chemistry!

- Only applicable to systems where WATER is the solvent!

ACIDS are substances that ionize in water 1o increase the
concentration of HYDRONIUM ION

HA + M0 == H,0 + A

\ Hydronium ion

H,0 -
or, for simplicity: [ ]y > H A
" T

"Hydrogen ion" - doesn't
really exist as a free ion in
water, but a convenient
simplification!
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ARRHENIUS THEORY

BASES are substances that ionize in water 1o increase the
concentration of HYDROXIDE ION

For soluble metal hydroxides: N OH — Mo T +OH ™
Hmo

— T Hydroxide ion

For other Arrhenius boses

B+ H,0 = BH «OH™  ex:wig

An Arrhenius acid base reaction can be represented by:

HLI,OJC + OH = L Hq U | 'neutraiization’

or, using hydrogen ion instead of hydronium

[/\Jr «OH ﬁ—-H'Lb
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BRONSTED-LOWRY THEORY

[—\ H-i_ |‘Of\$ _/
- Bronsted-Lowry theory views acid-base reactions as PROTON TRANSFER
reactions!

ACIDS are PROTON DONORS
BASES are PROTON ACCEPTORS

Y N\

HO| + NHy = H + ()

—

acid base conjugate conjugate
acid base
of \H 3 of HC |

A CONJUGATE PAIR is an acid and a base that differ by a proton!
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... a few examples of conjugate pairs: \/\

Species Conjugate RED for acid
+ BLUE for base
A H NH
3 H
M4 0 O H
+
H(qHqO 9 CaHa04 These charges
i PTYL are RELATIVE to
whatever charge
A generic Bronsted-Lowrey acid.base reaction: Eggd HA originally
A+ B= BH + A
acid base conjugate conjugate
acid of base of
B HA

... You should be able to write the products of a Bronsted-Lowry acid-base reaction, identifying
the CONJUGATE PAIRS
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BRONSTED-LOWRY THEORY

IN WATER.../\/

v _
A+ H,0=— KO0 *A

conjugate base
acid of HA

M

N ¥ (o Hy 0y  Acetic acid and water
D%"\bof‘ Hy 0 H30 ‘

v\
B%H D</ BH J(OH

conjugate acid

base of B

VR

L _
N H Y —‘(\E\LO ? /\/ Hl,{ + O\ Ammonia and water
N

This is why we often call an ammonia/water
solution "ammonium hydroxide"!

In the red reactions, water functions as a base. In the blue reactions,
water functions as a acidl
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LEWIS THEORY

- Lewis theory treats acid-base chemistry as ELECTRON-TRANSFER chemistry involving
pairs of electrons

- Lewis acid-base reactions form new covalent bonds (of inferest to organic chemists!)

ACIDS are ACCEPTORS of electron pairs

... This is why some METAL IONS, even though they contain no hydorgen ions,

can exhibit ACIDIC character. Many metal ions can accept a pair of electrons to
' . | +

form a COMPLEX with a Lewis base! QX P\% ( NHQ N

BASES are DONORS of electron pairs.
... 50, Lewis bases have LONE PAIRS OF ELECTRONS in their Lewis structures

AR = A-R

Lewis Lewis
acid base

... In a Lewis acid-base reaction, electrons are donated from the Lewis base to the
Lewis acid. This forms a new COVALENT BOND between the acid and the base.
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Example: ammonia and water

HlO +.’/\/H3 ;—’j }\/HJ‘“‘ OH

Y Ammonia donates
‘o ' a pair of electrons to
. O&"f" H —\—- . ]\/— H o hydrogen on the water molecule,
\ \ forming a new covalent bond (and breaking another)
H
H v
water ammonia \
(Lewisacid)  (Lewis base) e — N H
: \
"
P H
= a2 A
00+ H-N-H
\ \
3 f
hydroxide ion ammonium ion

Overalll: HZO + \\/Hj —<>/ NHL‘J( « OH™



? COMPARING THE THEORIES

- From Arrhenius to Lewis, the definitions get broader as you go along. In other woeds, the
later definitions include MORE SUBSTANCES under the acid/base umbrella.

If something is an Arrhenius acid, it is also an acid in the Bronsted or Lewis picture.
If somnething is an Arrhenius base, it is also a base in the Bronsted or Lewis picture.

All Bronsted acids are Lewis acids, and all Bronsted bases are Lewis bases.
... but not all Lewis acids/bases (like the metal ions) are Bronsted or Arrhenius acids/bases.

-
ARRHENIUS

BRONSTED-LOWRY

LEWIS

... We will primarily use the BRONSTED-LOWRY theory from this point in the course!
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WATER CHEMISTRY

- Water self-ionizes!
2 M0 == Ha07+ OH-
or

H,0 = HY «OH™

This is an equiilibrium reaction!

L H%D—\(] [OHF]

K = (X) = molar concentration of "X
L
[R0]
In agueous solution, ( Hzo) is essentially constant, so we roll that
info K.

K= H:0 ) (oM ]2 10ug™
VAN

— This is the value at 25C




130 WATER CHEMISTRY

- The self-ionization of water has a small equilibrium constant. What does this imply?

THE CONCENTRATION OF HYDROXIDE AND HYDRONIUM ION
IN PURE WATER IS VERY SMALL!

How small?

1P\'1_O<" H&,O « OM°

1\

In pure water, the concentration of hydroxide and hydronium
must be equal, since they are formed at the same fime and
at the same ratio from the ionization reaction of water.,

- -1y
S - -« -
Kw=Cp0*200H ) = 1 41D
Solve...
Let 'X' equal the change in concentration of hydronium ion...

(YK =t.oxo™
= Loylo™"

X = loxio™7M= CHg0" )= CoH |

I
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‘" NOTATION

- 'p" notation helps us deal with the very small numbers we encounter when working with
acids, bases, and water.

- based on log base 10 On a calculator, use
9] Al

|
- e
PH = ~log, L#307] LHa0%] = 10 P

/“(‘)H M CANS _\03‘0

So,

_ POH

\ POI :“\OS\EOH”J [O\'\'l = 10




"0" NOTATION

- Apply "p" notation to the water self-ionization reaction!

= CH30™ 300w ) = Looxio™

becomes ...

PKW: VH ~ pOH = |4.00

Taking the "p" (hegative log base ten) of the equilibrium constant
is often used for BUFFER SOLUTIONS, which we'll discuss
later!



133 ACIDITY AND ALKALINITY

-AtpH =7, pH = pOH. The solution is considered NEUTRAL
. -1/
\ Ao, Cufl > [on].
- At pH <7, pH < pOH. The solution is considered ACIDIC

| Aso , Tt I> Lo ]/

-AtpH > 7, pH > pOH. The solution is considered ALKALINE (BASIC)

| Also , Tt I< [ou™]

The pH scale...

ACIDIC ALKALINE
CH"‘E? |« 10”7 EH*’:&{ | «i0-7

pH =7/ pH =14
NEUTRAL

(Cnt] :l\uo“’7

O
I
Il
o
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poH AND TEMPERATURE

PKW: PH T PO\’\ = \LLOO

This equation is valid af room temperature, specifically 250C.

Equilibrium constants depend on TEMPERATURE, and change with temperature.

So, the "neutral” pH (where the concentration of hydroxide and hydronium ions are
equal) CHANGES with changing temperatures

o)
This change is important at temperatures greatly different from 25 C.

As an example, consider average "'normal” human body temperature:; 37° C

AY 37°C | YDXK\M =13.60
PH O(' Y\euf\'f"h\ So\u‘\)’;OV\ :Q—é
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ACID-BASE EQUILIBRIUM IN WATER

- Like other ELECTROLYTES, acids and bases IONIZE to some extent in water

- STRONG electrolytes ionize completely. Acids and bases that ionize completely in water
are called STRONG ACIDS and STRONG BASES

- WEAK electrolytes ionize partially, remaining mostly non-ionized. Acids and bases that
ionize only partially in solution are called WEAK ACIDS and WEAK BASES.

- Most acids and bases are WEAK!

Common strong acids Common strong bases
RC) NoDH | olkall me bl
HN D2 \\/ on | Wy J\ro;\AAj&c
Hq S0y ( 0nly, “X‘Wfro%o V\) 0\4\ rof
H e

mp
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SIMPLE pH CALCULATIONS: STRONG ELECTROLYTES

- With strong acids and bases, the acid or base completely ionizes in water. So, we only
have to worry about the effect of the acid or base on the water equilibrium itself.

- Since the equilibrium constant for the self-ionization of water is so small, the strong acid
or base will. overpower the hydronium (for acids) or hydroxide (for bases) produced by

the water. L~ - _
0+ H, 0 = Hy0"tOH™ “ k=

Consider a solution of 0.025 M nitric acid (a strong acid):
HANO 2T h,0— Ha 6T +N06 5 Nifric acid is a strong electrolyte, meaning that
effectively all nifric acid molecules produce

hydronium ions...
We will assume that the concentration of hydronium ion produced by the water is small

enough (compared to the production by the acid) that we can ignore it. Reasonable
because Le Chateleir's Principle says production of hydronium by water will be

SUPPRESSED!
CHot] = [H'W)g}nam\m\ = 0.015/M
P H :\'03\ (0.025)=],60

Let's calculate the HYDROXIDE oncentration ... which will also equal the amount of
HYDRONIUM ion produced by water itself (since it produces one hydronium ion per hydroxide!)

PHTPOH = 1400 $o 1ab0+p0H =14 g0
poH=12.40 | Lop-3=1o"""10 =0 0x0™ M0

So if water itself only makes 4x10-13 M hydronium, it's small enough to ignore compared to
the 0.025 M produced by the acid!

oxlo”'7




137

Consider a solution of 0.0125 M sodium hydroxide (a stfrong base):

M OH Cog) = Ne™ (ag )+ OK7 (ag)

The NaOH ionizes completely, meaning that essentially all NaOH is converted to
hydroxide ion. 4 B
Haoo + HQ 0 — H 20 + OH Like we saw with the acid, adding hydroxide ion
from the base causes water's ionization 1o be suppressed.

We'll assume that the hydroxide concentration is set by the base, NaOH.

LOH™I= TNaoH | o\ S 00012 MoK

poH =—\og,, Cos0125) = 1590
pH+poH :Hﬂoo} pHJr\.vo:/Lf,Ml pH = |2.\0

Let's check our assumption that hydroxide concentration produced by the water
itself was small. Since every tfime water makes a hydroxide it makes a hydronium, the
concentration of hydroxide produced by water must equal the hydronium ion
concenftration ...

pH ~17.1D

CHootI= 10 =10 = Se0x10 "IN Hy 6t = [oH JCrp

water

... which is indeed really small compared to the 0.0125 M hydroxide produced by the acid!



138(A) What is the concentration of hydronium ion in an aqueous solution whose pH
is 10.507? (B) What is the hydroxide ion concentration? (C) What molar concentration
of sodium hydroxide solufion would provide this pH?

) 1OH:)OOSO / CH30+J:Z>
—10-$0

10"6’H: [Hgo‘f) / [H30+j:|o :!1.1%|D’HMH30+j

Bj FH—;\D\S(), Con~3='
PH‘f‘OOH_—\L’lfDOI \O.SO+POH;|L'|,00/ POH:/SASD

~poH _ - |
DR YT 3 ConJ=lo 3'50:‘%.’Lx|0_HMoJ-|”

C) N@OH—v Ma++0H—/ ng\f] bace .

go, [NMH]M@M,{: Lol = 2. 2x00" ' NaoH ‘
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What is the pH of a sodium hydroxide solution made from dissolving 2.50 g of

sodium hydroxide in enough water to make 500.0 mL of solution? IR N 0
Ne0U H0,0()@/VM'] o H

\ NuoH <@
L_ So\u+\oh€@ $po.omlL = 0.5006( ) sobant

M= =

HO <00 4NaoH

0-0628 mo| NaOH
M= 05000 L ¢vlution 25 I Na O

Q)¢ +S0g NuoHy Mol Npod  _ 00,0615 m,| NaoH

SInce NaOH is a strong base, N 4,0 H— N é\+ +0 H_’
LoH™ 1 :iN“OH]\nommal =015 h o~

poH = log ,(0.125)=0.90
|o/—I=~ 1U.00—0.90 =“3~|O




