Chemistry 12 Unit 4 - Acids, Bases and Salts
4 A

Chemistry 12
Tutorial 14
Bronsted Acids and Bases

\. J

Hello agan. Welcometo Unit 4!
Tutorid 14 will introduce the following:
1. Hydronium ionsand how they are formed.
2. Bronsted-Lowry definitions of acids and bases.
3.  Equilibria Involving Acids and Bases.
4.  Conjugate acid-base pairs.

5.  Polyprotic acids and Amphiprotic Anions.
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Hydronium lons and how they are formed

Firg of dl, we must gpoligize again for something about Chemistry 11. In that course (which
probably seems juvenile now), you learned that acids dissociate in water to form hydrogen ions
(H*) and others. For example, when hydrogen chloride gas dissolves in water, you get....

HClg = H*@g) + Cl(ag)

So you might picture some H* ions and Ct ions floating around between water moleculesin the
solution.

That's OK in Chemigtry 11, but it’'s a bit overamplified!

It IStrue that H* ions are released from the HCI. But they don’t just float around by themselves.
H* ions are hydrogen ions.

Let’stak about hydrogen atoms. Almost al hydrogen etoms consist of one proton, no neutrons
and 1 electron. The proton is deep in the center in the nucleus and the eectron “buzzes’

around the atom in what we cal an dectron “cloud’.
(See the diagram on the next page...)
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the naclens fhich contains L proton

the electron cloud
When a hydrogen atom (I.-I)-florms ahydrogenion (H*), remember, it loses an dectron.

When it does this, it dso losesit’s eectron cloud! So what’ s left? Just avery very tiny nudeus
which contains 1 proton!

For this reason, the H* ion is often called aproton. Because, that’s exactly what it is!
Reactionsin which H* ions are transferred from one thing to another are caled proton transfers.

The +1 charge on the H* ion or proton, is concentrated in avery smal volume, much smaler than
in any other ion. (All other ions have at least 1 dectron, so they have an dectron cloud, which
makes them thousands of times bigger than H*, which has no electron cloud.)

Because this charge is concentrated in avery smdl volume, it actslike it is quite powerful and it
is attracted strongly to anything even remotely negative!

Remember that in an acid solution, H* ions (or protons as we dso cal them) are surrounded by
water molecules. Let’stake acloser look at awater molecule.

Recdl in Chemistry 11, you were introduced to “€electron-dot” or “Lewis’ diagrams of atoms.
(These, again are an overamplification but that’ s another story!)

Y ou might recdl that an oxygen atom has 6 vaence eectrons (6 €ectronsin the outer energy
leve):

:0r

Hydrogen has one vaence dectron:

°H
When hydrogen and oxygen combine to form water, they share their valence dectrons. But, you
may aso recall thet oxygen, being a non-meta has a sronger pull on eectrons (e ectronegativity)
than hydrogen, so the shared electrons are closer to the oxygen atom. This makeswater a
polar covalent molecule. Since there are more electrons close to the “oxygen end” of the water

molecule, that end has apartia negative charge. The “hydrogen end” has less dectrons around
it, hence hasapartid positive charge:

See the diagram on the next page...
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.o NOTE: The symbol
:03 H 1+ "9 " means "partid".

H Water isapolar covaent

T+ molecule with a partid "-" charge
near the oxygen end and apartid
"+" charge near the hydrogen
end.

Now that partia negative charge on the oxygen end looks very attractive to our old friend the H*
ion! And that’s exactly whereit goes. It “sits’ on one of the “dectron pairs’ of the oxygen atom.
Remember the H* has no dectronsitsdlf, so it doesn't bring any more eectrons into the picture.
It has one proton, though. What that doesis bring another + charge into the picture:
+
H
o0
. O H
H

This thing (made up of aproton (H*) added to awater moleculeis an ion becauseit hasa
charge.

Itsformulais H 30 and its called the Ny dr onium ion.

The hydronium ion dways forms when an acid dissolves in water. The H* from the acid dways
goes to the nearest water molecule and forms HzO™.

Another way to look at the hydronium ion is to take the point of view of the proton (H*).
Adding water to something is cdled hydration. (Just like taking water away is called dehydration.)
So if you were a proton, you would have awater molecule “added to you”.

For this reason, a hydronium ion could be considered a hydrated proton.

Whichever way you look at it, just remember that instead of thinking of an acid solution containing
H* ions (as you did in Chem. 11), we now think of acid solutions containing H3O™* (hydronium)
ions.
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All acid solutions contain hydronium (H30%) ions. It isthe hydronium
ion which gives all acids their properties (like sour taste, indicator colours,
reactivity with metals etc. )

Now, recdl that in Chemigtry 11, when HCl gas dissolves in water, we wrote:
HClg = H*@g) + Cl(ag)
Now, in Chemistry 12, we write the following:
HClg + H200) > H3O0%@) + Cl(an)

The proton (H*) has been transferred from the HCI molecule to awater molecule, to form a
hydronium (Hz0*) ion and a Cl ion.

Thistype of reactionis caled ionization (because ions are being formed)
We can look at this usng some models:

%+@_>@ @

HCl + H,0 —> H,0 " + C -

Make sure you study the diagram so you can visudize in your mind, what’s going on when you
see equations like this.
In this diagram, you mugt redlize thet it isNOT an H atom that ismoving. The H atom leavesit's

electron behind with the Cl, so it is HE (@ preton) that moves to the water molecule. The CI, now
having the dectron that H Ieft behind, gains a negative charge.

All acids behave similarly in water; they donate (or give) a proton (H*) to the water, forming

hydronium ion (H30™) and the negative ion of the acid.
Anacther example might be the ionization of nitric acid (HNOy):

HNOz() + H20(q) > H3O%x) + NOz(ay)

There safew of these for you to try on the next page....
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1. Complete equetionsfor the following acidsionizing in weter:
a8 HCO (g
b)  H2S04)
(assume only 1 H* isremoved.)
c) CH3COOH
(assume the H on the right end comes off.)
d)  HSO4(ag)
(be careful with the charge on the ion that remains)

Check your answerson page 1 of Tutorial 14 - Solutions.

Bronsted-Lowry Definition of Acids and Bases

Y ou might recdl that the definition of an “acid” according to Arrhenius was a substance that
released H* ions (protons) in water.

A couple of fellows caled Brongted and Lowry came up with atheory which is more useful when
dealing with equilibrium and covers awider range of substances.

Our gpologies to Mr. Lowry, but from now on we will just refer to “Brongted”, when we actudly
mean both of them. 1t'sjust bad luck that his name came later in the a phabet!

According to Bronsted (and “ What's his name?”):

anacid is any substance which donates (gives) a pr oton (H*) to another substance.

A baseisany substance which accepts (takes) aproton from another substance.

Or we can aso say:

A Bronsted Acid isaproton donor

A Bronsted Baseisaproton acceptor
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Let’slook at a couple of equations and see how we can identify the acids and the bases. (We will
omit the subscripts (ag) etc. just for smplification here))

€g.) HCI + HO > HO0* + Cr
Looking at this diagram again:

Proton Transfer - _
/_\ 0 + ]
CORNORE A FORENG

OX0, H®
HCI + H,0 —>  H,Z" + Q-

We see that the HCl is donating the proton and the water is accepting the proton.

Therefore HCI is the Bronsted acid and H2O is the Bronsted base.

HCl + HO > H3 0" + Cr
acid base

Let’slook at another example:
NH; + H)XO > NHf + OH

Now, the NH3 on the left has changed into NHz* on the right, that meansit must have accepted
(taken) a proton. (It has one more H and one more (+) charge.) Since it has accepted a proton
it scaled abase.

The Hy0O, this time has donated (lost) a proton as it changed into OH". (It has onelessH and one
less (+) charge --- one“less (+) charge’ than “0” is (-1) or (-).) Since it has donated aproton it's
cdledan acid.

So now we can labd these:

NHz + HO - NHsf + OH
base acid

Now, you may be alittle confused! Firgt wetdl you that HyO is a base (see the reaction near the top of
this page), and then we go and tell you HyO isan acid. What's going on, Bronsted?

Tutorial 14 - Bronsted Acids and Bases Page 6



Chemistry 12 Unit 4 - Acids, Bases and Salts

Wi, both of these statements are correct. Sometimes water acts like a base (takes a proton)
and sometimes it acts like an acid (donates a proton).

Thisisjus like you. If you buy something (donate money) you are abuyer. If you sdl something
(accept money), you are asdler. I'm sure you have been both at various times.

Animdsthat can live ether in the water or on land are called amphibians. (Yes thisisill
Chemidlry just in case you' re wondering!)

For things that can be “either / or ”, we can use the prefix “amphi”

A substance that can act as either an acid or a baseiscaled@mphipr otic.

Water (H20) isan example of an amphiprotic subsance. When it waswith HCl, it acted like a
base, but when it was with NHg, it acted like an acid.

Not only molecules can lose or gain protons. lons can too.

When something loses a proton (acts as an acid), it turnsinto something with one less H and one
less (+) charge (which means the same as one more (-) charge.)

When something accepts a proton (acts as a base), it turnsinto something with one more H and
one more (+) charge (which meansthe same as one less (-) charge)

So what you have to do islook &t the right Side of the equation, as see whether the substance
gained or logt a proton.

€9) HCO3 + HSO; = HyCO3 + SOz
HCO3 mus have accepted a proton (1 H and 1 (+) charge) to form HxCOs, S0 it must be the base.

HSO, must have donated a proton (1 H and 1 (+) charge) to form SO42 , so it must be the acid.
S0 the answer is;

HCO3 + HSOs > H,CO3 + SO4%
base acid

Read this example again, looking carefully at the charges and # of H atoms, and how they change
from each reactant to it's product. By the way, thereis no rule for which one comesfirg in the
equation. Basicdly, each one has a 50/50 chance of coming first. Y ou have to work it out by
counting H's and charges.
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Here' safew for you to do:
2. Identify the acid and the base in the reactants of the following reactions
@ H)S + HCO3 > H)CO3 + HS
by HS + HCO3 > CO3z* + HS
c) HCOOH + HSO3 > HSO3 + HCOO
d S* + HPOs > HPO#Z + HS
e HSO3 + HCO3 > HyXCO3 + HSO3
) NHff + HO0 > HiO" + NH3

Check page 1 of Tutorial 14 - Solutions for the answers.

LR R R R b R R R e e R i

Equilibria | nvolving Acid and Bases

So far, we' ve been considering reactions which only go oneway. In redlity, most acid-base
reactions go forward and in reverse. (They are at equilibrium)

If aproton istransferred during the forward reaction, we can also assume there will be a proton
trandfer in the rever se reaction.

Here s an example:
HF + SO3> &= HSO5 + F

If we congder the reaction going to the right, HF is donating a proton, and is therefore defined as
the acid, while SOs2" is accepting a proton, and therefore acting as abase.

HF + SOg% == HSO3 + F

acid base
Now, when we look at the reverse reaction, in which HSO3™ reacts with F to form HF and
SO4%, we see that HSO42 donates a proton and F- accepts a proton. Thus, HSO3™ actsasan

acid, whileF actsasabase. Soinany acid, base reaction, we start out with an acid and abase
on the left and we end up with another acid and base on the right.

HF + SO3> &= HSO3 + F
acid base acid base
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Here s a couple for you to try:
3. Identify acids and bases on the left side and theright side of the following equations:
ad HBO3 + NH3= H,BO3 + NHg*
b) NOy + HIO3 ==HNO, + |07
) CgHsOH + OH == CgHsO" + H.,0

Check your answerson page 2 of Tutorial 14 - Solutions
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Conjugate Acid-Base Pairs
Looking & this reaction:

HIO3 + NOy <= HNO, + |03
acid base acid base

Notice the HIO3 on the left. We know that it must lose one proton (H*) to become 103 on the
right. Also noticethat HIO3 isacting asan acid whilelO3™ isacting asabase.

HIO3 and 103 formwhat is caled aconjugate acid-base pair.

The only difference between these two isthe |03 has oneless “H” and one more (-) charge then
the HIO3. All conjugate acid-base pairs are like this.

The form with one more H (eg. HIO3) is cdled the conjugate acid.
Theformwith one lessH (eg. 103) is cdled the COnjugate base.

Out of every acid-base reaction, you always get 2 conjugate pairs.
For example, in this reaction:

HIO3 + NOy = HNO, + 103

acid base acid base
The two conjugate pairs are:
HIO3 & 103 and NOy & HNO>
aci d basej \base acid
2'g
conjugate pair 1 conjugate pair 2
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(NOTE: The“1” andthe“2” in*“ conjugate pair 1" etc. has no special meaning. Pair 1 wasjust the one
we happened to pick first. The NOy” & HNO, could just aswell have been called “ conjugate pair 1”)

Here'safew for you to try:
4.  |dentify the conjugate acid-base pairs in each of the following reactions.
d NH3z + CH3COOH == NH4" + CH3COO-

Par 1. (acid) (base)

Pair 2. (acid) (base)

b) H.SO3 + HoPOs = H3PO;s + HSO3

Pair 1. (acid) (base)

Pair 2. (acid) (base)

c) HC,05y + HNOy; == NOy + HyCy04

Pair 1. (acid) (base)

Pair 2. (acid) (base)

d AlH0)3 + HCO3y == AIH0)5(0H)%* + H,CO3

Par 1. (acid) (base)

Pair 2. (acid) (base)

Check your answerson page 2 of Tutorial 14 - Solutions
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One of thethings you'll be required to do is, given an ion or molecule, write the formulafor the
conjugate acid of it. Also, given an ion or molecule, write the formula for the conjugate base
of it.

If you look carefully at the answers to the preceding question, you can probably figure out a
method on your own. But here is one that works (just in case you can't)
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To find the conjugate acid of something:

i Add one Conjugate
[Somethmg] rohage | —® [Acidj g }

——

For example, let’s say we want to find the conjugate acid of HSO4

_ Add
[ HSO, j [ Add one H | +Ch§fgee —»[ HS0 , j

——

Remember, adding one (+) charge to something that has a (-) charge, brings the chargeto “0".
Here' safew examplesfor you to try:

5.  Find the conjugate acid of each of the following. Make sure you have the charges correct:

ad CH3COO"  conjugateacidis......cccccovvrrenenne.

b) SO4~ conjugate acid iS ..........veeeeenene.
¢ HXO conjugate aCid IS ......cccevvrrerrennen.
d 0% conjugate acid i ......c...oevvereene..
e OH conjugate acid iS .......cccorveeeune.
)  HPOs conjugate acid i ......c...oevvereene..
g HoPOg4 conjugate acid IS ......coevrerreennes
h)  NHs3 conjugate acid iS .......ccvrureeunee.

Check your answers on page 3 of Tutorial 14 - Solutions.
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Now it'stime to find the conjugate bases of things. If you added an “H” and a (+) charge to get
aconjugate acid, | think you can probably guess that to get a conjugate base, you subtract an “H”
and add one (-) charge. (or subtract one (+) charge, which means the same thing!)

: Subtract Add one Conjugate
(somenn ) [F257] [ ) —+ (e
——

Let's say we want to find the conjugate base of theion HoPO4. If we use this procedure:

- Subtract Add one ) )
[ H PO 4 j uonr:ch - charge [ HPOg J

——

Now, here'safew of theseto try on your own....

6. Findthe conjugate base of each of the following. Make sure you have the charges correct:

a HNOj3 conjugate base s ......cccveeerueene.
b) HyCy04 conjugate baseis .......cccceeveenenene.
c) H>SOs3 conjugate base s ......ccccveverueenne.
d HNO> conjugate base s ......ccccveeereeenne.
e) HCO3 conjugate base s ......ccccveeereeenne.
)  HYO conjugate base s ......ccccveeereeenne.
g9 OH conjugate baseis ........covveerennee
h)  NHg* conjugate base is .........ccvurennee.

Check your answers near the bottom of page 3 of - Tutorial 14 - Solutions
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Polyprotic Acids and Amphiprotic Anions

After looking at thisrather fearsometitle, reed the following. It's not that bad!

So far, we' ve been looking a acids that only have one proton (H*) to release. These are acids
with one hydrogen in ther formulas (eg. HCl, HNO3, HCIO etc.)

Acids that release only one proton are called mMoONoOpProtic acids.

Believeit or not, acetic acid (CH3COOH) is monoprotic. Thisis because only the“H” onthe

end of thisacid (The“H” on the “COOH”) comes off in solution. The other three “H”s are
bonded directly and strongly to the Carbon atom in the “CHg" and are not released.

“H”s bonded directly to Carbon atoms (likein “CHg”, “CH3CH,” etc. ) are NOT released in
solution and are not considered as “acidic protons’.

In another example, the acid HCOOH and the acid CH3CH>CH>COOH are both monoprotic.
(Only the “H” on the end of the“COOH” comes off.)

Y ou will dso natice that for these organic acids (or more precisely “carboxylic acids’, the “acidic
proton” isthe “H” on theright end of the formula

For inorganic acids (like HCl, HNO3, HCIO3 €etc)., the acidic proton is dways the “H” on the | eft
side of the formula

Theionization of amonoprotic acid is quite Smple, aswe ve seen before:

€g.) HNOg(aq) + H20(|) - H30+(aq) + NOg3

nitric acid hydronium nitrateion
Notice, that if the name of the acid endsin “ic”, it's conjugate base is an ion that ends in “ate’.

| would bet that you would be able to correctly guess the name that we give to acids that

release 2 protons (H*'s): “ protic”

Acids that release tWO protons are called diprotic acids.

Some examplesof diprotic acids are: HpSO4, H2CO3, HpSO3 etc.
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Some acids go as far asreleasing 3 (yes, you read it right!) protons:

Acids that release three protons are called triprotic acids.

Some examplesof triprotic acids are: H3PO4, H3AS04, H3BO3 €tc.
Asif that’s not enough to remember, chemigts like to add one more term:
Chemigts count in two ways.

Firg, like 1, 2, 3 etc. Thisiswhere“mono”, “di” and “tri” are used.

They ds0 count likethis 1, many. The prefix, they usefor “many” is“poly”.
S0, to achemigts, anything more than one can be caled “poly”

So here' s another term:;

Acids that release Mor e than one proton are called polyprotic
acids.

Note here that “polyprotic acids” would include “diprotic’ and “triprotic” acids.

Persondly, | don't know of many acids that give off more than 3 protons. (Oneis“EDTA” or
“ethylenediamine tetraacetic acid’) These are not important in Chemistry 12.

Stepwise ionization of polyprotic acids

It isimportant to know that polyprotic acids, when mixed with water, do not relesse dl their
protonsin one step.

They release protons one by one. Each step is a separate equilibrium.
Let'slook a an example. Hereisthe 2 stepsin the ionization of sulphuric acid (H2SOy)

Stepl. H2804(|) + H20(|) -> H30+(aq) + HSO4'(aq)
Step2.  HSOg(ag) + HXOg &= HzO%(ag) + 5042-(aq)

You'll probably wonder why there sasingle arrow in step 1 and adouble arrow in step 2. (It's
not a“typo” thistime!)

Because HySO4 isastrong acid, it releasesit’sfirgt proton 100%. That isthe first step goesto
completion. Every single HySO4 molecule bresks up into HzO* and HSO4 iors.

Tutorial 14 - Bronsted Acids and Bases Page 14



Chemistry 12 Unit 4 - Acids, Bases and Salts

But that does’t mean the second proton come off that easly! The HSO4 ionisNOT astrong

acid, so it does not release dl of it's protonsin water. That'swhy thereisadouble arrow in the
Step 2 equation.

Here are the equations for the step-wise ionization of atriprotic acid (phosphoric acid)
Stepl:  H3POsnmg + H2Og) & HzO%ag) + HoPOs (ag)
Step2  HPOs(aq) + HOp = HiO%ap + HPOZ(ag)
Step3  HPOZ (s + HOp == H0%ag) + PO ()

Each one of these is a separate equilibrium. Notice that one “H” and one (+) charge comes off of
the starting acid each time.

Now take out your acid chart. (Yes, that meansyou! If you don’t, you probably won't
understand the next couple of statements and you will get frustrated etc.)

Notice the relative strengths of the acids H3PO4, HoPO4 and HPO42 . You can find them dl
on the left Sde of the table.

We can interpret their relative postions by saying that each time a proton is removed from a
polyprotic acid, it gets harder to remove the next one.

We can summarize the species formed in the stepwise ionization by leaving out the HsO™ and the

H>0:
step 1 step 2 step 3
H3PO4 > HoPO4s > HPOs~ > PO43
phosphoric acid dihydrogen phosphate monchydrogen phosphate phosphate

Notice naming system for the ions as they form:
It's now time for you to try one of these:
7. @  Writethethree equations showing the sepwise ionization of arsenic acid (H3ASOy).

Step 1.

Step 2:

Step 3.
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b)  Summarize this process by leaving out the H3O*'s and H,O's like was done for phosphoric
acid in the example right above this question. Seeif you can come up
with namesfor dl theiond

Check your answerson page4 of Tutorial 14 - Solutions
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Amphiprotic Anions

Let's go back to our example of phosphoric acid and look at the two ions formed in the middle
steps of the process:

step 1 step 2 step 3
H3PO4 > HoPO4s > HPOs~ > PO43
phosphoric acid dihydrogen phosphate monohydrogﬁ-\ phosphate phosphate
HoPOy4 HPO42-

Notice that both of theseions have a least one “H” on the left and at least one (-) charge.

Anything with an “H” of the left can act asan acid, and many ionswith a(-) charge can act as
bases.

Because theseions HoPO4~ and HPO42 can act as dither acids or bases, they are called
amphiprotic, and since they have at least one (-) charge, they are called anions

Putting this all together, we call thessamphiprotic anions

The dihydrogen phosphate ion (HoPO47), when mixed with a strong acid (like HCI), will play the
role of abase. eg.)

HCI + HyPO4s <= H3PO4 + CI
acid base acid base
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If the dihydrogen phosphate ion is mixed with a base, or even with water, it will play the role of an
acid: eg,)

HoPO4 + HpO &2 HzO' + HPOs~
acid base acid base

We will be looking more a amphiprotic anions later on in this unit, but for now, it's useful to
remember that:

Theion(s) formed all but the last step of the ionization of a polyprotic acid
are amphiprotic anions.

Here' saquestion for you:

8. a Writethetwo sepsin theionization of carbonic acid (H2COs3).

Step 1.

Step 2

b)  Givetheformulaand the namefor the amphiprotic anion formed in this process.

Formula

Name (you may use the acid chart.)

Check your answerson pageb of Tutorial 14 - Solutions
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Self-Test for Tutorial 14

Check answer s starting on page 5 of Tutorial 14 - Solutions.

1.  Wha ismeant by ahydroniumion?

2. How doesahydronium ion form in water?

3. A hydroniumion can also be called a proton.
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4.  Complete the equations for the ionization of the following acids in water:

a8  HCO2y)
b) HF)

C)  HNOg)
d) HCOOH

5. Givethe Arrhenius definitions of the following:

a anacd-

b) a base-

6. Givethe Bronsted definitions of the following:

a anacd-

b) a base-

7. ldentify acids and bases on the left side and the right side of the following equations:

@ CgHsOH + CO3z* & HCO3 + CgHsO
b) HPOs + HySO3 = H3PO; + HSO3-

8.  Identify the conjugate acid-base pairs in each of the following reactions:
ad NHz + HySO3 = NH4" + HSO3

Pair 1. (acid) (base)

Pair 2. (acid) (base)
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b) HyC04 + HyPOy &= H3zPOs + HCy04"
Pair 1. (acid) (base)
Pair 2. (acid) (base)
) HC,0f + CHiCOOH == CHCOO + HyCy04
Par 1. (acid) (base)
Pair 2. (acid) (base)
9.  Findthe conjugate acid of each of the following. Make sure you have the charges correct:
a HCOO conjugate aCidiS .....c.coevrvereennnne
b) POs conjugate acid i ..........oevvneene..
c) OH conjugate acid iS .......cccvrvevenne.
d) HyBO3 conjugate aCid iS ....cccerververeennene
e HYO conjugate acid iS .......cccvrvrveunee.
10. Find the conjugate base of each of the following. Make sure you have the charges correct:
a HxCO3 conjugate baseis ......ccccveevereenene
b) HCyO4 conjugate baseis.......ccoeeeevennene.
c) HSOz conjugate base s ......cccveeereeene.
d HNO> conjugate base is ......ccocvevereenen.
e HyPOy4 conjugate baseis .........coeveerennee
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11. a  Writethe three equations showing the stepwise ionization of boric acid (H3BO3).

12.

13.

14.

Step 1.

Step 2:

Step 3.

b) Givetheformulas and the namesfor the amphiprotic anions formed in this process.

Formula Name

Formula Name

If theion HPOs2 was to act an acid, it would form

If the ion HPOs2 was to act a base, it would form

How can you recognize an amphiprotic anion?

Check answer s starting on page 4 of Tutorial 14 - Solutions.

Thisistheend of Tutorial 14

Make sure you ask for help with anything you don’t under stand!
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