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Introduction

The chemistry textbook - for the sixth scientific grade represents the final
stage n the serics of chemistry books for the secondary level - at its
intermediate and preparatory level. The committee in charge of writing this
book made an effort to implement the objectives and terms stipulated in the
following:
the content of the book have a direct and close link between the chemistry
curricula at the secondary level and its counterparts at the undergraduate level in
all branches. The book includes modern theories and principles. and practical
and mathematical applications for most of them.

This book includes an introduction to mathematical relations in chemistry that
students used in previous vears. It includes eight chapters. The first chapter
deals with the chemistry of the thermodynamic and its three laws related to
energy, equilibrium, and thermodynamic functions. The second chapter explains
the topie of chemical equilibrium, which introduces the topie ol onie
equilibrium covered by the third chapier, As lor the fourth chapter, it dealt with
the topic of oxidation, reduction, and electrochemistry, where a full explanation
of electrochemical cells, their types. and Faraday's laws were presented. The
fifth chapter deals with the topic of harmonie chemistry. As it explains the
principles of this topic from the harmonic complexes, their nomenclature and
theories. The sixth chapter deals with the methods of qualitative and
quantitative chemical apalysis and their ramifications from the gravimetric and
volumetric analysis processes. The last two chapters dealt with the topics of
organic chemistry of substitution compounds and biochemistry. The book's
chapters covered the different branches of chemistry, analytical, inorganic,
physical, organic, and life, to qualify students for entry to the undergraduate
level. And they have a solid scientific base in which to complete their scientific
LCATELT,

The committee appreciates the efforts of the scientific experts, Dr. Fadel Salim
Matta and Dr. Tagi Al-Din Hadi Hamdan.

The committee also thanks Mrs. Kholoud Mahdi Salem for her assistance in
carrying out this work. Likewise. the committee sincerely hopes to provide the
General Dhirectorate of Curricula on its website with evervthing serious
contribution to raising the scientific level of chemistry for our dear students ...

Allah is the Grantor of success

Authors
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THERMODYNAMICS CHAPTER-1

ACHIEVEMENTS
After completing this chapter, the student is expected to :

* Define thermodynamics, energy, units of energy, system, environment, universe, types of systems, dynamics,
heat, heat capacity, and specific heat concepts. They try to define the heat of reaction measured at constant pressure.

* Learn what enthalpy means and its relationship with heat of reaction and also units of enthalpy,

¥ Decide whether the reaction is endothermic (heat absorbing) or exothermic (heat releasing) with respect o the
sign of enthalpy.

* write the heat equation with respect to rules and 1ell its difference from chemical equation.

* Differentiate standard enthalpy of reaction, standard enthalpy of formation and standard enthalpy of combustion
CONCapls,

* Learn the methods to calculate enthalpy of reaction.
* Leam entropy and free energy concepis,
* Define absolute entropy, standard entropy of formation and leam how to caleulate Gibbs free energy.

* Understand Gibbs free energy equation and decide the direction of reaction depending on enthalpy and entropy

valies.
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I-1-PREFACE

During our studies, we have encountered a few types of energy. For example,
heat energy, electric energy, mechanical energy, light emergy, noclear energy,
chemical energy, e, These different (vpes of energy are stored inside all mai-
ter and they are released when the matter changes form. Alibough types of en-
ergy are different, a type of energy isn't independent of another. Linder certain
conditions, a type of energy can be ransformed into another,

Thermodynamics is the branch of science which studies energy and its trans-
formation. For example, it studies the transformation of heat energy from com-
bustion of fuel inte mechanical energy which runs the engines. Thermodynam-
ics explains many phenomena, The most significant of those are:

I-The reason of occurrence of chemical reactions

Z-Estimvates the chemical and physical changes that one or more substances
undergo under certain condilions

A-The reason why some reactions cccur sponlaneously while some don't under
the same conditions.

4-The reason why the energy accompanying reactions is sometimes given o
redetion while sometimes it i= refeased as a result of the reaction

On the other hand, thermodynamics isn't inferested in time factor in which
reactions ovcur. 1t only studies if o certuin reaction (or more generally, i any
change will ocour) will occur or not. The rate of change is in the feld of kinet-
105,

We can gencrally divide energy info two., One 15 potential energy, the other is
kKinetic energy, Portential energy includes chemical energy stored in all sub-
slances and fuels. Kinetic energy 15 the energy which molecules, moving water,
cars, planes, missiles and others have due to their movement. For example, the
potential encrgy in water is transformed into kinetic enerigy if its movement
starts from the top of a fall. Resulting energy can move blades of 4 turbine to
produce electric enengy, Therefore, the first law of thermodynamics states the
following:““Energy can be neither created nor destroved, from scratch
but can change form.”

1-2-UNITS OF ENERGY AND TEMPERATURE

According w Inernational Svstem of Units {51, the unit which defines energy,
Joule (s svmbol 1) is shown as follows:

1] =1 kg.m'/s’

Kg is kilogram, m is meter, s 1s second,
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In thermodynamics, unit of lemperature is Kelvin (K ). This unit is converted from TR

cenhgrade (“Cy according 1o the Tollowing equation;
TK)=t"C)+273

1-3-50ME THERMODYNAMICS TERMS

The most imperant thermodynamics term is thermodvnamic system, This is
a part of the universe we are studying. System consists of substance or sub-
stances which participate in limited physical and chemical changes within cer-

tain boundaries, The area ouiside these boundaries is called as surroundings, ey i

Svsiem and its surroundings are called as universe, Here we will use the term 2

cluster,

Cluster = System + Surroundings

We can divide system into three accord- SUBEROUNDINGS

ing o the relationship between svstem Energy and matter

and surroundines. These are: e it AT, interchange occur

|-Open System 1 =
SYSTEM

If the boundarics allow matter and eneny

interchange between system and surround-

ings, sysiem is called as an open syvstem. s
For example, boiling water in a metal ¢ e
BOUMNDARY

container. Weter is distributed around sur-
roundings as vapor. Besides, heat of water
is also released. That means there is an interpction of matter and encrgy.

2-Closed System

If boundaries allow only encrgy interchange but doesnt change the amount
of matter, it is a closed system.

A metal container which is tightly closed 15 a good example. In this case,
alibvoueh heat of water 15 refeased through surroundings, the amount of water
remains unchanged.

3-lsolated System

Only energy Interchange occur

If system boundaries allow neither energy nor malter interchange with 15 sur-
roundings, it is called as an isolated system. Thermoses are good examples as
they prevent heat and amount of matter being released from system.

Phvsical states of matter as number of moles of substances in the system, phys-
ical variables of avstem which can be observed and measured, volume, pres-
sure and temperature are called as system properties.

l-4-HEAT

Heut 15 ome of the common energy Wvpes in our datly lives, We show heat with
(i), Heat is the energy change between two objects with different degress of
temperature, Temperature is a measurement of heat energy. Lost or gained heat
enerey of any object 15 directly proportional o chenge in degrees of tempera-
fure. Change 15 shown with [A).

M energy and matter
interchange occur

< 7 >
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Table 1-1

Specific Heat values of some
substances at 25 °C
Suhstances Specific Heat

Water(liquid) | 4.18
Ethyl alcohol | 2.44
Water (solid) | 2.01
Water (gas) |2.03
Beryllium 1.83
Magnesium | 1.023
Aluminum [0.90
Calcium (.65
lron 0.45
strontium 0.30
Silver 0.24
Barium 0.20
Lead 0.13
Gold 0.13

Exercise 1-1

205 J of heat wos given to 10
g of magnesium metal, The
termperalure was raised from
2350 ta 4550, Calculate the
specific heat of magnesium.

Answer; 1.03 Vg ”C

«<_ 38 »
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AT=T,-T
T, is final temperature. T, is initial emperature, The relationship berween heat

and temperature can be written as follows:

(1 q=AT

In order to convert this ratio to an equation, AT is multiphied with a ratio con-
sfant called as heat capagity (Ch

(2)q=C % AT

Heat capacity is the amount of heat necessary to increase the temperature of m
gram mig) of substance by 1 “C. Its unit is (J/°C). Heat capacity 15 related to

specific heat { S )™ with the following relationship:
(3)C=gxm

Specific heat 15 the amount of heat necessary o increase the temperature of |
gram of substance by | C. s umit is (1'g."Ch By inserting value of C in Equa-
tion 3 into equation 2, we get the following relationship.

q (J) =5 (1g.°C) *x m (g) > AT (°C)
Example 1-1

What is the amount of heat i (KJ) unit necessary (o increase the temperature
of 870 g of piece of iron from 5§ *C to 95 *C? (specific heat of iron (145 1/g.*C)

Solution:

Change in degree of temperature:
AT=(T.-T)"C=(85-5)"C=9"C

Heat g is calculated using the following equuation.

g (43 =g (Mg."C) * m (g} = AT (*C)

g {J) =045 (Mg C) = 870 (g) = 90 (*C) = 35235 ]

The amount of heat consumed by piece of iron is calculated as kJ:

l{kJ)
10048 ()

k)
1000 (1)

qikd}=q () =

qikJ) = 35235 (J) = 2 kJ

I-S-ENTHALPY CHANGE

Most of the chemical reactions occur under constant pressure, Few reactions
oceur at constant volume, Therefore, constant pressure is preferred to constant
vilume while measurmg heat accompanying chemical reaction. Under con-
stant pressure, the change in heat of reaction 15 called as enthalpy of reaction
15 shown with (H} and enthalpy change 15 shown with AH. This value is equal
Lo the heat of reaction under constant pressure. In other words

)
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g, shows measured heat under constant pressure.

When a chemical reaction is considered as a system, enthalpy change shows if
the reaction is endothermic (heat absorbing) or exothermic (heat releasing), If
enthalpy of reaction is shown with AH , we can express the following:

-If AH, is less than zero (AH < 0) or (AH_= -}, the reaction is exothermic.
-If AH is greater than zero {AH = 0) or (AH = +), the reaction is endothenmic.

It seems that change in enthalpy of reaction is ¢ to the following equation: ,
¥ W ol & The reaction occurring during

ﬂ.H' = AH (Products) - AH (Reactants) explosion of fireworks is exother-
Mmic.
1-6-STATE FUNCTION
Without considering the path followed, the property or amount which depends
on the difference between initial state of system before change and final state of
svstem after change iz called as state function. As an example for state func-
tion, enthalpy can be given. Later we will see ather functions as entropy, free
Cithbs energy, eto. (Figure 1-1)
Figure 1-1
State function depends only

on the initial and final states
of the system. It doesn’t
depend on the path the sys-
tem follows. In the picture,

The increase in potential encrgy that
occurs when a mountain climber climbs
from hase 1o the top does not depend
on the path taken.

Values of heat or work change with respect to the conditions of experiment
change. Therefore it isn't accepted as a state function. Heat and work is related
1o the path followed and steps during change occurs, It is impossible 10 mea-
sure their state functions, But the amount of change (A) of these functions can
be measured, For example, we can't measure absolute value of enthalpy but we
can only measure enthalpy change. Thus:

AH = AH_- AH,

i means final and 1 means initial.




Attention:

When the word {En:l‘g‘;‘}

is writen at the reactant

side. the reaction will be
endothermic, but if it writen

at the product side the reaction
will be Exothermic.

«_ 10 »
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I-T-GENERAL PROPERTIES OF SUBSTANCES

Cieneral properties of substances are divided mto two:

1-Extensive Properties:

Tt includes all propertics related to amount of substance in the sysiem as mass,
volume, heat capacity, enthalpy, entropy. free enengy, ete.

2-Intensive Properties:

It includes all properties which are independent of amount of substance in the
swalem as pressure, depree of temperature, density, specific heat, @i,

Tt is undersiood from above thal enthalpy 15 a state function. [T 15 an extensive
property as it depends on amount of substance, Thus, the enthalpy change of
2 moles of a substance is (wice the enthalpy change of 1 mole of the same
substance,

I8-THERMOCHEMISTRY

Thermochemistry is the branch of science which studies energy change (ab-
sorbed hear or evolved heat) that results from physical and chermical chang-
es. In simpler words, thermochemistry deals with calculation of enthalpies of
chemical reactions and physical changes. As we have mentioned before, if the
valuc of AH are negative, reaction is exothermic; if the value of AH_ are posi-
tive, reaction is endothermic. [f we assume a reaction as a system, an exother-
mic reaction releases its energy from system to surroundings. This is shown in

the following chemical reaction and physical change,

EHHHJ-F D—‘-Iw — IH.O,, + Energy Chemical Reaction
jf:{jliu:- - II!':'|I| . E-I'lﬁl‘g_:,' Ph}'ﬂ-i.l-:ﬂl Cj'bﬂl]gﬂ

In an endothermic reaction, svstem absorbs emergy from surroundings. The
following chemical reaction and physical change can be given as examples.

2HgO,, + Energy — 2Hg, + 0O, Chemical Reaction
H.O .+ Energy — HO

ih

Physical Change

If we write the word “energy™ beside reactants, reaction 15 endothermic; if we
write it beside products, reaction is exothermic.



- | 4 [—
‘ 2y(g)+ Oyl | g+ Og)
Exothermic reacton Sﬁ!&_m fgmm}; reaction System
releases heat to sumoundings absorb energy from
% surrounding
: :
i |
‘ W00 | HeOi) I
_MI F 0 o ﬂ._H * ] .
AH =- AH -

I-9-MEASUREMENT OF ENTHALPY OF REACTION

In 4 chemical reaction and physical change under constant pressure, an instrument

called as calorimeter is used in order to measure the heat of reaction {enthalpy of

reaction)which is absorbed or released. There are many types of calorimeters

In this container, enoueh amounts of substances to react are placed. : Thermometer

A calorimeter is a container which contains water with a known mass, E ) - Spark-generating

Water is placed in a very well isolated container.  Figure 1-2 shows one of : erEﬁ._ o

calorimeters which measunes enthalpies of reaction. As the released heat in- R AR AR :
Exterial

crepses the temperature of water and calerimeter, iF the hem capacity and

| container
r “:-ill]uil.'l.[
syateml

| Water
Ikminwi |-.1u.1=]

content of calorimeter is known, heat can be measured through increase in

lemperature,

|pitermal containes

Example 1-2

{closed system)
3 g of glucose CH O was placed inside a calorimeter. Then interaction m‘f Beaiics
vessel was filled with oxygen gas. This vessel was placed in the isoluted
container, laolated container was filled with [ 200 g of warer. s T —— i"_“l"l'ﬂ“"
stirrer

Initial temperature was 215C, After burning the mixture, the temperature of the

calorimeter and its content was rnised to 25.5 *C at the end of the reaction. FigﬂrE 1-2
Calculate the amount of heat released as a result of burning 1 mole of glucose i o
) o ) . Calorimeter vessel which is used w
in kI /mol unit. (Heat capacity of the calorimeter can be neglected). measure enthalpies of reaction,

{Molecular mass of glucose is 180 g'mol) (Specific heat of water is 4.2 1/g.°C)

« 11 _»®




Exercise 1-2

When 3 g of hydrazine (N H ) was
burnt i a3 calofimeler containing
1000 g of water, the temperature was
raised from 24.6°C 10 28.2°C. By ne-
glecting the heat capacity, calculate
the released heat from burning of |
mole oF hydrazine in kKl'mol unit. (Molar
mass of N.H, = 32 wmol) {Specific
heat of water = 4.2 Jig."C)

Answer: =161 k)mol

L ARV

[ Chapter - 1 | E—

Solution:

Difference in degrees of temperature
AT = {TI.-TI} C=(255-211°C=4.5°C

As heat capacity of calorimeter was neglected, the amount of heat can be cal-
culated using the following relationship.

g =g {Fe."C) * m (g) = AT ("C)
g} =42 (lg C)y= 1200 (g) = 4.5 (°C)= 22680 ]

Az we would like 1o calculate the amaount of released heat, this must have a
negative sign. That 15 equal to (-22680 1). This i= the amount of heat released
through burning 3 g of glucose, To find out the amount of heat released from
buming of | mole of glucose, we use the following relationship between num-
ber of maoles (n) and mass (m).

mig 30
Mi{gmoly 180 {g/mol)
Therefore, the amount of heat released from buming of 1 mole of glucose is:

22680 )
g= ———— =-1334118 Vmol
0.017 maol

As this heat was measured in a calorimeter under constant pressure, it shows
the enthalpy of reaction

AH = g, = -1334118 }J/mol

=0.017 mol

ni{maol)=

The unit of enthalpy 15 J/'mol. In order to find out the value of enthalpy in kJ
unit, it is converted as follows:

1(kJ
mol) = AH(J! i
AHiklmaly = AH(Jimol) = 1000 ()

1(kT)

AH(k)mol)=-1334118 (J/mol) » ——
LS moty 000 0y
= -1334 kl/mol
Therefiore, the amount of heat which was released throuzh buming of | mole

of glucose : -1334 KJ/maol

I-I-THERMOCHEMICAL EQUATION

Writing of 2 thermochemical equation {which defines a chemical reaction and
i physical change) s different from writing odher chemical eguations, The fol-
lowing rules must be followed while writing a thermochemical equation:

|-The sign of change in enthalpy which accompantes a chemical reaction or
a physical change must be written, The positive sign of enthalpy shows that
reaction or change 15 endothermic, For example, the melting process of ice is
shown as follows:
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L o— HO AH =6 klimol
That means o melt | mole of ice under 1 atm pressure and 25°C, 6 Kl'mol of

heat is absorbed. Absorbed heat can be written along with reactants (left hand
sider of the reaction) and inserted into the thermochemical equation:

H.O,, + 6 klimol — H.0
If the sign of enthalpy is negative, it shows the reaction is exothermic. The
following reaction 15 an example:

CH, +20, - CO, +2H,0,  AH =-890klfmol

Hgh Nig)

(1]

That means when | mole of methane gas 15 burnt at 25°C and under | atm
pressure, 890 kl'mol heat is released. Released heat can be written along with
products if it is released during thermal reaction. Therefore, the reaction above
can be rewritten as follows:

H:Om |CH-H.5|-+E'DE¢|;1
i p[‘t}'Ei:E;HI chanpe Excthermic Reaction
% AH: = +6 k]/mol AH: = -890 k]/mol
o »
L
L4
Melting of ice 15 endothermic
H:Oh COxg+2H20m _ phenomenon, whereas burning
S — of methane gas is an exother-
EH f 2 gﬁ ‘_: {_] mic reackion

I- Physical states of reactants and products need to be written. For this purpose,
some letters are used, These are: s (solid), | (liquid), g (gas). ag (aqueous). The
reason for this is that shsorbed or released heat can change with physical states
of reactants and products, The following example shows this clearly:

1

H, + 50, —HO, AH = 2286 kl/mol _

Attention: lem 3 is one of ap-
H,*t é 0,,—HO,, AH = -242 kl/maol plications of Laplace’s Law.

For any chemical reaction or
i- If the reaction (chemical reaction or physical change) 1s written reverscly, physical change, the amount
the sign of enthalpy of reaction changes (from negative to positive or vice of heat released is equal 1o
versa), . the amount of heat absorbed.
HO, — HG,  AH=6klmol but with opposite signal.

HO, — HO,  AH=-6klmol

«_ 13 >
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4- If two sides of the reaction are multiplied or divided with a certain coeffi-
clent, the same process needs to be done with the value ol enthalpy.

HO, — HO,  AH=#6klmol
M0, — 2HO,  AH=2* & klmol = 12 ki/mol

I-11-STANDARD ENTHALPY OF REACTION

The value found under standard conditions which are 25°C and fatm pressure
is called as standard enthalpy of reaction and shown with AH - symbaol. These
conditions are different from standard conditions (STP) which is0°C and 1 atm
pressure while dealing with gases.

Let™s write a thermal reaction which includes all properties mentioned above,

CH,,, +80,, — 5CO, +6HO, AH®=-3523 kiimol

1

We can read this as follows:

| mole of liquid pentane [C:_Hi_:] was bumnt with 8 moles of oxymen gas. As a
result of the buming process, 5 moles of carbon dioxide gas, 6 moles of liquid
water and 35323 kJ of heat were released under standard condifions, 25°C and
Latm pressune.

1-12-TYPES OF ENTHALPY
1-12-1-5tandard Enthalpy of Formation

The heat which is necessary (absorbed or emitted) to form 1 made of compoumd
from its components under standard conditions 15 called as standard enthalpy of formation.
It is shown with AH symbol, Here, the mast stable forms of elements under
standard conditions are taken. According Lo this, the most stable form of hydro-
gen is gas, whereas mercury in fiquid and magnesium in solid forms. These are
measured a1 25°C and laim pressure {standard conditions).

For example, carbon element can be found in graphite and diamond forms.
But graphite is ils most stable form. Sulfur s found two stable Tomms: rhombie
sulfur (8, ) and orthorhombic sulfur (58, . ) But thombic sulfur

i5 the most stable form.

According to IUPAC system, standard enthalpy of formation of all elements is
equal 10 0 KI'mol in their standard forms (the most stable form of an element).

AH " (Element) = 0 k}lmal

Orevgen in gas form is the most stable. In this case, the following relationship
can be wrilten.
Al Ir':' (0. = 0 klmol



—

In the same manner, if graphite 15 more stable than diamond, the following
relationship will be correct,

AHF (C_ b= 0 kl/mal

Thermodynamics )

Table 1-2
Standard Enthalpies forma-

tion of Some compounds

The formation equations of some substances are given below:

[

AH,
l
H'—'ﬂ:u: + 2 l_'}lxm —b H'—'[]III EHIF{H!{}{IIF = -Eﬂﬁ- k_l."l'.l'l'l.'ll Cﬂmpﬂu nd :k] i 'DD]:I
% H;‘-'sl I 2[“}2491 ' I_I F'“"--q- IIIFﬂhll Al Il:&“ I.‘lpuml:l = -|2?F} k.f-"]ﬂﬂl IAIgzs| L -32
Eaﬂﬂ&h -1219
Mgm + EI:._,,. - Mg_('_‘l:w ﬂHI?{Mg{L’!E”} = 642 kl/mol EaClm., _795
CH -75
('-lmnhlrl & IDJ!.I e CD!IL-I ﬂl'H'r&{':‘I::i"-l.g.lj = -394 kl/mol it
CH,OH | 239
Table 1-2 shows AH, values of some compounds. While writing thermal equa- Co _304

L s s : 3 Y, 2,
tions, rational numbers are used o show formation of 1 mole of sought com-
pound, Therefore, we change the mole numbers of reacting substances. E:HE.n + 227

AH, is the enthalpy of | mole of compound by taking mosi stable forms of CH 125
elements under standard conditions. But AH* standard heat of reaction of any e
compound might not be equal o AH - standard enthalpy of formation. For ex- CHSDI e -770
ample, AH ~ of the following reaction is equal to -72 k. KCIO -391

LELT]

HJ"E' G Erlf.ll B 2I-"E!T'il.lr ﬂ'H'E— =-12k Mﬁsﬂhl. -1278
ITwe consider this equation, 2 moles of HBr was formed at the end of the reac- H.O - 286
tion, Therefore, the half of this heat -36 kJ is the heat released when | mole of 2
HBr is formed from iis most stable elements. The standarcd enthalpy of forma- ik - 242
tion of HBr compound is as follows: HNO, , 173

St
[ (Y 1_ [ ﬂ _ -
AH*(HBr)= 5 AH®= —% kl/mol =-36 kJ/mol HBr 36
HIL = 126

This is obtained by dividing the both sides of equation by two.

1 L
TH, 4 5 Br, —HBr

Example 1-3

As the standard enthalpy of formation of benzene AHNCH = 49 kl/maol,
write down the thermochemical equation to make AH" = AHYCH )
Solution:

I mole of (C_H_) must be formed from the most stable form of its elements at
25°C and | atm pressure.

6C, ey + THy — CH

3
e hse )

AH == AH? (C,H,) = 49 k}/mol

L]




( Chapter - 1 ) S—

Exercise 1-3 Example 1-4

As standard enthalpy of formation  Wyhich of the following reactions has a standard enthalpy of resction AH,

AH,"of sulfuric acid (H:504) 15 which is equal to standard enthalpy of formation AH, of formed compounds?
i-814 klimaol), write down the ther-

mochemical equation to make 1y4Fe  + 30, = Fe 0, AH?=-1625k]

ﬁH'. = ﬁl:hltHlﬂﬂl}l 3} E-!Fﬂﬂlh-l ! DHEI o CGNL'I 'ﬁHrﬂ = -394kl
NCO,_ + 50, —CO,, AH® =283 k]
Solution:

Exercise 1-4

As standard enthalpy of forma- Reaction |: Standard enthalpy of reaction isn't equal to standacd enthalpy of

tion of hydrogen fluaride (HF) is formation of Fe, (3, compound, because 2 moles of substance have been formed

AH"(HF)=-271 ki/mal, ak the end.

‘-"'“i'-“{l“['* standard '*“”"“]F‘.'f'_f-'f Reaction 2; Standard enthalpy of reaction of CO, compound is equal tw its
rﬁctfm AH * of the following standard enthalpy of formation. Because | mole of CO, has been formed from
reacion. the most stable form of its elements.

HII’:_I L Fglj.':l = EH F'ih:l

Resction 3: AH_ isn't equal to AH CO,. because the reactants aren’t in the
Answer: -542 kJ gt stable form,

Answer: ks reaction (2)

1-12-2-Standard Enthalpy of Combustion

Combustion reactions include reactions of substances { fsels) with oxygen. In
biological svstems, food is accepted as fuel. When food i decomposed (com-
busted) in body, carbohydrates are transformed to glucose sugar. One of the
methionds of heating houses or cooking is via combustion of butane gas. Com-
bustion of 1 mole of butane gas vields <2873 kJ of energy according to the
following equation:

II—

CH,. + 50, —4C0, +SHO, ~ AHZ=-2873 ki/mol

LTTH
Most cars run via combustion of gasoline in their engines. Gasoline is usually
shown as octane (C_H ). A= a resalt of combustion of 1 mole of octane, 5471
kJ of energy is released.

CHH o 11_{ ﬂ.‘ul - E{"D:m ¥ qH:Dm .-ng' =~5471 kJ/mal

T4k
Another example of combustion reactions is the reaction hetween hyvdrogen
and oxvgen.

I
H El : ?O:I;I_} H:U

hi | ih

AH: =-286 kl/mol

Combustion of hydrogen supplics energy to space shuttles.

Standard enthalpy of combustion & shown with AH - symbol. Standard com-
bustion is defined as the heat released through combustion of 1 mole of any
substance under standard conditions (25°C temperature, | atm pressure). In
Table | -3, standard enthalpy of combustion values for some elements and com-
pounds are shown,
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Elements oxides are formed from combustion of elemems with oxygen,
Through combustion of organic substances, carbon dioxide gas, liquid water
and heat 15 released. For example. combustion of glucose (CH O} in body
supplies necessary energy for biological functions of body.

CH O 460, — 600, +6HO ~— AH?=-2808 ki/mal

The main condition to make sure that standard enthalpy of reaction AH be-
come equal to standard enthalpy of combustion AH ' is combustion of 1 mole
of substance with enough oxvgen.  Most of combustion reactions are
exnthermic reactions

Example 1-5

Write down the chemical reaction of combustion of liquid ethyl alcohol
(C,H,OH) using the Following data, AH"(C.H.OH_ } =-1367 kl/mol

Solution:
To yield -1367 kl'mal of heat, 1 mole of liquid ethyl alcohol (€ _H,OH} is com-
busted with-enongh E‘I!-

CHOH +30, —+2C0, +3HO0,
AH! (CH,OH, ) - 1367 k] /mol

1-12-3-Enthalpy of Physical Changes

Matter 15 in a cyvele of changing states. The process of transformation from lig-
wid 1o gas form is called as vaporization, The heat necessary Tor vaporization of
I mole of any substance is called as enthalpy of vaporization. It is shown with
ﬂ.‘ri\_ps_wnhu!. For example, 1 mole of liguid water absorbs 44 kJ of heat while
transformed into water vapor, The equation for the reaction is given below:

vaporization
—_—

HO,, HO, AH =44 kl/mol

The opposite of this reaction that s the transformation of water vapor o liguid
water is called as condensation. The symbol of enthalpy of condensation is
AH - As vaporization is the reverse of condensation, the value of AH__ is the
same as AH___and with an opposite sign.

condensation )
HO == HO, AH__ =-44kl/mal

Cme of the physical changes is the transformation of substances from solid to
liquid. This is called as fusion. The heat necessary to transform | mole of 2olid
substance to liquid is called as enthalpy of fusion and shown with AH__.
For example, the process of transformation of 1 maole of ice to water occurs
through absarption of 6 kl/mol heat,

fusion
HO ——— HO, AH  =6klmol
The opposite of fusion is crystalhzation. The enthalpy of crystallization s
shown with AH_  symbol. Transformation of | mole of water from liquid to
solid i shown in the following equation.

Table 1-3 Standard enthalpy of
combustion values AH - for some

elements and compounds.

Substances  kj | mol

C.H.0,.. 5644
CH,., -5471
E.H,Iﬂﬁ_] _2808
CH__ -2219
CH, -891
E:lﬂﬂlll-n -394
H‘z:! b -286
C,Hsﬂﬂ‘,’ ~1367
E,H“} -1411
S1 LI _ 298

NH, _383

Exercise 1-5

As AH (C.H,) = - 2219 kJ‘mol,
write down the combustion reac-
tion of propane gas (CH_).

«_ 17 »
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crvstallization
—

H.O

L}

H.O AH_ = -6 kl/mol
As a summary of what is mentioned above can be given in the following rcla-
tionship:

Pyl

AH,_ =-AH_ and AH =-AH

The sign of enthalpies of vaporization and fusion is positive. In other words,
heat is absorbed (endothermic) to realize these reactions. The sign of enthalp-
ies of condensation and erystallization is negative. Thal means heat 15 released
{exothermic) during these reactions,

Exercise 1-6 Example 1-6
As enthalpy of vaporization of liguid ammaonia is 23 kJ/mol, what is the value

As enthalpy of fusion of solid of enthalpy of condensation?

acetic acid (CH,COOH) 15 5.11
kl/mol, calculate the enthalpy of Solution:
- : N ] e 1 " L
erysialliasnion of thi neil. The vaporization equation of ammonia is as follows:

Answer: -5.11 klimol
vip

NH, K ———= MHW .-iﬁ.EI-IuP =23 kJ/'mol
As condensation 15 reverse of vaporization:
NH oo

ot = AH == 23 kd/mol
1-13- METHODS OF CALCULATING STANDARD
ENTHALPY OF REACTION

1-13-1-Hess's Law

It 150"t possible to form some compounds from their elements directly, be-
cause cither the reaction oceurs so slowly or some unwanted side products are
formed. Therefore, the values of AH of this kind of reactions are measured
indirectly, This method depends on Hess's Law |, According 1o this lnw,

the total enthalpy of chemical reaction is the same whether
the reaction is made up in one or several steps (equal the sum of
enthalpies of intermediate reaction,

In other words, if we can divide the reaction into a series of reactions, the value
of AHof the main reaction can be calculated, Because AH depends on the
initial and final states of the system. It doesn’t depend on the path the reaction
follows, Hess's law is similar to the ascension of an elevator in an apartment
building from the 17 floor o the 6" Qoor either directly or stopping at each
floor, The result is the same in both situations,

For example. in the reaction of carbon (graphite) and oxygen and forming car-

bon monexide, the released heat can’™ be measured direcily,
€+ 3 0y, = €O, AH =

“igraphiiei
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The reason is that the formation of CO, can™t be prevented. But the heat re-
leased during full combustion of carbon {-g__ruph:'tc]- with oxygen and the heat re-
leased during combustion of CO and forming CO, can be calculated as shown
in the following equations,

Cigraphite} + Qg
1Y C iy T Oy — €, AH = -393.5 kl/mol ¢ L
2)C0,+ 30, i;'C":.,“ aH* = -283 klmol AH® = ~1105 kI
The formation of OO from graphite C and O, doesn’t contain 00, Therefore, Y
we need to eliminate CO,. For this, we can reverse Eguation 2. E OOy + %E&l’m

1 & AWt =
3)CO,, — O+ 50, AH # = 383 kJimol - e
AR = <2830 k)
As chemical equations and values of enthalpies can be summed just as algebra-
ic equitions, we can pet the following by :mmming (1) and (3)
D, i T Oy = €O, AH ® =-393.5 kl'mol R
3)C0o,, —Co, + ’—ﬂ,, | AH® = +283 klimol . S S
I & _ =

4) C1whm+ ?ﬂiEi—rCﬂm AH = = =113 kl/mol Figure 1-3

This :qu.utlrm 15 the same as the reaction equation between C . and O, We can divide the enthalpy of forma-
whose AH_ value is wanted. That means this reaction occurs along with | lD 5 tion reaction of 1 mole of CO from

kl'maol of h:al: release. Figure 1-3 shows what has been told above, the regction between {me and ﬂ:
[gas) into two aceording fo Hess
Example 1-7 Law,

Calculate standard enthalpy of formation of main elements of TS, | compound
from its most stable forms.

C +28 — 3§,

e IrEambic 1]

AHACS, )= 7 klimol

Thermal equations and values of enthalpies are g[\'m Below.
DT o H0, GO AH © = -394 kJimol
2)S gy * Os — SOy, AH® = -296 KJ/mol
3 C8,,+ 30, —FCCI 250} AH ®=-1072 klmol

Sk Jjgi

{graphing b

Solution:

If we examine the equation which we want to find out the value of
AH{CS, ), C5, " is on the products” side. But in Equation 3 it is on the reac-
fanis" side, Therefore, we reverse Equation 3.

4)CO, +280, —CS, +30, ~ AH?=+1072 k}mol

The equation in which the value of AH"{CS,) is wanted, it contains 2 moles of
5. Therefore. we need to multiply Eq. 2 by 2.
5)28 +20,., — 280 AH " =2 » -296 kl/mol = -592 k]

irhiomihich

gl

« v »




Exercise 1-7

Calculate the standard enthalpy of
formation of the reaction in which
acetylene (CH, ) is formed from
itz main elements,

:f'llz_rlrhil.n =+ H:hl gi —# ':-'-"-'H-B'IE'I‘

f!l-Hrn ﬁC'L-T'I;:.“_.-.] ="TE]

The following thermal equations are
grven:

1Y € it + Oraggy —+ COxyy

AHS = -394 klmol

|
:.:l J.'IJ"_” + _-;_ ﬁ]m. "'H:ﬂﬂl
AH® =286 klmol

3’ IC!Hj{H?*j'}HH_l —
400, +2H0,,

AH® =-2599 kl/mol

Answer: 3255 LlYinal

Exercise 1-8

When benzene (C H, } is burni in air,
it yields carbon dioxide gas and liguid
walter, Calculate the AH ® value of this
reaction according to the following.

AH ( CHyyy) = 49 Klimol ,
AHE ( COyy) = -394 klimol ,
AH® (H0y,) = =286 klimol

Answer: -3271 kliimol

«<_20 >

{ Chapter - 1 | —

I we add Equation 4 and 5 with Equation 1:
)€,y + 0y, — CO AH = -394 kJ/mol

g i) Jral

4)CO, + 280, —+ (S, +30,  AH” =4 1072 kl/mol
5128, e, + 20, —+ 250 AH® =502 kJ/mol

(L= g

+28 (S AHSICS, ) =7 kl/mal

“{graphiwe) irhombics A

This equation i the same as the equation which we want (o find out the value
of AH (TS, ). Therefore;

AH, (CS,, )= -394 kJ + 1072 kI + (-592 k1) = 86 kJ
1-13-2-Using The Values of Standard Enthalpy of Formation

In order to calculate (AH, ) enthalpy of reaction, the AH, values of compounds
can be used.

aA+hB — gl; + hH
We use the fellowing relatsonship to caleulate the AH - value of this reaction.
AH ™ = X n AH (Products) - £ n AH (Reactants)

n is number of moles of reactants and products. £ means total. The calculation
of AH value of the thermal reaction above can be done as follows:

AH = [gAH] (G)+ hAH, (H)] - [aAH, (A) + bAH, (B)]

Here what we will pay attention is that the enthalpy of formation AH_ of the
ot stable form of any element 15 equal (o zero. As mentioned before,

AH, {(Element) =0 kJ/mol
Example 1-8

The reaction of aluminum and iron (111} oxide compounds occurs as follows:

2"‘!"‘1r-| * FE.'UHﬂ. i "q'lﬂm ¥ EF"-:"..:I_ -l"'l-I'ir':I =7kl

HEY]

Calculate the standard enthalpy of reaction using the following.

AH; (ALO, ) =-1670 kl/mol

ETEY ]

AH, (Fe 0, ) =-822 kJ/mol

Solution:

The following can be written using the relationship above.

AH" =X n AH_ (Products) - £ n AH, (Reactants)
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AH, = [AH] (ALO, )+ 2AH (Fe )] - [24H, (Al ) + AH, (Fe,0, )]

AHMAL =10 because the most stable form of aluminum is the solid form, Epﬂﬂhﬂﬁﬂus Fﬂ'ﬂ{:-EEE
However, under standard conditions, iron is in solid form,
Therefore, ﬂH;{F.:m] 5 ZECD,

-
]

._1

AH = [{-1670) + 2 (0)]kFmol - [2 (0) + (-822)]k)/mol

= -B48 kl/mol

N !?I“
~—

1-14-SPONTANEOQUS PROCESSES
These are physical and chemical reactions occurring by themselves without
any outside factor under certain conditions. The reactions occurring autono- Non-Spontaneous
mously at a certain ternperatune, pressure or concentration are called as spon= rocess
taneous reactions,
The following can be given as examples for physical and chemical sponta-  Spontaneous and Non- Sponta-
NEQUS processes. neous Processes
=Water drops frorn a Tall downward bat the oppogite s impossible.
-Flow of heat from a hot ohject 1o a cold one, the opposite doesn 't occur.
=Lump of sugar dissolves in coffes spontaneously, but dissolved sugar can’t
solidify by itself. o
~Freezing of water at 0°C spontaneously, melting of ice at 0°C and 1 atm. .
-Rusting of iron spontancously when objected to oxygen and moisture; but
rust of iron can't transform into fron. i
-While a piece of Na forms NaOH and hydrogen by reacting with water, H, l
and NaOH can’t form water and sodium by reacting. A !
-While gas in a vacuumed container expands spontancously, gas molecules . :_:-' ......... =3
can't accumulate in a container spontaneously. Figure 1-4 o P 7
As seen in these examples, while some processes occur spontaneously in a R A
direction, they can't occur spontanesusly in the opposite direction.
Why do some processes occur spontangously’!

Omne of the most suttable answers which can be given for this question is that
along with spontaneous processes, a decrease occurs in the energy of all sys- Sy
tem (less energy means more stability). In other words, final energy of system wih ' e
i5 less than the initial energy, This case explains the fact that heat flows from a -

het object to a cold one and water drops from top of a fall. R

-

Muost resctions which cause decrease in energy sre exothermic reactions. For
example, combustion of methane under standard conditions:

CH +2U,I — 0, +2H.0 AH %= -800 kJ
Sigl g it 1] r

Hjui

ﬂE"I

Acid=-Base Meutralization Reactions:

H +0H — HO AH % =-56 kI ; ,
faql (=) Ha ; A) Self- Expansion of gas in a vacu-
With respect to given examples, can it be said that spontaneous processes are oo container

1 1 7
always exothermic reactions? By All gas Molecules can not accu-

Answer: mulate in a container.
It isn't possible to generalize this hypothesis for a very simple reason, because

there are some spontaneous phyvsical and chemical changes despite being en- Figure 1-4
dothermie.

« 21 >
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For example:
Drssolution of ammonium chloride (NH,Cl) in water is an endothermic process
and it ocours spontancously.

NHCL  — NHH"W+CI'M AH® =+14 k]

Decomposition of mercury oxide (He()) occurs spontaneously and it is endo-
thermic.

2HgQ)  — EI-Igm + {}:ml AH* =9 Jd

Melting of ice iz an endothermic process but it occurs spontanecusly,

H.O H.O, AH, =6 kl/mal

Yaporization of water 15 an endothermic process and it 15 spontaneows.
HO, —— HO AH =44 klimol

=1l 474m

With respect to examples above, we can sav that an endothermic process can
be spontaneouws. But we can't generalize this statement, because there are many
reactions despite being endothermic they don't occur spontaneous |y

In other words, we can't decide if a reaction occurs spontaneously or not by just
looking at i being endothermic or exothermic, To decide this, we need a new
thermodynamic function called as entropy,

I-15-ENTROPY

Entropy is a thermodynamic function .which is defined as a measure of the
vandomness or irregularity of a system Its symbol is (8). The disorder in
all reactions-whether spontaneous or not-is called as entropy.

It shows to which extent the disorder of svstem has reached, As the disorder

w increases in the system, the value of entropy increases. As the system becomes
"::7# miore ordered (disorder decreases), the value of entropy decreases,

Entropy is a thermodynamic function which is similar to enthalpy and its only
change in entropy can be measured.
- AS=8.-8,

fﬂﬂ Here, 5 is final entropy and 5, i« initial entropy.

Iri-all sponianesus reactions amd physical processes. disorder increases. For
Order [ S|

example, ammonium chloride dissolves in water spontaneousiy.

NHCl, — NH, _ +Cr AH® =+14 kJ

o dmmpl LT

In this dissolution reaction, the salt decomposes to its jons. These ions are more
disordered than ammonium chloride molecules. When liquid water vaporizes,
vapor molecules become more disordered than liquid water molecules. Liguid
water molecules are also more disordered than ice molecules. Generally, the
% entropy of pas state is alwavs bipger than the entropy of liguid state. The en-
ropy of liquid state has a bigger value than the entropy of solid state, Fig. 1-5

Disorder T 5 T The increase in the entropy of system occurs with an increase in distribution of
encrgy. A change in physical states of the system changes its entropy.

< _ 2 »
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In solid state, molecules are ordered and closely packed. When fusion starts,
these atoms or malecules start moving and they get out of crystal lattice and
disorder increases. Thus, a shift from order to disorder occurs. As a result,

entropy increases too. Similarly, entropy of system increases in vaporization.

This increase is greater than that of meliing process, The reason 1s that atoms
and molecules in gas state distribute more to fill all the space they are inside.
Frequently entropy increases in reactions occurring in solutions. For example,
when sugar crystals are dissolved in water, the ordered structure of sugar is dis-
rupted. Therefore, disorder of solution 18 greater than that of pure solvent and
pure solute. When an ionic solid as sodium chloride 1s dissolved, the increase
in entropy depends on two factors. These are:

A- Preparation of solution {Mixing solute and solvent)

B+ lonization of solid compound

Heating increases entropy of system. Because heating does not only increase
displacement motion of molecules but afso increases rotational motion and vi-
bration. Besides, with temperature increase, all energy types which depend on
molecular motion also increase. Therefore, heating increases disorder of sys-
tem and its entropy.

&th } &Sill ’ a5|:¥|

~ i | 2 s ¢
L]
il =
. p v —— L ™
l-lv.‘[.- R
» s 0
WIS - ‘
= S ]
Solid Liquid Gas

Entropy of gases is greater than
that of liquids, Similarky, entro-
pv of liquids 1 greater than that
of solid substance,

Figure 1-5

<_ 23 >




Some reactions in which entropy
InCreases.

Figure 1-6

Exercise 1-9

How do the entropies of the (ol
lowing systems change?

A- Condensation of water vapor

B- Formation of sugar crystals in
supersaturated solution

(- Heating H, gas from 20°C to
BiC

= Sublimation of solid wodine

< _ 24 >
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Fusion of a solid subslance
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Example 1-9

For the following processes, estimate if change in entropy (AS) is greater or
smaller than #ero.

A= Freezing of ethyl alcohol
B- Vaporization of liquid bromine
(- Dissolution of glucose in water

3- Cooling of nitrogen gas from 80°C to 20°C

Solution:

A- Freezing means transtormation of liguid ethy] alcohol o solid ethyl alco-
hol. As molecules are more ordered  in solid than liguid. change in entropy is
smaller than zero (A<,

- While liquid bromide is transformed to bromide vapor, the disorder of mol-
ecules increases. Therefore, change in entropy s greater than zero {AS=0),
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i- Because solid glucose molecules disirnbute in water, disorder increases. Table 1-4
That means change in entropy is greater than zerol AS=0). standard entropy values for

some clements and compounds

[ Cooling of nitrogen gas from 30°C to 20°C decreases disorder of nitrogen
mctecules. As & resull, entropy decreases and change of entropy 1% smaller than

zero (AS<D). Substances S K mal)
1-15-1-Calculation of Standard Entropy in Chemical Reac-
tions H:I'}.I. 70
. - _ HO 189
Thermodynamics allows calculation of value of standurd entropy (87) in all BI i
chemical elements and compounds, Using this value, we can measure change Fat, 152
al standard entropy of reaction {AS ) in 4 chemical reaction, We use the fol- Fe
lowing relationship for this: " 7
AS " =X n 5 (Products) - £ n 5" (Reactants) E:ilmnll: 2
n means number of moles of reactants and products, £ means total, " graphite | &
For the following general chemical reaction; CH 186
'I 1
aA+bB —s G + hH EHE
b Y 230
The change of standard entropy of this reaction (A5 7) ¢an be writlen wsing the e
relationship above as follows: ""E,., 43
A8 =g S(G)+h S (H)| - |aS(A)+ b S (B) Ba pu
il
Table -4 shows standard entropy values for some elements and chemical 0
compounds, Acecording to International System of Units, unit of entropy is HE 205
Jl; Kol - a,, 223
LA A=
v co,,, 214
Calculate change of standard entropy of reaction (AS ") of the following reac- Fe.0)
ton at 259 and 1 aun standard conditions. Fhm 87
200, + 0, —2C0, CH, 201
LEF = 3 =T i = ¥ y
S%CO) = 198 JVK.mol, SUCO) =214 VK. mol, {::Hml 220
5°%(0Q,) =205 JK.mol
' Cu.’iﬂml [
Solution:

Exercise 1-10

Calculate change of standard entro-
AS = [257(C0O,)] -[25(CO) + 5(0,)] py of reaction (AS *) of the fol-
lowing reaction at 25°C and | atm
standard conditions,

AS  =-173 JK.maol 4Fe, +30, —2Fe O,

According to;
S%(Fe.0;) = 87 I/K. mol,
S%0,) = 205 VK.mol,

In 180, a scientist named Gibbs developed a relationship between enthalpy 83(Fe) =27 K. miol

i H) and enteopy (5). This relatonship enables us (o estimate whether a reaction B e

occurs spontancously or not simpler than relying on using enthalpy or Answer: -349 I/K.mol

entropy values separatlely. Gibbs proposed a new thermodynamic Function

which s enlled e “Oihhe fres snee

AS " =En 5 (Products) - £ n § (Reactants)

.-‘f'l.Sr' =[2 =214 JVK.mol] - [(2=]198 + 205) J/K.mal]

1-16-GIBES FREE ENERGY

« 2 D>
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Table 1-5 The symbaol of this function is G. 1t defines the maximum energy which can be
: ¥ : e obained from measurement of AH and AS at constant temperature and pres-
Values of Standard Free Gibbs ; 7
Energy of Formation Of some aure, Change in Gibbs free energy AG is defined as follows!
Compounds (at constant emperature and pressure) AG = AH - TAS
ﬂGn Free Gibbs Energy (sometimes called as free enerey for eased is a function just
f Substance like enthalpy and entropy. It is a real function which shows if physical changes
k]l /mol or chemical reactions occur spontanecuszly or not. The sign of Gibhs Free En-
( )
ergy is commented as follows;
173 CH
A -If value of AG is negative {AG=0), reaction or physical change occurs spon-
¢ A ge P
-300 80, taneously,
-137 CGLI, -If value of AG is positive {AG = 0), reaction or physical change doesn’ oceur
304 spontaneously (the change or reaction ocours spontaneous|y at opposite direc-
o LiEs tion).
87 N'D,h -If value of AG is zero (AG = 0), reaction or physical change is at equilibrium.
52 NO A . _
348 NaCl 1-16-1-5tandard Gibbs Free Energy of Reaction
Standard Gibbs Free Energy of Reaction which is shown with AG ® symbaol is
-95 HCl the change m value of free energy if a reaction occurs under standard condi-
- tiors {25°C temperature and 1 atm pressure). In order to caleulate AG ® for any
-53 HBrum reaction, values of Standard Gibbs Free Energy of Formation AG S are used.
_51 CH =Standard Gibbe Free Energy of Formation is the amount of change in free en-
4R ergy when | mole of any compound is formed from most stable forms of its
-33 CH elements under standard conditions (257C ternperature and | atm pressure. )
T It is possible to caleulate value of AG ™ by a similar equation to standard en-
68 CIH. thalpy of reaction from standard enthalpy of formation values. It 15 as follows:
-1576 MJGM AG” =E n AG, (Products) - £ n AG " (Reactants)
741 Fe O n is number of moles of reactants and products and £ is total,
el For the following general reaction:
-110 AgCl aA+bB —> gG +hH
-318 Zn0 The change of standard free Gibbs enengy of this reaction is as follows:
-229 H,O o AG” =[gAG, (G)+hAG, (H)| - [aAG, (A)+bAG (B)
-237 Hzﬂ . Table 1-53 shows values of standard free Gibbs energy of formation of some
i compounds. Here what needs attention 15 that AG ® values of most stable forms
-271 HFG, of elements are equal o Zero.
2 HI : AG, (Element) = 0 kJ/maol
Lh¥
-33 st g Unit of standard free energy is {1/mol) according 1o International Svsiem of
= Units.
_ll;r NHlllr
-604 Ca0

«_2% P
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Example 1-11

Calculate standard free Gibbs energy of the following reaction under standard
conditions, 25°C and | atm pressure. Also tell il the reaction cecurs spoenta-
neousty or not under these conditions,

EC'}HMJ+ HD:{;n — IEDJ:I_51 + EuH:Dm
Crivens:
ﬂ.Gr“{EnHH“} = 173 kl'mol, iﬁ.{ir“'[['(]}w] =304 kl'mol

AG2(HL0, ) =-237 klmol

Solution:
AG T =EZnAG (Products) - £ n AG (Reactants)

AG, =[12AG, (CO,) +6 AG, (H,0)] - [2AG, (C,H,)+ 158G, (0,)]

AG =[12 = (-394 klmol) + 6 = (-237 kJ/mol)]
=[2= 173 kl/'mol + 15 = 0]
Al = -0496 kJ

Az the result is negative, the reaction occurs spontaneously,

1-16-2-Application of Gibbs Equation and Direction of
Chemical Reactions

Ciibbs equation is accepted as a very impartant equation which enables us 1o
understand properties of chemical reactions. The equation is also related 1o
changes which occurs in properties of system.

AG=AH-T AS

Because using AG values saves us from calculation of changes in enthalpy
and entropy. According to Gibbs equation, change in free energy (AG) in-

¢ludes two important factors which affect if a chemical reaction can ocour
spontaneous]y or oo,

First Factor

Reactions mostly work towards the dircction with the lowest energy (enthal-
py L I value of AH 15 negative, inother words excthermic, the possibility of
spontaneous occurrence of reaction increases.

Second Factor:

Reactions mostly work towards the direction with the highest entropy. 1f val-

ue of AS iz positive (if disorder increases), the possibility of gpontangous o¢-

currence of reaction increases, Positive value of AS causes value of Al being
negative,

Thermodynamies )

Exercise: 1-11

Calculate standard Gibbs free ener-
gy of the following reaction under
stundard conditions, 25°C and 1 atm
pressure. Also tell if the reaction
ooeUrs spontaneously or not under
these conditions.

MO, + Oy INOy,

Givens:

AG (NO) = 8T klimol,

AG 7 (N5 ) = 52 klimel

Answer | -T0 kl'mol
Spontaneoms
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If we put aside temperature, there must be a relationship as follows between
Pwo factors mentioned above for a reaction oocur spontanecusly. (AH < Oand
AS =)

Ciencrally, AH and AS symbols affect values of AG in 4 ways:

[-IFAH and AS have positive values, when TAS is bigger than AH, AG will
be negative. This condition occurs when T is high.

2-1F AH is positive and AS is negative, value of AG will be always positive
independent of the effect of temperature T.

a-ITvalue of AH is negative and AS 12 positive, value of AG will be negative
independent of the effect of temperature T,

3-1f both values of AH and AS are negative and if value of TAS i5 less than
AH, value of AG will be negative. This condition occurs only when T is low.

The temperature which causes negative AG values in Situation | and 2 de-
pends on real values of AH and AS of system, Table 1-6 summarnizes possible
effects defined below,

(e IFd Factors effecting on sign of AG in AG=AH-TAS

AH 05 fute] Example
% P Reaction occurs spontaneously at high tempera-
ture, It occurs spontanecusly in the opposite
direction at low temperatures. IHEUI,I_"'IHEHI ‘-'n;lm

AG is always positive. Reaction does not occur
spontaneously at all temperature, I occurs Spon-
taneausly in opposite direction. SDJm._.'zDJ-...

Al iz :]]'I.\':l}'!-: negative, Reaction occurs sponta-

neously at all temperature. IHJGLI._-' IHIGJ. "ﬂ!

iR

* = Reaction occurs spontancoushy at low tempera-
tures. It ocours spontaneously in opposite direc-
tion at high temperature.

NH_ _ - HCl.m_" NHC

Under standard conditions 23°C and 1 atm pressure. when AH " and AS " are
measured, Gibbs equation can be used as follows:

AG"=AH"-TAS®

[ X
T
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Example 1-12

Explain the following startn from Gibbs equation. Exercise-1-12
Self-dissolution of sulfar dixide gas in water with releasing heat. Explain the following startn
from Gibbs equation.
Solution: Non-decompaosition of
Dissoiving (dissolution) process of sulfur dioy is an exothermic wedber b te eletnent wrides
process (releasing heat) so that AH = (-) has a negative value. swndard cond bz

Dissoiution process of the gas accompunying with decreasing in
the entropy (transformed from disorder to order)
so that AS = (-} has a negative value.

From the equation
AG=AH-TAS

AG = (-AH) - (-T AS)
AG=-AH + T AS

AG = (-) as this process Is spontaneous.

At the low or normal tempertures, the value of AH is greater
than TAS so AG=( - ). and dissolving spontaneous,

That mean the enthalpy is the determining factor for the
spontaneity of this process,
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Exercise-1-13

Calculate the value of AG® of the
following reaction under standard con-
ditioans, 25°C and 1 atm pressune.
{'I‘HI.'III+ H‘:'.'Ifl =5 5{'::]3.!;- i {lH .'{-:Illl
Linder standard conditions, the value
of enthalpy of reaction AH © was cal-
culated and the following resull was
obtained:

AH " = =3536 Klimol

Besides, AS ® was calculated and the
following resull was oblained:
A5 ® =374 VK mol

Answer: -3647.5 kimaol.

Attention:

While solving this kind of questions,
we shouldn’t forget that units of AH *
and AS * aren’t the same. Therefore, we
need to convert unit of entropy from
JK.mol to enthalpy unit kK. maol.

(

Chaptar- 1

Example 1-13

According to the following data,

CHOH +30, — 200, +3HO,

Substance AH" kl/mol | 57 J'K.mol

f:'EH.'IZ.']'H,;,I -278 161

O i 205

CDM' -394 214

H.'Dﬂ; =286 70
Calculate the following values for the reaction under standard conditions.
A)AH®
B)AS©
CAG®
Solution:

A) Caleulation of .iHr"'
.ﬂHr' =Zn ﬁHl"thduﬂls} -In &HI'{Rl:&cianlsl

AH = [2AH] (CO,)+ 3 AH] (H0)] - [AH] (CHOH) +3 AH (0,)]

AH

[2 % (-394 kl/mol) + 3 = (-286 k)/mol}] - [-278 kl/mol + 3 = 0]

-1368 kJ/muol

AH,

B) Calculation of A5

AS =L n 5 (Products) - £ n 5" (Reactants)

AS = [25(CO,) + 35 (H.0)] - [S$'(C.H,OH) + 35" (0.)]

AS" =[2 = 214 VK .mol + 3 = 70 VE_mol] = [161 JK.mol +3 = 205 VK mol)
AS  =-138 I'k.mol

I(kJ}
1000 1)y
I(kJ)
L0 (1)
AS (kK .mol) = -L138 kJ/K.mol

AS (kVK.mol) = AS (J/K.mol) =

AS (klVK.mol) = -138(1/k.mol) =

C) Caleulation of AG ®
Let's change temperature from centigrade { C) unit to Kelvin (K) unit.

TR)=t{'Cy+273=25+273=298 K
As the value of AG " is negalive, the reaction occurs spontaneously at 25 C
and 1 atm pressure,
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AG®=AH? - TAS®
AG®=-1368 kl/mol - 298 K « { -0.138 kI/K.mol)
AG #=-1327 kJimol

1-17-CALCULATION OF ENTROPIES OF PHYSICAL
CHAMNGES

In the previous chapters, we have defined standard enthalpies of physical
changes as enthalpy of vaporization AH__ and enthalpy of fusion AH_ . Be-
stdes, we know that substances change from solid to liguid at melting tem-
perature T . Substances change from liquid to gas at boiling temperature T,
Melting and boiling temperatures are at equilibrium between solid or liguid
vapor and atmoespheric pressure, That means value of AG at these tempera-

tures is equal to zero. Therefore, Gibbs relationship can be written as follows:

AG=AH - TAS
0=AH,_-T,AS,

We get the following from this relationship:

tr means tronsition. For example, substances changes from solid to higuid at
melting temperature. Therefore, melting equation will be as follows:

L ﬁl[lu:
Faz T

AS

fus means fusion. Substances change from liguid to gas at boiling tempera-
ture. Therefore, the vaporization equation above can be rewritten as follows;

AH
AS, =

'l'.lrl T

=]
vap means vaporzation. We need o haghlight that these equations ave only
valid when system is at equilibrium ( for example melting, vaporization and
sublimation).

Attention;

Here, there is another physical
change which isn’t mentioned, It

i5 the change of slate of substance
directly from solid to gas. This 15
called us sublimation. As enthalpy
of sublimation 15 a state funchion, i
is equal to the sum of enthalpies of
mielting and vaporizaiion.

Exercise 1-14

Caleulate change of entropy in
JK mol unit for water boaling
at | 00%C {boiling point).

Hi'uuu p— H:Gh-' 1
AH, =44 klimaol

Aonswer: 18 VK. mal
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QUESTIONS OF CHAPTER-]

| -1- Define the following terms:

System, surroundings, group, open system, state function, isolated system, joule, closed system, 17 law of
thermodynamics

| -2- What are the units of the following according to International System of Units (S1)?
Enthalpy. entropy, free Gibbs energy

| -3- What are the meanings of the following terms?

Thermochemistry, exothermic, endothermic

| -4- What does state function mean? Give two concepts as examples for state function. Give a process which is
not a state function but process function.

[ -5-Cinve the reason for the necessity of wnting physical state while writing thermal reactions.
| -6- What is the difference between specific heat and heat capacity? Tell the units of each concept,
| -7- What is the difference between intensive and extensive properties? Give examples for each,

| -5- Writeabout the calorimeter which is used to measure absorbed or released heat where pressure {qr} that is
enthalpy (AH) is constant.

| -9- Caleulate the specific heat of a picce of silver which has a mass of 360 g and heat capacity of 86 1/°C.
Answer: (1L.24 1ig."C

F=10- 350 g of mercury was cooled from 77°C to 12°C, Calculate the released heat in kJ unit.
Specific heat of mercury = (L14 Vg *C

Answer: 3.2kl

| -11- The temperature of 34 g of ethanol was raised to 79°C from 23°C, Calculate the amount of absorbed
heat. Specific heat of ethanol = 2.44 Jg,"C

Answer: 4479.8 ]

|-12- While heating 4.5 g of gold pieces, 276 1 ol heat was gbsorhed. 11 the initial temperature was 25°C, what
15 the final temperature? Specific heat of gold = 0,13 l/g.*C

Answer: 496.58°C
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1-13- Find the value of AG " in the following reaction:
2C0, +0,, —2C0,
Crivens:
AHACO)=-1105k)imol,  AH 5CO,) =-393.5 ki/mol,
57(0,) = 205 VK. .mol, SO0 = 198 VE.mal, SO0 =214 VK. .maol,

Answer 1 -5144 k)

1-14- When 1.5 g of acetic acid (CH_COOH) was burnt in the calorimeter which had 750 g of water. the
temperature of the calorimeter and its content was raised from 24°C to 28°C, Calculate the amount of heat
released from combustion of 1 mole of acetic acid by neglecting the heat capacity of the calonmeter. (Molar
mass of acid= 60 g/mol) (Specific heat of water= 4.2 g.”C)

Angswer: -504000 Fmaol

1-15- What are the standard reaction conditions in thermochemistry? What are the differences between those
and standard conditions used for pases?

1-16- 2.6 g of acetylene C_H, (M= 26 g/mol.) was put in a calornimeter. After burning the substance, 130 kJ
heat was released. Caloulate the standard enthalpy of formation of acetylene. The following data is given.

ﬂ;Hr“i {_,'{_}I_.:I = =393 5 kl'mol, ﬂHr"iH:{_H = =286 k) mol
Answer: 227 kl/'mal
1-17- Calculate the change in standard enthalpy of formation AH ® (ALO, ) and standard enthalpy of combus-
tion AH “(Al) for the following reaction.
AAL + F00g — 2ALO AH " =-3340 k]
Answer: -16T0 kI'mol: -B35 Kl'mol

I-18- Apply Hess's Law in the following thermal equations at 25°C and 1 atm pressure and tell its use in
chemistry.

1} Hazws + Clag — ZHC L P=-185 kJ

2]‘ EH:I:J + 'D.'lg.l — EH.'{.-.}!.gl .|'1'|H:I — 45’4 i'i.]
Calculate the AH " of the following reaction.

FHC L + Oy — 2C1aw + ZH2Oi - AH" =7 K
Answer: -114 kJ

<_3 >
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1-119- If the following thermal equations were given at 25°C and 1 atm pressure:

T ;: Naig + Oag— NOxw  AH" =33 kJ
2 N + 20020 — N2 AH =11k]

Calculate AH " for the following reaction
AWk g — N AH" =7kl

Answer: =55 kJ

1-20- Calcium carbonate decomposes according to the following reaction,
CaCQ,,, — Ca0 +CO,

Standard enthalpy of formation AH " of each of Ca(), COy,, CaCO,

is (<635, -393.5, -1207) k)/mol respectively, As AS " is 160 I'K.mol, Calculate;

1) AH " then draw its energy diagram.,

2y &G
3) At which temperature does the reaction occur spontaneously?
Answer: 1) 178.5 kl 2) 13008 k)i mol 3) Greater than 1115.6 K

1-21- Find AH " for Fe O, using the following data:
ZALO, — 4Al + 30, AH = 3340kl
2Al+ Fe, 0, — 2Fe+ALQ, AH=-B48 kl
Answer: -822 k)

|-22- Calculate standard enthalpy of formation of HPO, | compound using the following dats,
Psl i + dHN Oy = 4HPOR + IN:‘:'HE} .ﬂ-Hr" -THO kJ

AH," values of the compound are following,

«<_ 3 >
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AH? (PO )= -2984 kl/mal, AH" (NO,) = -43 kl/mol

el [1]
AH” (HNO,} = -174 kl/mol
Answer: -943 .5 kl'maol

I-23- Calculate the AS " of the following reaction at 25°C and | atm pressure;

Mg + IHz — ZNH5w

Using the following data,
57 (Na) =192 I'K.maol, 8 (Hz) = 131 1/ K.maol
§7(NHs) = 193 1/K.mol

Answer: =190 1K mol

1-24- What does spontaneous process mean? Give two examples for spontaneous and non-spontaneous pro-
CESRes.

1-25- Which of the fellowing processes occurs spontaneously”? Which not?

A= Dissolution of table salt in water

B- After opening the cap of perfume bottle, spread out of perfume in the room

C - Separating helium and neon gas mixture

I-26- Define entropy. What are the units of entropy according to International System of Units (S1)?
1-27- Caleulate value of AS ¥ in J/K.mol for the following reaction.

.
2R, +0,, —2HO,

Givens: AH " (H() = <242 klimol, AG” (H () = -228 kl/mol
Answer: -94 VK. mol
1-28- Caleulate AS " of the following reaction a1 25°C and | aim pressure;
SiHap + 202 — 8i0z26+ 2H20 g
Use the following data;
59(51H4) = 206 JYR.mol, §%0:z)= 205 VK. mol

SYUSIO:) =42 VK.mol, S(H:0) =70 FK.mol
Answer: -434 J/'K._mol

|-29- As the value of AS " of the following reaction 15 137 JVK.mol at 25°C and | atm pressure, and 5°(0,) is
205 VK. mol, what i5 the value of 57 of ((0,) ozone?
20, ,— 30,

Answer: 239 I'K.mol

| -30- Define standard free Gibbs Energy of formation and tell its units,
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1-31- Calculate the AH " for the following reaction by using Hess's law.

CO+2H, — CH,OH
Standard enthalpy of combustion of each of C0, H.. CH,OH 1s (-284, -286, -727} kl/mol.
Answer: -129 kJ

1-32- I the AH and AS values of the following reactions are known, find out the temperatures at which those
reactions ocour spontancously.

Reaction A: AS = +48 I'K.mol and AH = +]26 kl/mol
Reaction B: AS = -105 I'K.mol and AH = -12k)/mol
Answer: A: Greater than 2025 K
B Lessthan 1143 K

1-33% The following reaction .
CaCO, — Ca0 + €O,

is non- spontaneous at normal conditions. calculate in which temperature the reaction

will be spontaneous, at 927°C or 627°C
Givens : M—]f‘_ 1I785K] , AS°-160) K

Answeri ga7°C

1-34- Explain the following processes starting from Gibbs equation (AG = AH - TAS).

1= At what temperature dose ice melt spontaneously?

== Caleium carbonate spontaneously decomposes at high temperatures.

- Decomposition of mercury (1) oxide is always spontaneous at high temperature , not low temperature,

4-The water doesnt freeze spontaneously under normal condition.

«_ 3% W
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CHEMICAL EQUILIBRIUM CHAPTER-2

ACHIEVEMENTS

After completing this chapter, the student is expected to :

* Differentiate reversible and irreversible reactions.

* Understand how a reaction reaches equilibrium state.

* Discover the relationship between K and H.—- which are equilibrium constants,

* Learn the importance of equilibrium constants in order to tell way the reaction goes.

* Learn the relationship between the equilibrivm constants and equation writing method.

* Learn the result and the importance of the reaction.

* Understand the Le Chatelier Law, equilibrium state and the factors affecting equilibrium constants and

applies all those information to problems.

< 7 >
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2-1 REVERSIBLE AND IRREVERSIBLE REACTIONS

The interaction of two or more substances vields one or more new sabstance’s.

differ in their characters This process is defined as a chemical reaction.

Chemical reactions are shown through chemical equations.

Chemical equations demonstrate the changes which substances undergo

in order to produce new materials via formulas, The arrow sign in the equation

shows the way the reaction works,

Chemical reactions are divided into two: Reversible reactions and trre-
versible reactions, During irreversible reactions one or two of the reactants are
completely consumption This is shown with a single arrow —s. For example,
when the fuel in o car s fully combusted, carbon dioxide and water are produced.
This process is imeversible. Because transformation of carbon dioxide and water
into fuel is extremely difficult or in other words impossible. These kinds of changes
are called one-way reactions. These kinds of reactions are complete and
irreversible, Below are some examples for those.

|- The formation of sodium sulfate salt and water by addition of sulfuric acid
imto sodium hydroxide
H:Sﬂm“ + jmaﬂl-llu“—;- Ha?!iﬂ“““ +2H,0,

2= The formation of carbon dioxide through addition of hydrochloric acid into
sodinm carbomate.
Na CO, + .'-!Hlflmll - ENECIW +HO, + l.’_‘lljw

+F

The definition of irreversible reactions: These are chemical reactions in
which under certain conditions one or all of the reactants are consumption
products under the same conditions cannot change back into the substances
forming them.

The other tvpe of reaction  is called reversible reaction .

Dwring these reactions, products can reform the reactants while only

some of the reactants furn into products. In other words, reversible reactions
cannot be completed however long time passes by under suitable conditions.
Some reactants always remain in the reaction chamber. This situation is shown
by two reverse ammows in the equation =— .

There are many reversible chemical reactions, Respiration is an example. This
event occurs by gas change, The blood coming to lungs carry water and carbon
dioxide. The blood leaves these substances and loads up oxvgen, Then through
inner-respirtion, il leaves oxypen and reloads waler and carbon dioxide. Some
other examples are given below,

|- The formation of ethy] acetate and water through the reaction of acetic acid
with ethyvl aleohol,
CH,COOH, + CH,CH OH == CH,COOCH,CH, +H.O

2 In order to form hydrogen iodide gas in a closed system, the reaction of hy-
drogen gas and lodine vapor. H, +1, = 2HL,

3- In a closed system the decomposition of calcium carbonate salt into calcium
oxide and carbon dioxide, {.'[II.J?I

Cal'), == Cal +CO

" Hm)

«_ 38 P>
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4- Some physical changes like vaporization of water in a closed svstem, /
HO = H![“]'u,-:. S
Eepiblias
The definition of reversible reactions: These are reactions in which [ | TH,] T
products are changed back into reactants. Products have the capability of I'-! I " ;
reacting in order to reform the substances vielding them. g "‘k A ' i
X [
2.2 REVERSIBLE REACTIONS AND EQUILIBRIUM STATE: E Y )
As stated above, most of the reversible reactions continue in opposite ways / '"“'H.___ \
umder the same reaction conditions. For example, H, gas reacts with N, under I|" e
suitable conditions and forms ammonia (NH ) gos. In the beginning, the for- | :
ward reaction is fast in the way of producing ammonia, having R value (R, e .
is rate of forward reaction.) By the time, under the same conditions,; as the

concentration of ammonia increases, the forming ammonia decomposes into Figure 2-1
H,and I, at B rate (R s the rate of the backward reaction. ) Both resctions

continue until the rates of the reactions become equal (R, = R, ) Thus, the
reaction reaches chemical equilibrium,

Reversible reaction reaches equilibrium
after a while.

N_"l_ll T 3:H!u'l Nz}

l:I
== INH
k

h

1.3 HOMOGENEOUS AND HETEROGENEOQOUS REVERSIBLE

REACTIONS:
Reversibie reaction

1- Equilibrium reaction between solids:

Zn, + 5§, == ZnS,, 'Q } <

Reversible homogencous reactions are reactions in which reactants and prod- "‘ y _. — ': L
vcts are al the same physical conditions. The examples for those are given s i
below (Keep in mind that all the reactions occur in a ¢losed system) T""_l_,,‘ B
P |
i - e 7
|- Equilibrium rezction between gases: .. |‘ 3 ‘ b, ’
N0, = INO,
2- Equilibrium reaction in a snlutin:m; E “ ’ J =
HCOOH _+ CH.OH_ == HCOOCH, + H.O E %
: . spa

f. *. f. &

Regarding the reversible heterogeneous reaction are that reactions that in-
clude the reactants and the products in more than one phase and their exam- 1 ‘ v
ples in closed system;

w ‘ ‘
HO, == H0O,, F g lp

INGHCO, | == Na,CO, +H.0_+CO
Mg, + 0, == 2HgO

[N

, A
=1gl

|| ak
Reversible reaction reaches equilib-

rium after a while.
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-4 EQUILIBRIUM STATE AND LAW OF MASS ACTION:

At 445 °C, 2 moles of hydrogen iodide must be formed when a mole of hydrogen
gas and a mole of iodine gazes are mixed in order to form hvdrogen iodide gas.

H,,, *+ 1, == 2HI,,

But. when this mixture renches equilibrium, the analysis shows that 78% of HI
pas and 11%% of wodine gas and 1% of hyvdrogen gas 15 found. Similarly, at the
same temperature, if pure HI gas s heated, it decomposes into hydrosen and
indine gases. The mixture abways contains 78% HI gas and 11% iodine and 11%
of hyvdrogen at equilibrium,

The relationship between chemical reaction rate and reactions of substances 15
called Low of Mass Action. According o the low, the rate of a chemical reaction
is directly proportional to the molar concentrations of the reacting substances.
The male numbers in 2 balanced eqguation are used as exponents for these
conceniraiions,

When the law of mass action meniioned above 15 apphed:

B S S T

gy Lgy = kb 0B

According 1w law of mass action, the B and R rates can be shown mathemati-
cally as:

R‘ = kleIJlII]

R, -k (HIF

-5 EQUILIBRIUM CONSTANT:

Consider o reversible eguilibrium remction.

In the equation, A, B, G and H are reactants and products,

a, b, g, I are the mole numbers in the equation.
& According o the forward reaction, when we apply the law of mass action, the
= equation below is acquired.
=
= -k [AP[B
: R = Kk[AT'[B] ()
[+
o= - But, according 10 the backward reaction, when we apply the law of mass action,
“Forward K reaction rate & the equation below is acquired.
£ backward k_ reaction rate h )

¢t * R, -k (GFH] @
Figure 2-2
The cquilibrium state graphics k and k, is the rate constants for the forward and backward reactions respective-
for a gas mixture: It shows forma. Iy, When the eguilibrium 15 reached, the rate of the forward reaction is equal to
tion, decomposition and the rate of  the backward reaction rote.
reaching equilibrium. K. = R,. Figure 2-2, Thus we get;
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kiArB® - k(GF(H! o

If we wrrange cquation 3, we get the relationship below:

k. (GeE(H

k, T[A”[B? )

By the ratio of rate constants of forward and reverse reactions (k and k_ ), #
new equilibrium constant = oblamed which is called az equilibrium constant
]'Zw- Theretore, Equation 4 becomes as follows.

(G@EH®M

q = ——
Lﬁjn I B J|:| (=)

Equilibrium s the ratio of rate constant of forward reaction (k| to rate constant

of reverse reaction (k1. Therefore, The Equilibrium Constant is obtained by the

ratic of molar concentrations of products over reactants for a reaction that is ai

equilibrium. each is ratsed to the power of the number ol its moles in the

balanced reaction equation. This value remains constant as long as the temperature

doesn™ change,

At equilibrium, when the concentrations of reactants and products are mea-
sured as maolarity (M), equilibrium constant K_ is shown with K, Letter ¢ is
paken from the word congentrafion, Equilibrium constant doesn’t have a certain
unit. As equation 5 shows the melar concentrations of reactants and producis,
its equilibrium constant is expressed with K insteade of K. and written

as Tl lows:
K (GErH" -
[AP(B®

Exercise 2-1
Example 2-1

Caleulate the equilibrium constant K_ for the following reaction In an equilibrium reaction, the
equilibrium constant J"LLq 5 424
kf As the rate comstant of reverse re-
Nliﬁb I 3H1t5 # 21"']1’13(51 pction k, is 0.02. calculate the rate
¥

constant of forward reaction.k,

The rate constant of forward reaction kr i5 03,11 and the rate constant of reverse Answer: 0.05848
reaction ks given as (0035,
Solution:

0.11
.
<k, 0.05
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IFall the reactants and products are in gaseous form, with respect to their molar
concentrations, their partial pressures are measured more easily, Therefore, it
15 more suitable to tell the concentration of a gas vsing it pactial pressure (PL
Thus, equilibrium constant k. is shown as k_ (equilibrium constant in partial
pressure form . The amounts of the reacting 1.,1:.15::5 are 1old as their partial pres-
suTes, 50 in equation 3, the equilibrium constant of the gases is shown as below:

g h
K i P{-‘ A PH 17T}

P

a 5
2, x Py
The definition of equilibrium constant in ferms of partial pressures is the mulii-
plication of partial pressures of products ever multiplication of partial pressures
of reactants and the cocfficients of all gaseous species in the reaction are used
as & power, This value does not change at constant temperature. Tt is constant.

There iz a point here peeds some consideration: [n homogeneous regctions
where all reactants and products are in caseous state, the equailhbrium constant

is found through dividing multiplication of partial pressures of products only

- in gas form o multiplication of partial pressures of reactants only in gas form.
A (As shown ineg. T)
o L In equilibrium reactions which contain substances in different physical states,
= pure solid and 1iquid substances are ot considered while wl'i'cingh cquilibrium
L P constant, €.g as in sodium bicarbonate’s thermal decomposition reaction below:
-
Calily =,

B o o INHH{:{}_,I: Naﬁﬂhh + Hlﬂm+ CO

1EEr

B — Heterogencous reactions also reach equilibrium just as homogenous reactions.
For example, if sodium bicarbonate is heated in a closed container, the reaction

reaches equilibrium at a certain time,
o -l

A
| 2NaHCO,, «——=NaCO,, +~ H,0_ -+ CO
\2&: ‘_ Ee The equilibrium constant for this reaction is written as follows:
[ Na,CO, ][ CO,] [H,0]

L g

Figure 2-3

In spite of the chunges in the 5

amounts of Cat’0), and Cal), the pres- [ NaHCO, |

sure of T, at equilibrium remained

Constunt uf the same temperature. In equilibrium constant relationship, the concentrattons of solid and Lqued

suhstances are not written. Therefore, while writing equilibrium constant for
heterogencous reactions, concentrations of pure solids and liguids are not con-
sidered, Thus, the equilibrium constant for thermal decomposition of sodimm
bicarbonate 15 written as follows:

-1 CO,][H,0]

< 2 >
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Or the equilibrium constant in partial pressures (K ) is as below:

Kp B Pl:u, PH,{J

Anather example is the equilibrivm constant Tor thermal decomposition of cal-
cinm carbonate when the reaction reaches equliboum;

CaCo, CaO  + CO,

— i
y -
The equilibrium constant in terms of molar concentrations is writien as follows:
[ CO, |

In terms of partial prossures it is written as;

Kp = I:Ilﬂn1

The pressure of CO, at equilibrium 35 not afected from the change in the
amounts of CaCO, and Ca) and remained constant ai the same temperature.
figure 2-3.

Example 2-2
For the reactions below. write down the equilibrium constants in terms of molar
cm:n:num:inu:il{_ :

(1) IHE: = H + Br

T T %E g
(2) NO, . +HO, —= HNO,  +OH
(3) CaCO,, + ZH'CIMI1 -——‘Caﬂlmq] + m:.g. :ﬂqa.

Solution :

g [H1[Br)
*  [HBrp

K .[HHUIJLDH_j
: INO,;

K [CO,11CaCl ]
) [HCl
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Example 2-3
For the reactions below, write down the equilibrivm constants in ferms of par-
tinl pressures

(1) 3H, + N, = 2NH

g, gy = 3g,

(2) EHgﬂ] + O ZHgﬂm

™
Ligy =~

solution:
Prs
K -
. Y
K, = —
Py,

-6 CALCULATION OF EQUILIBRIUM CONSTANT K

When the reaction reaches equilibrium, e value of the equilibwium constant
can be calculated through the measurement of the concentrations of all reac-
tanis pnd products. These values are insected in the formula to write the equilib-
Fi.Ul'ﬂ constanl ol a constant em Pﬁ'.l'.l.llIJI'l:'. BI:L‘-H.IJSJE a1 comstant lemperatne, lb!l'
any reaction at equilibrivim state, the value of K remains constant independent
of the amounts of the reactants and products,

Example Z-4

Assume that the equilibriom reaction at a given lemperature is:

2CH, = CH, + 3H,

At certain temperature and at équilibrium, the concentrations ore
given below. Caloulate K for the reaction.

[CH,]-0.02%, [CH,]-0.05%, [H,]-0.1434

Solution:
A the molar concentrations at equilibiium are given, We cam wrile
the equilibrium constant relationship K | interms of K as below:

C_IGHIHT (005,043

K =
E I l::[—:[‘1 JI {ﬂﬂl )1
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Besides that, some questions may be asked in which the initial partial pressures Fyercise 2-2

of reactants or concentrations and the equilibrium constants are given, (Here, When the system reaches equilibri-
students should see the difference between the initisl concentrations L the voncenbmk s of reactants
The tabie consists of three steps, The first step is the concentrations or partial Fertle

pressures ‘of reactants before reaction (initial), the second step 1s the changes (NO 1 -0.0024

eccurring in the concentrations or partial pressures of substances during re- ik

action (change) and the final step is the concentrations or partial pressures of (NO, | =0.017 Y

substances after the reaction reaches equilibriom (equilibriumg.

; . For the reaction below, caleabaie
As show in the following example : K., ot 100°C

EIHITII'.Illl! 2-5 EWD.&E: E—E Nlﬂ.m

InalL container at 430°C, 0.5 mole of H, and 0.5 mole of L, reacts, The
equilibrium constant 15 found as K = 529, when the equilibrium is neached. AfSwer 597
Caleulste the concentrations of substances in mixture at equilibriom.

Hy, + 1, o= 2HI

Solution:
The initial concentrations of the reactants are calculated through the relation-
ship below using the volume of the mixture and male number,

nmol,
My =
VL,
0.5 ; mnl
(Hy] (L]~ 0 aemalit
I;L}
HII_“— Iihill # IH[-.I-n
Corcemraioss | ) [Hi] TI:F 2 HI
R SPOTE— 0.5 0.5 0.0
Chimgs in concenation x X
ol 0.5 x 05 x I
(HIpP
K sl I
= H L]
[ 2x1?
5.29 YRR - .ol o
[0.5-x)10.5-x)
[2x7
5.29 - 05X

«_ 5 >
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Taking the square roo of the cquation, we get the x value,
x = 0L267 moel/L
Therefore, the concenteations ot equilibrium are:

(H,1=11,) =0.5-0.267 -0.233 mol/L
[HI| -2 «0.267 - 0.534 mol /L

In some problems, the partial pressures or concentrations of the reactants and
pfler equilibrivm, the concentration or partial pressure of one of the reactants”
or products” are given, Then the eguilibrium constant is ssked (o be culculated.
Example 2-0

Inan l:xpl:rlmenL (625 moles N0, gos was decomposed ina 5 liters-contain-
er 4t a piven emperatine. When tht equilibrium is reached, remaining N0,

concentration is observed as 0,023 mol/L. Calculate the K value of the rr:a-:-
tiom. N0, == INOQ,

Solution:

We costvert the mode number in 5 libers (o the mole number i | Bter. Inoother
words, we caleulate the initial molar concentration of N0 gas,

ng mul; 0.625 (mol,

(mol /L, - = 0.125mol /L
VL, 5¢L)
1 'lr!r # IND
{Conmriations | INO | 3(NO, |
finitiad Cancentation 0.125 0,000
Chiangs in conoeargrabion X -~ 2%
Eoustr 0.125-x 2x

N0, concentration at equilibrium is equal to 0,023 molb/L. So,

0,125 -x=0,025=x=0.10mol /L
[NO,|=2x=2 X 0.10 = 0.20 mol /L

The equilibrivm constant relationship,

1 1
i INQ, ) . 10.20] . 1s

o IN,O,| 10,025
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Example 2-7
For the gas equilibrium reaction below,

e —— 250, +0.,
Inal liter- closed container at a given temperature, the pressure of 50, gas be-
fone decomposition is 3 atm, After the reaction comes to equilibrium, the total
pressure of the gas mixture is found 4 atm. Caleulate K value of the reaction
al equilibrium,
Solution:

i

[Pressure [ atm 280, 250, 0,
wibal Pressurs 3.0 0.0 0.0
[change in Fressure -2x +2x FX
cqubrm 3.0-2x 2x X

According to Dalton's Law, total pressure is equal o the sum of partial pres-
sures of gases in the mixture. If we assume the total pressure is P at equilibri-
um, pressure is:

PT=PEG3 + sz— P“::

4&{3—1x)-2}£+1

x-=1atm

P, -30-2x-30-2x1~1latm

3
Pm:=2.}c=2:-:l=2atn1
P'nz:x:latm
r. B, (2§ (1
KP - 2 i - 4

P ¢1y
50,

I-7-THE RELATIONSHIF BETWEEN K_AND K,
EQUILIBRIUM CONSTANTS:

There is a relationship between equilibrium constants in terms of partial pres-
sures K and in terms of molar concentrations K_ with respect to two equations
below:

K, - K_(RT)

By 5

i
o K _-K (RT)

Exercise 2-3
Faor the reaction helow:

0, =IO +0,
=gl 1g! I

13}

In a 1 liter-container, the resction
beran with 0.8 moles CO at g giv-
en lemperature. When the reaction
reached equilibrivm, the half of the
gas decomposed, Caleulate the value
of K.

Angwer: (1.2

Exercise 2-4

As the reaction’s equilibrium consfant
is k=200, in the gas reaction below,

3H, =N

1
F 4] ZiBk 3

2NH

LI ]

Different amounts of H, and W, were
put in & 1 liter-container. When the re-
action reaches eqguilibrium, 0.3 moles
of H, was used and 0.2 moles of N, re-
mained, What are the mole numbers of
H, and M. hefore reaction”?

Answer:
[Ma)= 0.3 mal
[H:]-' .4 mal

Warning! An_shews the difference

bepwesn mole numbers of reactants and
products only in gasenus form. There-

fore, £ subscript 15 used.

«_ 7 >




Attention: In this kind of
problems, we use the
R = 0082 L. atm'k . mil,

R: ideal gas constant

Exercise 2-5
For the following reaction
3H,  +N, == INH

KP-I-S =107 at 300 °C, caleulate K
for the equilibrium repction at the
=me lemperalurs

Amswer: 0.06

Exercise 2-6

In the following reaction, K =1.6 at
1060 =C,

Cit COyyy == 2C0,,

When the partial pressure of CO,
i= (L6 aum at equilibrivm, calculae
the partial pressure of CO at equi-
librivmm,

Answer: |0 atm

«<_48 P
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An_symbaol is defined with respect to the following relationship:
an. =k !'I'I:P'I'nd.ulztﬁ:l - L n (Reactants)

The relationship between K_and K_is as below:

|- 1f An is equal to 0, K =k,

217 An_is a positive value, K = K

3 Tl'é.nlr_ 1% 0 negative value, b-'.ll < h'.l

Example 2-8

In an reaction at 227°C, if ﬁnl' 1 b h'.x' 4.1, what 15 the value of
K7
.

Solution:
Firstly, we convert temperature from “C to K unit.
T(Ky=1,"Cy + 273 =227 + 273 =500 K

K, - K [RT/ - 4.1(0.082+500) ' -0.1

Example 2-9
The following reaction reaches equilibrium at 300 K.

NHJHS‘Ll = HH‘-llr J Hjsl’l.:l

The partial pressures of two gases are 0.3 atm when the equilibrium 15 set.
Calculate K and K

Solution:
T-'.F = Prn, % Prs = (0.3) = (0.3) = 0.09
.-j.nu = 1 I'I'I;FFD|:|.1.1|:|:51,I -da I'Iﬂ[RI:.E-I:‘LI]ntH:I =2-0=2

K, =K_(RTY™ =000 (0.082 » 300y = 1.5 = 10+

2-8B THE SIGNIFICANCE OF THE EQUILIBRIUM CONSTANT

Learning the value of the equilibrium constant s very important. [f we know
the value of the equilibrium constant, we can estimate the following properties
of the reaction:

A To determine the direction of the reaction

B- To determine the relationship between the equilibrium constant and the
meethod of writing eguation.

2-8-1 Finding direction of Reactions by using Equilibrium
Constant

If we take the simple example below:
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A = B
IFK, = 100, that means
B B
K -—=100 -—— = [B1=100[A]
© [A] [A]

Froam the Iast mathematical relationship, we conclude that [B]'s concentration
15 100 times bigger than [A]"s concentration, Therefore, the equilibrium shifts
to the direction where substance [B] is produced, or to the direction of prod-
ucts. This is especially preferred im industrial production.

Hut, ifh'.l_ = (.0 For the same reaction!

K S = .01 A = A]=100[B
— 0] =—— [A] = B
< [A] [A]

Here, at equilibrium, the concentration of substance [A] is 1040 times bigger
than the concentration of substance [B]. 5o the equilibrium shifis (o the direc-
tion of substance [A], or (o the reactaniz, As a general rule:

|- 1 the value of the equilibrium constant is very big, the concentration of the
products are very big. Hence, the reaction direction forward.

2- If the value of the equilibrium constant is very small, the concentration
of the products are very small at equilibrium. Hence, the reaction functions
backward,

J= IF the equilibrium constant is exactly 1 or a valve close o |, the concentra-
tiens of the resctants and products are equal or very close 10 being equal,

If the value of K is much bigger than | (K=>=1), at equilibrium, the concen- K>>1 Products
rration of the peoducts will be much bigeer than that of reactants. Thus, the
equilibrium shifts towards the products Figure 2-4.

Figure 2-4
IT the value of K 18 much less than | (K==1}), the concentration of the reactants K <<
will be much bigger than of products. Thos, the equilibrivm shifis towards the Reactanis Produsis
reactants Figure 3-5.

Figure 2-5

<_ 9 >
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Example 2-10

Using the equilibrium constants for the following reactions, estimate the equi-
libriwm siate

SR a5
2HF == H, + F, K -1:10

) X 15 ARy 15
250, + 0, == 250, K -8:10
3H,, + N, e= 2NH,_ K -1l
Solution:

1- The equilibrium constant for the first reaction is oo small. In other words,
the amounts of F, amd H, at equilibrium are so linle that practically this Kind of
reaction does nat occlr,

2- The equilibrium constant for the second neaction 15 too biz. That means the
reactants produce nearly 100% 50, at equilibrivm. The amount of (3, and 50,
that enters the rezction but does not interact is too little, Therefore Tﬁ'&ﬂifﬂ.”:;
this reaction occurs completely

3= The equilibrivm constant for the third reaction is almost 1, Therefore, af
equilibrium. the concentrations of the reactants (H, and N pages) and products
(MH, } are close to each other.

2-8-2-The Relationship between writing Equations and K,

Whatever the direction of equalibrium, the relationship inany equilibrium con=
stant depends on the eguation for the equilibrium reaction, Here, we will assign
3 rules for writing equations.

Rule: |

When a reaction’s direction 15 reversed, the new equilibrium constant is the
reciprocal of the first equilibrium constant.

For example, in the equilibrium reaction below:
f =ﬁ
Hi:!—a Cllusr IHGIJM

I'he equilibnium constant for this reaction is:

K - [HCI1
When we reverse this reaction
EHEIGI# H..+ @,
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The equilibrium constant for this reaction is writtén as follows: Exercise 2-7
— The egulibrium constant [or the
EH'CI. = H | ‘:I ol Lowwiii e e M P
(B3 e Lg ellowing Faseous reaclion 15

K =039a1227°C,
When we look at the two reactions above, the relationship between K and . 2

H.‘_,valu:.r. 15 as follows: E.Nﬂ_l ~ H,ﬂ:
rHI 11 'Elg] K ; = _L_ What is the value of K in the
@ [HCI ]i h K I [ollowing reaction ol same con-
¥ ditien.
Rude : 2 NO, = INO,
When a reaction equation is multiplicd with a cocfficient (e.g a number), the Answer: 0.0625%
new equilibrium constant is found as that coefficient is used as the exponent of
the first equilibrium constant, Let’s explain that rule with the following exam-
ple. Take the previous equilibrium reaction:
H, -+ = 2HCI
g lt:Ier:l = c (B
; — ; HCI
'he equilibrium constant is: K-cl = ;
[H, i Cl,]
I ik reaction s multiphied with % | the equation becomes as follows:
1 1
- —— =
2 Hzl:ﬂl : 2 Glirm = Hcilﬁr
The equilibrium constant for the last equation is shown as:
| HCI
5=
[4 |H2|I1|E]1FI:
If we examine K| and K _values, the new equilibrium constant K_, is equal 1o
the % exponent of the first equilibrium constant. Thus,
K, - {1{“}'” Y Kﬂ
Fule: 3
If the reaction is a sum of a series of reactions, the total reaction’s equilibrium Attention:
constant is equal to the multiplication of all reactions” equilibrium constants, carbon is solid material
For example, take the 2 equilibrium reactions below: e
not included in the
" 1 " - o [CO] equilibrium constant.
[LF] ; g iﬁ 1.5 cl oy
1 !_ ﬂl ]I_,l-
: . Lco,]
£ b p—
o, + 5 0,, = co,, K,

[col[0,]"
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Exercise 2-8

I male of HBr gas was put in a | liter
closed containgr, When the gas reac-
tion reached equilibriom at a given
temperature, soccording o the equa-
tion below, 0.2 mole of Br, gus was
produced, -

2HBr = H_, - Br_!

I another | liter-contaimer, caleulate
the mole number of HBr gas at equi-
librium state om reaction of 2 moles
of Br, and 2 mode of H, sccording o
the reaction below. '

H, + Br, = 2HBr

Answer; 2.4 moles,

Exercise 2-9

For the following reactions at
2000K, the equilibrivm consiants in
terms of partial pressures are given,

1 1
-'1_ Er?rF-+T FE-E:-# BrF.m
K = 150
! By +3F BrF
:_ LiEs 2 hﬁr# g
HP -2.5

Caleulate the equilibriwm constant
K, fior the reaction below:

Hﬂ:a.s. # BrFiHI + FLB:

Anmswer; (1,366

<_52 »
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If we sum up 2 reactions, we get the following reaction:

[ CO, |
[O,]

Thus, the third reaction”s equilibrium constant K 5 equal to the multiplication
of equilibrium constants K. and Kt K ~K_ * K,

i K, -

(o

Example 2-11
The equilibrivm constant for the following reaction is 0,36 at 100 *C,
N.'r'}-lu.'l 1'__‘ 2:“-}{}:"'

Al the same temperature, what arg the cquilibriuom constants for the reactions
bl

INO, =N0,

INo

Hyi — Nﬂ?ll"'

Solution:

The equilibrium constant for the first reaction:
(NO, 7

= —— = 0.36
IN,O, |

Ag the following equation,

=NO, ==N,0,
cal of K

is the reverse of the first equation, K, value is the recipro-

1H10‘3 1
INOP

I'he following eguation,

= 2.8

el

0.36

é N0, == NO,  isas same as the first equation, but it is multiphed by

5 . Therefore, the equilibrium constant for this equation is 14 exponent of the

first equilibrium constant.

INO, )
K. = __ -

I NIDI II 2

A 0.36 - 0.6
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2-9-REACTION QUOTIENTS

IF the concentrations of reactanis and produects are Known gt any lime during a
redction, reaction’s direction of equilibrivm state Tor that time can be estimared,
Faor this, a reaction quatient is calculaled which is shown with Q. This is an
imaginary value for the equilibrivm constant. It is used to determine if the reac-
giom, ai any time, has reached equilibrium or not. The same relationship used to
define K is dlso used for Q. The most imporant difference between the two is
the concentrations used in () do not necessarily have the values at equilibrivam
state, By the help of the refationship between k_and O3, the equilibrium state
ar reaction s direction can be estimated as follows:

|- IWK_= 0}, the system is at equilibrium. The concentrations of the reactants
and producis are at equilibrium, thus they will remain constant,

2- 11 _Is bigger than K_{Q > K ), the reaction is not al equilibrium, The
concentrations of the products are higher than their concentrations al equilib-
riumy. Hence, they need to decrease in order to reach equilibrivm. For this, the
reaction shifis from right {products) 1o lefi (reactanis),

3= ITQ_is smaller than K_(0Q < K ), reaction is not at equilibrium, The con-
centrations of the products are less than their concentrations at equilibrium,
Hence, they need to increase in order 1o reach equilibrium. For this, the reac-
tion shifis from left (reactants) to right (products).

Q Q K

K'E
Q

———
Reactants «=— Products Reactants — Products Equiiliteium: No change in
eOPeenrEios of reactamis
Example 2-12 or prochts

Far the following gaseous reactions;
JH, + N, == INH,

At 500 °C, the equilibrium constant of the reaction is 0,06, Study the data be-
Tow and determine the direction of the reaciion.

[H,] [N,] [NH, ]
¢y 0.002 0.00001  0.001
2y 0.354 0.000015  0.0002
(3 0.m 5.00 0.0001

«_ 5 >
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Solution:

In order to determine the direction of the reaction, for each step ) value is
found and compared with K .

INH,* ¢ 0.001

1y Q 12,5 10°

As 0 is bigger than K, the reaction proceeds backward, In other words, the
reaction shifts to lefl {reactants) andil the svstém reaches a new equilibrivm,
|NH,|]1 ¢ 0.0002

. e S 06
A Q TH_ [N, (0.351,7,0.000015,

()= K , sothe reaction is at equilibrivm and the concentrations are constant,

(NH,E (0.0001,

- = - 0.002
[H, (N, | (0.01,%(5.00,

(3 Q-

O K, 50 the reaction is ot at equilibrium, It should proceed forward, In other
words, it shifts o right {products ) until it reaches a new eguilibeim.

2-10 THE RELATIONSHIF BETWEEN AG. FREE
ENERGY AND REACTION QUOTIENT:

In the following reaction,

aA + bB ———> gG+hH

-

Momestandard free energy (AG) 15 related 1o standard free energy AG" with
respect 1o the senerdl relation below:

IGEIH"
[APIB®

R is gas constant and B= B3 14 VR mole. T 18 temperature in Kelvin unit. We
can rearrange the eguation 1 as below:

2y AG=-AG +RTInQ

1y AG-AG’ +RTIn

When the reaction reaches equilibrium, free energy value AG becomes equal

to 0,

AG =1
I'he value of €} becomes equal to K. Thus, the equation 2 can be re-written
as follows:

AG --RThnk
e

«_ 54 >
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IT gases interact in this reaction, as partial pressure terms are used, we use K, Attention:
If the reaction is in solution, as molar concentration lerms are used, we use k :

symbol (In)is the natural logarithm
This equation is one of the most important equations in thermodynamics, Be-  under base{e)In order to find LS|
cause it allows us to leamn the change in standard free energy AG as we know  can be caleulated by taking the recip-
equilibrium constant value k_. Also the opposite of this 1s valid This relation-  pyeq) of (In) with a calculator.

ship 1s shown in Table 2-1.

Table 2-1 K_ and A G refationship according 10 A°G = -RTInkK |
K, [WmK, [AG" |Nots
>1 Positive | Negative | Reaction ocours spontuncously.
= 0 0 Reaction at equilibrivm
Renction does not oveur spontaneously.
| MNegative | Positive But produscts transform into reactants
spontancousty,

Example 2-13

AL 25 °C and under | atm pressure, for the following reaction
AGT=-104 kl/mol

GOL, + Hw == HC E..HI +CHCL,

Under same conditions calculate K.Y

Solution:

Firstly, we convent temperature from “C to K unit,

TRI=t{"C)+ 2T3=25+273=298 K Exercise 2-10
R =%&7314 I/K.mol A stamdard Tree energy for the for-
' o mation of water,

Here, attention is requited o use both R and AG® in Joule unit. As 4G is k), it "!"Gﬁr [Ei.:ﬂi = .237 kJimol, for the

needds for be converted to J umit. :
reaciion below at 25 “C and under |

|-'_'|.G':' {J”nn” = JGI:' ik.f.lllnl'ﬂ'” 5 _I_:“:-II_::-Iri WLm pressure. calculate K’[\-
1000 ] 2H,0, e==22H, -0,
AG" (Jmol) = -104 (k)/mol) = = - | 04000 }mol ; _
kJ Doz this reaction occur spontas
AG" = -I{'I']nﬁm nedusly?
-104000 (J/mol) = -8.314 (J/K.mol) 298 (K) InK_ Answer: 8= 107"
K=-|= 1.7 = 10" K, = L. it does not occur sponta-

neausy,
This value ks very large, which means thet the value of the reactants concentration |s very

small and the reaction 5 almost complete.
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As a result of calculation, K_=1.7=10%. This value iz too big. That means

the concentrations of the reactants are too small. In other words, the reaction
cecurted nearly L% to vield producis.

2-11 LE CHATELIER'S PRINCIPLE

The chamge inequilibrivm positon 15 defined as the shilt of equilibrium towands
reaciants or products in an equilibrium reaction, French scientist Le Chatelier’s
examined the external faciors on equilibrium position and defimed e follow-
ing rule: “If a chemical system at equilibeium is disturbed by a change in con-
centration, temperature, volume or partial pressure, then the equilibrium shifts
to mimimize the imposed change and & new equilibrium is established.™ This
principle is similar to Newton's Principle in mechanical systems. “Every action
has ol a reachon in some magnilude bul oppostie m directon.”

External factors disturbing equilibrium position are given below:
2-11-1- The Effect of Changing Concentration

In the following reaction known as The Haber process for ammonia production,

M, T3H, =~ === INH,
2y Tgh gl

We can estimate the change occur at equilibrivm using Le Chatelier™s Pringi-
ple. Tf some addition or extraction is made from one of the reactants or prod-
uets, equilibrium will be disturbed and as a result the equilibrium will shifi.
For example, if more hydrogen is added to the equilibrium mixture, equilib-
rivm position will try to reduce the added hydrogen and it wall shifi 1o the
directiom of producing ammonia In other words, the forward reaction’s rate
will increase. As a result, more ammomia swill be produced. This will continue
until & new equilibrium is reached. More nilrogen gas addition makes a similar
effect, However, if more ammonia is added 1o equilibrivm mixture, direction
of the reaction will shift to the way to reduce the added amount that will canse
ammonia o decompose o H: and H!-

To summarize, the equilibrium shifis from nght to left (from products to re-
gctanis] until o new equilibrium 15 set. Decrease in one of the substances will
cause the equilibrium shift o the direction o compensate the loss, According
i this, if seme ammonia is withdrawn from equilibrivm mixture, the reaction
will shifi from lefi 1o right (from reactants 1o products). But it N, or H, or both
is withdrawn, the reaction will shifi from right @0 Teft (From prodects 1o reac-
fanis, |

Increasing or decreasing concentrations in equilibrium reactions are methods
applied at industry or laboratories. For this, either the substance in question
15 reduced or the concentration of reactants 15 increased some. In the Haber
prowess mentioned above, produced ammonie 15 constantly withdrawn from
mixtung in order o promote ammoenia production, This process depends on Le
Chatelier’s Principle. To sum up what is told above for the eguilibrium reac-
ins;

|- Upon additien to produects, the reaction shifis 1o kefi (to reactants),
2« Upon addition to reactants, the reaction shifis to mehit (o producs).
3- Decrease mn products couses the reaction shifl to nght (10 producis).

4- Decrease in resctants causes the reaction shift to left (to reactants).
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Figure 2-6
The cff ect of adding one of reactants or products on the
equilibrium position with respect to the reaction.

N.O,, = 2Ny,

2-11-2-The Effects of Pressure or Reaction Container's on
Equilibrium

In a closed system at constant temperature, for an equilibriom reaction, any
change in pressure or in the volume of the reaction container will cause a shift
to the direction which compensates the changes. Figure (2 - 7)

This can be explaned as:

I = If a decrease in volume occurs in the equilibrium system; in the following

gas reaction;
ESDHH? + me = ES[}_“EI

We observe that An_ value is equal 1o (-1). In other words, the ttal volume of
the reaction has decreased. (The volume of the products is less than the volume
ol the resclants. ) 17 the pressure of the equilibrium system increases (or if the
volume of the container decreases), the equilibrium will shift to the products
which are less in volume. It will shift to the direction in which 50O, 15 produced.
In case of decrease in pressure or increase in the volume of the container, the
equilibrium will shift to the reactants which are bigger in volume. That means
S0, will decompose to produce O and SO In othet words, systemn will shifl o
the direction with bigger male numbers,

2- If the volume of the equilibrium reaction increases, Figure (2 - 8)
in the following reaction: INO_ = 2NO,_ +0,

The value l!l't-L".I'Il is equal to (1), The tofal volume of the reaction has Increased.
{ This happens when the volume of the products are bigger than the volume of
the reactants.) In such an equilibrium reaction, the pressure increases as the
volume decreases. In this situation system shifts o the dicection where less
volume results, Thus, the equilibrium shifts to NO, direction with less mole
number. I the pressure applicd to the svstem decreases, the reaction will shifli
1o the direction in which substances with bigeer volume 15 produced. In short,
the reaction will proceed towards the direction in which NO), decomposes to
NO and O,

dal b ai LT LTS ."-|:I|,..,l

-
|
» @
|
o o Dallag)

System shifis b left,

Figure 2-7

As a result of the increase in the val-
arne of the container (the decrease in
pressure b, the reaction will shifi w left.

« 57 >
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3- If there is ne volume change in the svstem, for the following reaction:
{'1Ill + ﬂk_n - {1}31!-

The value of &n_ is cqual to 1. Therefore, it means there is no volume change
in the reaction. In this siteation, either pressure change or chamge in the volume
of the container does not affect the amounts of substances in the mixure and
equilibrium position remains constant. To sum up what is twold above:

1‘”‘[) e zm.phu

g L]
| 2t | rinid i Changing Shift in equilibrium
2 minl Amal

Increase in pressure towards gaseous substances with less mole no,
Decrease in pressure owards gaseous substances with bigger mole no,
Increase i volume towards gaseous substances with bigger mole ne,
Decrease in volume  towards gaseous substances with less mole no.

E—

Figure 2-8

A= a pesult of the decrease in the
vodume of the contamer (ihe m-
crease it pressure), e reaction
will shift 1 Fght

2-11-3-The Effect of Temperature

According to laws of thermodwvnamics, chemical reactions are divided into two
with respect o their beat absorbing and heat releasing properties:

1- The reactions in which the energies of reactants are less than the energies
of products are heat absorbing reactions (endothermic reactions). Their enthal-
py change value is positive (AH = +}

2- The reactions in which the energies of reactants are higher than the energies
of products are heat releasing reactions (exothermic reactions) The value of
enthalpy change is negative (AH = -)

The temperature change in a reaction at equilibrivm can be estimated as
follows:

A- Heat Absorbing Reactions ( Endothermic Reactions):

In the following reaction;

Cal0_ + Enerpy == a0+ EDM
If the enerey 15 written next fo the reactants, it means this 1s an endothermic
regetion (AH = ), When the temiperature in this kind of resctions 15 raised, the
eiquilibrium shifts 1o right. Because, here, the calcium corbonate uses some of
thiz heat fo vield products. When it i2 cooled, the reaction will shifi to lefi (1o

reactants) to produce CaC 0, The released heat is equal 1o the heat a1 the time
of temperature raise,

In the endothermic reaction below,

(B N, == 2NO,
: colorless brown
Figure 2-9 : : ! : .
TR P p——— B- Heat Releasing Reactions { Exothermic Reactions)
i shdlt wr direction where hrown Wik, g - ; -
iis ecschucedd. [Figure .94} i In the following reaction,
Bouii warnlivgg the renciion sausss thy reaction ;_:'l:'('_}w + UJI;I — 1{:"(“]1IFI+ Energy

syl 1 disection whens colrless WOY, g s
produced, (Flgure 2-2 1)

< s >
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If the enerey s withen next o products, 1t means that the reaction 15 an exo-
thermic reaction (AH < (1,

In thiz Kind of reactions, an increase in temperature causes the equilibrium shif
to lefi (reactants). As a result, CO, will decompose a5 it uses the given heat,
When the reaction is cooled, an equal amount of heat to the heat at the time of
the temperature raise will be released, The equilibrium shifts w right (products)
te produce 0,

The effect of lemperature on eguilibrium constant K can be summarized as
Bl -

lxnthermic Keaction

Change

Endlothermic Keaction

Increase in The equilibrinm shifis to reactants. | The equilibrium shifis o products.
Temperature The value of K., decreases. The value of K, increases.
Decraase in The equilibrium shifts to products. | The equilibrium shifis 1o reactants.
Temperaiure The value “'qu ICrenses, The value of Rﬂmm

2-11-4-Addition of Catalyst

Addition of catalyvst to reversible reactions causes only change in the rate of the
reaction. When we add catalyst o an equilibrivm reaction, this process does
not affect the concentrations of the substances in the system, but it only chang-
es the activation energy. And this only affects the reaction rate, 1t increases the
average of forward (R} and backward (R, ) reactions’ rates at the same level.

A nresult, the equilibnum 15 reached at o higher rate. Therefore, addition of
catalval does pot affect the equilibrinm pesition. The catalvel only accelerates
reaching this position,

2-12-FACTORS AFFECTING THE EQUILIBRIUM CONSTANT

Changes in the concentrations, pressure or volume of reactants and products al
constant temperature affects the egquilibrium position. But the ratio of reactants
and products remain constant, Therefore, these changes do nod affect the equi-
hbrium constant, The value of the chemical eguilibrium constant changees only
with temperature change.

Example 2-14

For the [ollowing equilibriwm reaction;

zHngl { Dzlh # IHED-:M

A 298 K, the value of AH is equal wo <181 kI, K_ 15 given as 3.2 = 107", When
the temperature is raised o 300 K, is the value L\IIKP bigger or smaller than its
vilug at 198 K for the same reaction?

Solution:

The reaction is an exothermic reaction, When the temperature is raised, the
reaction shifis to left in order 1o compensate excessive heat, Therefore, the
concentrations of the products decrease at equilibrium. The concentrations of
the reactants increase. As a result, at 300 K the value of K decreases,

Eror wou know this'

A cotulyst is a subsiance that speeds
up a chemical reaction without wself
being affecied,

Exercise 2-11
For the following equilibrium reac-
fion;

2Bk, = H'.-n;n" F'Faw.

AL 100D K, the value of AH 15 egual
to 858 kJ. K_is given as T4 =0
When the temperature is raised to
1500 K, 15 the value of K bigger or
gmller than s value ai 100 K for
the same reaction’”

«_ v »




( Chapter - 2 )

Example 2-15

For the given equilibrium reaction below, what are the effects of following
fagtors on the equilibrium position and equilibrium constant?

N.F, == INF AH =385 klVmol

3 4 Tign

I- Heating the equilibrivm mixture in 8 closed container

2- Remuoving some N.F, from the equilibrium mixture at consiant temperature
and virlume

3- Decreasing pressure on the eguilibrium mixture at constant temperature

4- Adding catalyst o the equilibrium mixture
Splution:

I- The value of AH shows that the reaction is an endothermic reaction. There-
fore, when the reaction 15 heated, the equilibriom will shift to nght {to prod-
ucts) in order to lessen the excessive heat. The equilibrium constant will in-
crease. The reason is that while the concentration of NF, is increasing, the
concentration of N.F, s decreasing. Because the K is directly proportion-
al to the amount of products as it is inversely proportional to the amount of
reactants. If the reaction proceeds to the direction of products, some of the
reactants will transform to products. In other words, as the concentration of
the reactants decreases, the concentration of the products increases, Thus, the

Exercise 2-12 equilibrium constant will increase, But here sttention is required that, as long
As seen in the following reaction, as the temperature is constant, the equilibrium constant does not change and
CH. +H., —= CH remaims consiant. But with temperature change it also changes. If the reaction
Lt R shifts 1o rnght, the equilibrium constant will increase. If the reaction shifis to
+ 137 kdl/mol left, it will decrease,
The mixture of CH, H, , CH_ 2- When some NF | is removed; its concentration in the equilibrivm mixture
gases reached equilibrium at will decrease. Therefore, the system will try to compensate the loss of N.F._For
25°C. Explain how vou can in- this, the reaction will shift 1o left. In other words, some of NF_ will transform
crease the amount of U H_. into NF . Here the equilibrium constant is not affected from this change.

3- After decreasing the pressure on the equilibrium mixture, the system will
shift to the direction with higher mole number. In the reaction equation, we see
that the value of An_ 1s 1, Therefore, the reaction will shifi to right. Here the
equilibrivm constant will not be affected from pressure change or any change
in the volume of the contaimer.

4- Addition of a catalvst only decreases the activation energy. In other words,
catalysts increase the reaction rate. Therefore, n catalyst affects neither the
equilibrivm position nor the valee of the eguilibrium constant.

«_0
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note: This equation can be usefull In x = 2.303 log x
QUESTIONS OF CHAPTER-2

2-1- Fill in the blanks.

|- In the following equilibrium reaction:
Nyt 3Hy, = INH;, +92 k)

Tigh
Decrease in temperature causes increase in the concentrationsof ...

2- In the following equilibrium reaction,
co,+2H,,=CHOH_+127k
If hydrogen gas is added to this equilibrium reaction, the reactionheatis...............

3- In an exothermic equilibrium reaction, if the temperature is ... vovieeecvnineeee s the equilibrivm posi-
tion shifis to reactants.

A A change o e .. covis o e s srpnsinis doesn'l affect the equilibrium position of the following reaction.
Nyt Oy, + 180 kJ = ING,

5« In the following equilibrium reaction
Cl,,, + H,, = 2HCI  +Energy
the concentration of HCl can be increased by ... the reaction temperature,

6~ If K 15 smaller than K , the sum of number of moles of reactants is ... than the sum of
number of moles of products.

7= If the total pressure is increased on a reaction in which the mole numbers of reactant gases are smaller
than the mole numbers of product gases, the equilibrium position shifts to ..o,

8- The relationship between equilibrium constant K_ and the concentrations of products is ..........

9- In an endothermic reaction, if the reaction container is cooled, ......ocoeiinninnn a0 are produced
more.

18- In an endothermic reaction at dynamic equilibrium, the concentrations of products increaseat ...
tE'H'I.PEI'-ﬂtI.]I:'EE-.

2-2- Chirele the cammect answer,

|- The equilibrium constant of equilibrium reaction 280, +0, 23280 3 7272C {5 4,17= 107 After
04MS0O 0.1 MO, , 0.02M S0, are mixed, the direction of the reaction 15:

A- towards reactants. B- towards products.
L - at a dynamic equilibrium., [7- all answers are wrong,
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2- For the :quililzrium reaction occurring in a closed container,
Call) & Eﬂxw i Caﬂw

Fiwd

when does the amount of CaCO, increase by applying one of the following?

A by eliminating some CO, gas at equilibrium

i~ by increasing total pressure

L - by adding some Ca0 to the equilibrium mixture
13- all above is incorrect.

3- For the equilibrium reaction I:m +F,, = Ell-'m the equilibrium constant K = 1 = 10" at 200 K. If the partial

pressures of IF gas is 0.2 atm and F_ pas is 4> 107 atm at equilibrium, what is the partial pressure of I, gas?

A-SxI00atm B- I=107atm - 1x10°atm [2- All options are incorrect.

4- As the equilibrium constant K_is 640,35 at 30 K for the reaction Lim. + —I_J J:... = Lil . What is the

L
cquilibrium constant K_ for the reaction ELiIIdl = .?,Liul + t:-..u at the same temperature?

A-253 B-41x10* C-156%10° [~ All are incorrect.

=Ny, +3H, 2 2NH, 92K K value of the equilibrium reaction is given as 5.5x107 at 25 °C, What is
the K_value of the reaction?

A- 225133 D-o=107  C-003 D-all are tnocorrect

t- For the equilibrium reaction Br, = 2Br_, K_value is 2558.4 , k value for the reaction in molar consntration
15 1.56 at 4000 K, Which of the following is value of k f

A0 2 B-20) -7.4 [-All are incorrect,

1= For the equilibrivm reaction; H, +1, = 2HI . the equilibrium constant K_is 2. What should be the

concentrations (mal/L) of reactants and products for the equilibrium shifl towards products?

A-[HI= 01 molL, [L]J=005melL; [H.]F 0.05 mol/L

- [HI]F 04 molL,  [L]=0.0 molL;  [H,]= 0.2 molL

C- [Hl]= 0,001 mol/L, [L]= 0.0002 mol/L; [H,]=0.0023 mol/L
[~ All are incorrect.

2.3- Write down reasons for the following.

I- In equilibrium reactions of gases, An_(Products) = .-i'..rtI { Reactants), increasing the volume of container
causes decrease in products.

2- In the imaginary equilibrium reaction, L B ot Energy, merease in total pressure doesn’t change the
temperature of the reaction container.

< >
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i- The value of equilibrium constants of irreversible reactions are big.

4 When K_is 0.3 and () = 1, the temperature of the endothermic reaction increases.

5= When the temperature of reaction increases while value of K decreases, the reaction is accepted as an
exolthermic one.

fi- In endothermic reactions, the value of K increases with temperature.

7- As a result of pressure increase on the eguilibrium mixture in which An_= +1, the equilibrium shifts to
reactants.

- As some reactions really stop, some reactions seem 1o be stopped.

9= In the equilibnum reaction, SO.CL, + Energy = 30, +Cl,_f 50, 15 added to the equilibrium mixture,
the temperature of the reaction increases.

2-4- Define the following terms
|- Law of Mass Action 2- Chemical Equihbrium State 3- Le Chatelier’s Principle

2-5- In the gas equilibrium reaction, NG, & N:{]“w, is exothermie.
After the following changes are applied on the equilibrium reaction, how does the equilibrium position
change” Why?

| - Increase in the pressure
2- Increase in the temperate of the container
3- Withdrawal of some N0, from the equilibrium reaction.

2-6- Im the gas equilibrium reaction, PCL.,.., = PC] 'ﬂ:m' the value of enthalpy 15 equal w 92.5 kl/mol.

Hyh

What are the effects of the following factors on equilibrium position and the equilibrivm constant?

| - Increase in temperature

2- Addition of more CL_to the equilibrium mixture

3- Withdrawal of PCIL from the equilibrium mixture
4- Increase in the pressure on the equilibrium mixture
5= Addition of catalyst

2-7- The enthalpy of the reaction, 250

Mg
ing processes, what will be the concentrations of 503, | O, and S0,

+0,, 2380, is equal to -198.2 k). After applying the follow-

|- Increase in the reaction temperature

- Decrease n the pressure on the reaction

3 Increase in the concentration of S0, in the equilibrium mixture,
4- Addition of a catalyst. 5
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2-8- Does the increase in temperature of a reaction at equilibrium always cause an increase in concentrations
of products? If vour answer 15 no, what are the factors which cause an increase in concentrations of producis?

Explain with examples.

2-9- The following equilibrium reaction is exothermic.
aPbS, + 30, = 2ZPb0 _ + 250,
Clarify the effect of the following factors on the equilibrium state and the value of equilibrium constant.

| - Deerease in the applied pressure on the container
2- Cooling the container of the reaction.

2-10- An endothermic reaction in a closed container is given, CalC0, = CO,  + CaO,
After the tollowing changes are applied, what is the position of equilibrium reaction?

|- Decrease in the volume of the container

2- Addition of more Ca() to the equilibrium mixture

3= Withdrawal of some CaCO, from the equilibrium mixture
4- Additwon ol more E{'}_, o the :qui[ihrium i Lre

5- Increase in temperatune

2-11- I pure NOWC gas s heated to 240 °C in a closed container; it decomposes according to the following
equation. 2NOCI = INO,_ +Cl,

When the reaction reaches equilibrium, the total pressure of equilibrium mixture 15 measured as 1 atm and
partial pressure of WOC] gas is measured as (064 atm. Thus, calculate the following:

|- Partial pressures of C1, and NO gases at equilibrium
2- The equilibrium constant K_at the same temperature

Answer;

13 0.12 atm, 0.24 atm

23 4=104

2-12- For the reaction, N0, = IN{:}IBI. which occurs without any catalyst, partial pressures were measured
A5 Py = 0377 atm and Pse= 1.56 atm at 100 °C at equilibrium, Calculate the following:

I- K.r and li.'.n of the reaction.
2- How do the partial pressures of gases in the equilibrium mixture change upon addition of catalyst?

Anzswer: 6.46; 0,21

2-13- For the gas reaction; 2ZNO + 0, === 2IN0, different amounis of moles of NO and O, were put in a
| Titer contmner at the given temperature. When the reaction reached the equilibrium, it was found that the
formed of NO, equals to (.8 mole and the concentration of O, and NO equals each other. IFK_ 15 equal 10
HE, find out mole numbers of (3, and NO before the reaction started,

Answer: L'l? L mol , NO o= 1.2 maol
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2-14- The gaseous reaction, N, = 3H, = 2INH_  reaches equilibrium at 377 °C, The equilibrium constant

s given as k=196, Calculate the equilibrium constants for the following reactions a1 the same temperature.

&} EHH?N l__.. N!lyl + jHJIul

3
B) — Mg+ —Huxw = MHm

I 3
[1} NH UR] "T_; THJFI LE T.‘-Hllnp

Answer: A)D51 B3y1.4 Cyo7

2-135- The equilibrium constant of the following reactions is given.
COng = Hally & H' + HCOOr Ke=42=107
CalOxs & CO + Ca™ Ke= 4.7=10%
HCOy & H'+ COv™ Ke=4.7=10"

According 1o those above, what is K_ for the following equilibrium reaction?
€O, +CalC0, +HD = Ca® +2HCO,
Answer: 4, 1= 10

2-16- The equilibrium constant of the following reaction 15 given as K =199 at 2500 K temperature.
Cly,, +Fy,, = 2CIF

I the comcentrations ol the substances in the mixture are [CIF]= 12M ,[F,]= I M, [CL]=0.2 M,

how will be the equilibrium position?

2-17- The following reaction;
N, + €O+ Ni, + €0,
15 at equilibrium at 727°C, At this temperature the pressure of CO gas is equal 10 304 Torr, What is K_ when

total pressure is 1 atm?
(Mote: 1 atm = 760 Torr)

Answer: 1.3
2-18- In the equilibrium reaction in a closed container, PCL,_+ Cl, =PCL

the partial pressure of PCL, s twice the partial pressure of Cl. After the reaction reached equilibrium at a

certaim temperature, the partial pressure of Cl, was measured as | atm. As H.F=I.’E-. what are the partial pres-
sures of PCL and Cl, gases before the reaction started?

Answer; 2.8 atm; 1.4 atm

2-1% Give four procedures that lead to merease amount of products in the following gas equilibrium reac-
tion which is exothermic.

N_.m1 + SH:I‘. = EHH.,m
2-20- According to the following reaction,
CO,,*H,, =CO_+HO

Bl
cqual number of moles of CO, and H, were mixed in & |-litre container. When the reaction reached equilib-
rium at 2000 K. there were 3 moles of gas in the mixture. As the equilibrium constant K_is 4, what are the
concentrations of substances in the equilibrium mixture?

Answer: [COJ=[H,0] = | mol/L ; [CO,] =[H,] = 0.5 moliL

<G >
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2-21- For the endothermic reaction, CH, = CH_ +H,  some moles of CH, were put in a 11 con-
tainer. When the reaction reached the equlibrinm, it was found that quarter of C_H, gas was used. If K_ is
1/2 for the reaction, find out the concentrations of the gases at equilibrium state.

Answer: [C H | =45mol/L, [CH |=[H,]=1.5mol/L

1.22- 4 g of HF gas was placed in a 2 liter closed container at 27 “C and lett to decompose until equilibri-

B

um was reached according to the following equation.
2HF, = H, +F,

As K is L.21, calculate the partial pressure of HF gas at equilibrium. (M, =20 g/mol)
Answer: (L76 atm

2-23- 20% of | mole of N,O, gas decompaosed to NO, gas in a 1-litre container at | atm pressure a

27 °C. Calculate KT, value of the reaction. T"nil:'lf}4q o = ZNGMI

Answer: 4.92

2.24- Far the fufl]uwlng reactions at 1000 K, the equilibrium constants H:r depending on pressure were
given,

1
C,F—=—0. =C0 K =28«[0"
is 2 dgi |k n
C,+0,, =C0, K =5=10°
L] gk Igh 4

Calculate the equilibrium constant K_of the following reaction.
200, + 0, =200,

Answer: 24=10=

2-25 Asa result of reaction of CO gas with water vapor in a 1-litre closed container at 00K, CO, and
H, gases were formed. What is the concentration of gas mixture at equilibrium as equilibrium constant
]{: is 5.2% and 1 mole of each of reactants and products were placed in the container?

Answer: [COJ =[H,0] = 0.606 mol/L ; [CO | =|H.] = 1.394 mol/L

2-26- The equilibrium constant of the following reaction;

H:{'}qw - 3]‘4(]1"'
is K =6x10" at 298 K but itis 1.5%107 at 35 "C. Is the decomposition reaction of dinitrogen tetroxide
endothermic or exothermic?

2.27- For the equilibrium reaction,

280, =280, +0,
it was observed that the equilibrium mixture at 25 °C conlained [Elz]= 01 mol/L, [SD!!= 0.08 mol/L,
|50, |= 0,002 mol/L, When the temperature was decreased to 10°C, the equilibrium constant K_was
found as 4, Tell if the reaction is endothermic or exothermic,

2-28 Explain the difference between AG and AG®, write down the relationship between them. When
does the value of AG become equal to AG"? prove this mathematically

224 Asgionization constant of water is 1= 100" at 25 °C and [ atm, calculate the AG* value of the ioniza-
teom reaction,

HO, =H' + OH

Lagl gl

Answer: 79881 [/maol

< s >




e Ionic Equilibrium )
IONIC EQUILIBRIUM CHAPTER-3

i Ly :

ACHIEVEMENTS
After completing this chapter, the student is expected to :

* [dentify electrolyvtes and non-electrolytes

+Differ strong clectrolytes and weak electrolytes.

*Caleulate K for weak electrolytes and the relationship obtained by partial ionization of these electrolyies,

+ Understand wonization of water and the amphotenc behavior of water,

¢ Caleulate acidity value of solutions.

¢ Understand solubitity and hydrolysis and notice how they change with respect to the type of sali

# Understand common ion effect and how this effect is used to prepare buffer solutions.

+Differ completely soluble and slightly soluble salts and he/she learns the Tactors afTecting solubility of
shightly soluble salis.



Do vou know

Substances like sodium chlonde

and potassium chromate which
behave as electrolyies in water

may ot show the same behavior

when thewv are solved in sol
vents like ether or hexane,

Figure 3-1

The experiment that shows the
effects of won presence in o solu-
tion. In the beaker, a bulb is con-
nected o two immersed copper
electrodes. The subsiances in the
solution are:

a= The aqueous solution of potas-
sium chromate, (The bulb lights
strongly as many fons are present
in strong electrolvie. )

b= The aqueous solution of acetic
acid. {The bulb lights weakly as
few ions are present in weak elec-
trofyvte. )

¢- Sugar solution In pure wa-
ter. {The bulb does not light as
non-clectrolytic substance is in
the solution.}

«_68 >
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J-1- INTRODUCTION

Chemical reactions mostly occur in selutions. Therefore solutions are very im-
portant in chemistry. In order to prepare solutions, water and organic solvents are
used abundantly, But in this chapter, we will focus on water-soluble substances
{aqueous solutions), The behavior of a substance solved in water depends on
the structure of the substance and the medium it 15 mside. Therefore, we need to
understand the pnnciples controlling the behaviors of substances,

3-2- ELECTROLYTES AND NON-ELECTROLYTES

An agueous solution is a homogeneous mixture which results when a substance
(solute) dissolves in water (solvent), We can divide the aqueous solutions of
substances into two with respect to their conductibility of electnce current: The
first type 15 the solutions which have the ability to conduct electnicity. These
types of solutions are called electrolytes. We can give the sodium chloride solu-
tion as an example, The second type 15 the solutions which do not conduct elec-
tricity. These are called non-electrolytes, Sugar solution is an example. { Figure
3-1) Mot enly aqueous solutions of salts but also molten salts {liquid salts) show
electrolytic propertics.

3-2-1-Electrolytes

All 1omic and polarized (non-ionic) compounds dissociate into their ions when
dissolved in water, Therefore these are accepted as efectrolvtes. They can be
salts, acids or bases. The most important properties of electrolvites are as follows:
|- The capability of conducting electricity in the molten form or in agueous solu-
tions.

2- The resuliant electrical charge of electrolytic solutions s equal to zero. In
other words, these solutions are electrically neutral.

3= In aqueous solutions of electrolyvies, cations and anions are formed.

4- The electrical conductibility of electrolytic solution depend on the structures
and concentrations of ions and temperature of solution.

wWiler M el Sugar meol s ke III

Figure 3-1

)
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A- Strong Electrolytes

Upon dissolution of these ¢lectrolytes in water, the resulting solution conducts
eleciricity well. The reason for this is the dissociation of these electrolyies w
their ions completely or almost completely in water, The examples for strong
electrolytes are h;,a:lm-::h]uri-: acid HCL, sodium chloride NaCl, sodium sultate
Na,50, , potassium nitrate KNG, | sulfuric acid, H.50, and ammonium chlo-
ndn: MH CL We can show the dissolution of these ‘substances {strong clectro-
[vtes) in watu through the following chemical equations:

H,0

HCl —— — = Hu, + Cl 4,

NaCl B A Na,, + Cl,,,
NasO,, %, aNa:, «S0%..
HN“:;., E” K/s, + Hﬂ?.rut.
HSO,, —u 2H,, + SOZ,

Generally there are three types of strong electrolvies.

|- Strong acids, 2- Strong bases, 3- Most of the water-soluble salts, This kind
of substances dissociate into ions completely or almost completely in dilute
aqueous solutions, In Table 3-1, examples for electrolyies and non-clectrolyvtes )
are given. As shown in the following example, the concentrations of ions in the Exercise 3-1
solutions of strong electrolytes are caleulated directly using the concentration

of the electrolyte. (Table at the end of the book can be used) for reference Calculate the ion concentra-

tons for the following strong
Example 3-1 electrolytes with given concer
trations.

A) HBr = 0.25M
B) KOH = 0.055M
L) CaCl, = 0.155M

Calculate the molar concentrations of Ba® and OH jons i 0,03 M banum
hydroxide solution.

Solution:

The tonization chemical equation of strong base BalOH}, 15 wnitten,

34 ;
Ea{DH:'lll'lll _ - Ba‘“. + 2'.:“{'“1:I
0.03 M { Inmitial Concenirations }
0,03 £0.03M 20034 ) (Changein

Coapcenirations b

0 0.03 M 0.06 4 { Final Concentrations)

It means that the [Ba® ] ion concentration in the solution is equal to 0.03 M. The
[OH] concentration is equal to 0,06 M,

B- Weak Electrolytes

Upon dissolution of these electrolvies in waler, solutions with low conduct-
ing properties form. The reason for that is their partial ionization in aqueous
solutions. We can give following examples for weak electrolvites. Acetie acid
CH, COOH, ammonia NH,, carbonic acid H L0, and silver chloride ApCl.
We can show the dlE..‘iﬂ!lll."lﬂﬂ of these HUI'I-HI‘.EEIE[:'E [wr:-a!t electrolytes) into their




Attenfion: When water is
uscd as solvent, l'-Zt ol water 15
e ssrattem, Mecause10's 3 fixed
walue and showm in equilibrinm
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1ons in water through the following chemical equations;

CH,COOH == Hw, + CH,CO0,

—
NHJm+ Hzﬂm=h l'»irll-[m',‘h + DH.'“:
HEEDJcIIIJ : EHEE"IL + Cﬂ;’,h
ﬂ.gﬂlm = :_.qj + El;“”

As seen in the equations above, the dissolution of these substances in water
iz possible only through reaching ionie equilibrium, Each chemical reaction
representing the processes are defined as reversible reactions. This is shown
with two arrows opposite to each other, === As mentioned in chemical
equilibrium chapter, reversible reactions are different from ireversible reac-
fions, Reversible reactions do not reach any end, This reaction system reaches
equilibrium when two reactions in opposite directions ( forward and backward)
occur at the same time and rate,

This state is defined a5 a dynamic equilibrium, The average rates of forward
and backward reactions are equal. Components of the reactions react constant-
Iy and for fixed temperature the concentrations of components remain constant
and the system reaches equilibrium. For example, acetic acid CH,COOH (weak
acid) molecules decompose in agueous solution to hydrogen (H', ) and acetate
(CH,CO0 ) ions, Forward reaction occurs, At the same time, hydrogen ions
combine with acetate ions and form acetic acid {backward reaction). When this
acid solution reaches equilibrium at some temperature, decomposition and for-
mation reaction rates become equal. Therefore, all ion concentrations

I:["I-[]['.'l']"l._r H' CH,COOH ) remam unchanged.

|y dirgi®

lenic equilibrium is shown with equilibrium constant K just as in chemical
equilibrium. It 15 the ratio of multipheation of concentrations of products w the
multiplication of concentrations of reactants at equilibrium, It should be kept
in mind that the male numbers of components inequilibrium reaction equation
are written as exponents. The equation for acetic acid decomposition to ions in
agueodus golution is shown as below:

[H" ] [CHﬁDD‘]
: [CHECUGH]

At equilibrium, the molar concentrations of components in solution are shown
with square brackets [ |°. The numeric value of K_is a constant at a given
[tl‘l‘l]‘.lt-’l’EIilJl‘t‘ cimslant .

Example 3-2

Write the mathematical equation to calculate k. value of aqueous solution of
dilute ammaonia.

NH3(E:+ H1ﬂ1]3= HHd'qu: + ﬂH-(iq;
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solution:

As shown in the equilibrium equation, water molecules react with ammonia
and equilibriuvm is reached. But, as water 15 used as solvent, the concentration
of water molecules is much bigger than the other components’ concentrations.
lherefore, in order to reach equilibrium, the concentration of water remains
cohstant. The molar concentration of water can be combined with equilibrium
constant. The resulting value 15 a constant number shown with K The molar
concentration of water in dilute solutions can be calculated as pure water’s imno-
lar concentration. { The density of pure water =1kg/L, Tkg =1000g)

=2x1 + 1x16 - 18 g/ mol

¢ Hy 0y
From defimition of molbarte, M,
m(g)
M [mr.}l,n'L;. -
M(g.-'mnl] KV(L}
1000 (g)
=1B-‘Ig;’mull'x 1.‘_]_,}
=55.55mol /L
K =[N'H_; 1 LOH ]
= [NH,1[H,0]
K -K_x[HO]=K_x5555
< o | |
K _(NH, 1[OH
“ [NH, ]

FADECOMPOSITION OFWEAK ELECTROLYTES
According to Bronsted-Lowry acid-base theory, the substance which donates
proton i order to form its conjugate base is defined as an acid.

Acid == proton + conjugate base

Acids are neutral molecules such as HCI, H,50,, CH COOH or a positive ion
like MH," and C HNH," or a negative jon like HSO, and H.PO_.

A base, according to Bronsted-Lowry acid-hase theory, 15 a substance which

agcepts & proton in order to form its conjugate acid.
Base + proton . === Conjugate acid

The following bases can be given as examples of neutral molecule, positive ion
or negabive won bases,

OH , CH,CO0, Fe(H,0),(OH),", C,H.NH,. NH,

Table 3-1

Examples for strong and wes

electrolytes and Non-Eléctrolyte

Strong Electrolytes
Strong Acids
HCl  Hydrochloric acid
HNO, Nitric acid
HCIC, Perchloric acid
H 50, Sulfuric acid

Strong Bases

NaOH  Sodium hydroxide
KOH Potassium hydroxide
Ca(OH), Calcium hydroxide

Soluble Salts

NaCl Sodium chloride
ENO, Potassium Niteate
Krﬂﬂd Potassium Sulfate

Weak Electrolytes

Weak Acids
HF Hydrofluoric acid
HCUN Hydrocyanic acid

H,CO, Carbonic acid
HCOOH Formic acid

Weak Bases
NH,
CHﬁHH!

Ammaonia
Methyl amine

Slightly Soluble Salts
AE{:] Silver chloride
CaF, Calcium fluoride

Non-Electrolytes
{H,OH Methyl aleohol
C.H. O sucrose
CH,COOCH, Methyl acetate
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According to this theory, the strength of an acid or a base depends on acid's
proton denation capability and bases” proton accepting capability.

As it can be understood from the examples above, each acid has got a conjugate
base with different strength. This is also valid for bases. According to the the-
ory, iF the acid is strong, 11s conjuzate base s weak and vice versa. In agueous
solutions, if the reaction shifts to right and the value of {HCI) iz close to zero,
the Bronsted acid (e.g HCI) 15 strong. The same 15 valid for the Bronsted base.

I..}I:‘rlﬂﬁl"ill <2 Hlt}:'l_h H3ml:ﬂ¢|1 E Cl-ii'll

Acids can be classified with respect to their reactions with water molecule. All
strong acids (or strong bases) decompaose (o ions in water nearly 100%. But
weak acids (or bases) decompose 1o 1ons in water only partially. For example,
a reaction like acetic acid’s decomposition (ionization) shifts to right in an
mcomplete way.

CH;EG‘GH:“’ + quqh = H-!'D;ﬂ]:+ EH;'EDD

1Aq )

3-3-1-Weak Acids

Weak acids are weak electrolytes. Therefore, in their aqueous solutions, ioniza-
tion eguation can be shown as an equilibrium state.

HCGUHE“‘I:-F Hzﬂm ~ HJD:.WEI-'- HC‘DDI:“

1

By applying the special relationship of equilibrium constant;

[H,O 1THCOO
w b
“  [H,01(HCOOH]

K —KH:-:[HIU1

(H,0"11HCOO |
i HCOOH 1

K, is the equilibrium constant of weak formic cid or the lonization constant
of this acid at constant temperature, As mentioned before, the concentration of
water can he assumed as constant and a general equation for acidity equilibri-
witk constant can be written lor weak acid (HA).

HJ&LIB"I } HID(JJ# HJD.I_HI | A.lﬂl
(H,O 1A |
’ (HA1
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R Tonic Equilibrium )

The most important point here which requires aftention is that this relationship
can only be written for weak acids. lonization reactions of strong acids do not
oceur as equilibrium reactions.

On the other hand, the equilibrium constant values of weak acids are accepted
a3 a measurement of their strength. As the acidity constant of an acid increases
{amount of ionization increases), acidity strength imcreases. In Table 3.1, some
weak acids and their acidity constants are given as example. 1f the concentra-
tion of weak acid and acidity constant are known, mathematical relationship
for ionization equilibrium state of the acid can be wsed to calculate the hydro-
gen ion concentration in water.

Example 3-3

Calculate the hvdrogen ion concentration H', percent ionization of acetic acid
and degree of ionization for (01 M agueous solution of acetic acid. lonization
constant of acetic acid (acidity constant) is 1.8x 10

Solution:

Chemical equation for acid’s tonization equilibrium is written. Then, the rela-
tionship that shows acidity constant of acid is written

EHHCDDH;JQ;.=‘! H{Ig_q] + E-HH_'EG'D;M?

(H'11CH,COO |
! (CH,COOH |

Here, it needs to be kept in mind that in the mathematical equation above, the
concentration which are shown with [ ] symbol are only the concentrations of

tons ot equilibrium. Those, as shown in the equation below, are different from
initial concentrations of ions.

CHCOOH  —— }Lm,4-C]I{11Dﬂm

I‘ -

Attention: While solving prob-
lems about chemical equilibrium,
for changes in concentrations
of common substances in equi-
librium reactions, reactants are
shown with n:gutiw: 5ig|1.;a.i,
products are shown with positive
signal.

In this chapter, Initial and f-
nal concentration values only in
equilibrium will be used,

0.14 0 0 [nitial concentraticn

{D.l - X i X M xM Concentration at

equilibrium
As seen above, the amount of decomposed weak acid is (x mobL). According
to equilibrium reaction, when x mole acetic acid decomposes, x mole of each

of hydrogen and acetate fons are produced. Then, eguilibrium concentrations
are inserted in the mathematical relationship for acidity constant of weak acid.

(X)) (X)
{ﬂ.l - X

1.8 x10° =

When we re-arrange the equation above, we get the following relationship:

x*=¢1.8 x10°)- (1.8 x 107 x,




Attention:

If degree of ionization is less than
5%, method of negligence is used
while calculating. But if degree of
ionization is bigger than 5%, cal-
culations are made through qua-
dratic equation,

In a quadratic eguation
(ax—+bx+c) a. b, and c show the
exponents of the equation. The
roots of quadratic  equation s
found through the following for-
mula:

(-bx+¥ (b'- dac,,

2a

«<_ 74 >
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The relationship above 15 a second-order equation. We need to use general
mathematics rules to solve il But we will use a different method in this exam-
ple. Because the K value of scid is an extremely small number. The amount of
ionized acid 15 too small when compared to acid’s initial concentration. Thepe-
fore we can write the relationship below. We conclude the following in acidity
gonstant equation (X is neglected in the solution):

(0.1-xymol /L = 0.1 mol/L
Uising this value in the jonization constant equation,
(%) (%)
0.1
I]=|[ﬂ.l; ¥ ¢ LB x lﬂs;.:'l.ﬂ}c 10°

1.8 <107 =

x=+1.8x10°%=1.3%x10?
itHi1=13x10"mol /L

At equilibrium, when we compare the smaller amount of hydrogen ion
(1. 3= 107 maol/L)y with initial concentration of acid (0.1 mol/L), it proves that
this negligence method is correct (x is neglected). Therefore, generally method
of negligence can be used if the acidity (or baszicity) value of the acid (or the
basc) is small (i.e. 107, 10, 107% If the value of K is big {bigger than 107,
105, 10r%} this method cannot be used. Because the results will not be correct.
Then the equation must be solved through general mathematics rules. Degree
of ionization 15 calculated from the equation below:

Concentration of ionized part of
the substance at equilibrium

*ir omization = o ; ;
Degree of ionization Initial concentration of suhstance

Percent ionization 15 found through the following equation.

Concentration of ionized par of
i substance al equilibrium -
[nitial concentration of substance

10

Percent iomization =

Percent ionization = Degree of ionization = 100

As in Example 3-3
The concentration of hydrogen

. ions at equilibrivm L3 = 107
Degree of wonization of acid = —— 5 - 8 = (L3
[nitial concentration of the acid it
The concentration of hydrogen
3k . ion at equilibrium
Deconposition percentage of azid = Initial concentration of the acid. 100

[.3= 1

Decomposition percentage of acid = 0 * 100%

Decomposition percentage = 1.3% acid
As the percentage of iontzation is under 5%, method of negligence can be used.

)
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Example 3-4 Exercise 3-2
Calculate the percentage of ionization and the degree of ionization of hydrofiu- Calculate the concentration of hy-
oric aord (HF) which has an aqueous solution with concentrations; drogen ions in the agueous solution
of 0.2 M of hydrocyanic acid.
A-0 1M
K =4.9=10"
B- 0.01 M. R

Answer: 1=10°M
{K = 6.82107") Explain the relationship between percent ionization and the con- i
centration of solution.

Solution:

A= For the solution with 0.1 M concentration:

HF:lihﬁ H.rlilr ¥ F-Hi-'l-ll

tH 11 F1
Ka-=
(HE;

I'he K, value of hydrofluoric acid is much bigger than the acetic acid’s. There-
fore §ts percent decomposition 15 expected o be bizgger than 5%. Thus, the
method of negligence which we used in acetic acid example may not be valid
here. So we will solve this question using both methaods.

HF — H + F
{8y - {9y LRS!
0.1\ 0 0 Initial concentration
(ﬂ.l - I} 1'-'] X M X ]p{ Concentration it
exquilibium
(X)(X)
6.8 x 107 =

( 0.1-x )

Rounding up method:
(0.1-xymol /L ~ 0.1 mol /L
In the equation above, if x is neglected, we get the following one.

6.8 % 10+ - 22D
0.1

X e 0.1y % (6.8 k10«68 %107
x4 6.8 10°° -8.25 %107
(H'-8.25« 10 *mol /L

The concentration of hydrogen

1ons at equilibrium 8.25 x 107

= (.0825

Drerve dRiombsmn g aas ™ Initial concentration of the acid B 0.1

«<_ 75 >
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iom At equilibrwm

Decomposition percentage of acid = " Tritsal concentration of the acid 100%

B35 = 107
Decomposition percentage of acid = T 100% = 8.25%

The acid's percent ionization 15 bigger than 5%. The reason for this 15 the
acidity constant is bigger than 107, Therefore this method cannot be used for
solution. We will solve it through quadratic equation. (This equation

i for vi ly
X = (6.8 1107 - (6.8 x 107 x, o view oity)

X (6.8 10'x) - (685 10°%,-0

(-bt+y (b - dac,,

2a

X =

(6.8 10%)E \[(6.8 110 4 (6.8 1107,
2

X

Throuwgh solving thiz equation, there are two roots. One i3 positive and the
other is negative. The negative value 15 neglected as it 18 meaningless. (A
concentration value can never be negative.)

X=791x10"mol/L-{H";

The hydrogen ion concentrations in hvdrofluoric acid solution at equilibrium
are calculated using both methods. 1t seems that there is a very big difference
between results. Since it gives a wrong result, we cannol use method of neg-

ligence.
@ ' i ) ¥ ' - 1 r T, 1 1k
Degree of ionization = Ihe concentration of hvdrogen jon at equilibrium
Initial concentration of acid
7.0 =
Diegree of womzation of the acid = Y {1,079

ion at equilibrium

rrrarmam . w30 [ (1N
Imieial conceniration of the acid 100%

Percent ionnzation =

T8 = 1

S = B
i IO = 7.91%

Percent ionazation of hydrofworic acid =

«_ 76 >
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B- For the solution with (.01 M concentration
The second-order equation for this solution is as follows:
(Xy(X)

Bl Q) e
(0.01 - x,

x value is obtained through solution of the mathematical eguation.

x=229 10 *mol/L

o = o _— it
Dizgree of ionization =
Initial concentration of acid

2,29 x 107
0.01

Percent o zation - L& conceniration of hydrogen ion at equilibrium ., | ga0,,

Initial coneentration of acid

= 0.229

2.29 » 107

' =22.9%
001 #100 %

The most significant point here which needs attention s that when we dilute
acid solution by 104} times, degree of decomposition (or degree of ionization )

increases by nearly 3 times {from 0.079 to 0.229). Because diluting the solution

is an external factor and the svstem will determine a new equilibrium state in
order to compensate this effect. For this, the substance will dissolve (ionize),
As a result of this process, the amount of acid molecules decreases wherens

the ions in the solution inerease. Thus the solution reaches equilibrium once more.

Monoprotic and Polyprotic Weak Acids

Monoprotic weak acids have only one hydrogen atom which can ioniee (single
acid proton ). Therefore those has only one acidity constant. But there are many
acids which have more than one acid proton. These acids are called as poly-
protic weak acids, 1.e. oxalic acid (H.C.O ), This agid is a substance that has
twao protons with different acidity equilibrium constants, Therefore the aqueous
solution of the acid has 2 ontzation reactions and 2 acidity equilibrium con-
stants. These are respectively. K . K

HC,0

chin'lllll * Hzﬂ F ""l.ql

————
iy &=

: H,0.q,
THO" 1 THC.O
K- — —— - 5.37 x 107
rHICIﬂ-&]

Exercise 3-3

Calculate the concentration of
hvdrogen ions in the agueous solu-
tion of phenel, C,H,OH with con-

centrations;
A-02 M,
B- the solution diluted by 100

limes.

(K= L3=10r'")

Answer: A- BS1=10FP M
B-051=10"M

Attention: Strong acid produces
weak conjugate base or vice versa
As weak acid’s acidity equilibrium
constant increases, acid’s strength

INCreases,




Do vou know that?

If we examine the values of acid-
ity equilibrium constants, the or-
der 15 ag Tollows,

i".". I-:_H £ u[.:“

The reason for that is the electro-
static attraction power 5 sirong
between different charged ions.
5o the negative charged substanc-
es have a low capability of losing
positive proton.

«_78 >
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Hclni;“q: " Hiﬂqh"l-='l Han‘l'q’ 4 Elﬂ*if;fh
HO'11C.0.*
K- 3 —— - 5.1x10°
[HC,0,]

Phosphoric acid (H, PO} has 3 ionization reactions and 3 acidity equilibrium
constants. (KKK

:..:\-r

HjPﬂhlq. 1 Hzﬂlll=...-“ H_,lﬂ;lql r HIPG.‘.,:N;
HO' 1 HPO ]
= 3 ——— = 7,11 x 107
[H,PO, ]

H]Pﬂ_q_;a:l;. | Hlﬂ:hﬁ Haﬂr-uq, f Hpﬂlf;‘@r

[H.O 1 [HPO * ]
K, - — - 6.32 410"
H,PO,1

HPO?, +HO = HO'  + PO},

L i< § deany
(H,0°1(PO >

K. = =4, 103
al IHPD_E | 80 x 10

3-2-2-Weak Bases

According to Bronsted acid-base theory, weak base is the substance which has
ability to accept proton from solution. It has basicity equilibrium constant K.,
For example, the ionization reaction of ammonia in water is shown as follows:

HH};;;. = H]Dql-.# NH_“.HI].I 1 DH:ﬂlh

[NH, 11OH ]
[NH,)

= 1.8 x 107

Mote that the writing mathod 11I']'=1'.II and K are the same. Generally, the ioniza-
tion reaction of weak base is written as ionic equilibrium as follows:

Bcl'lh1 Hlﬂ.t,# BlH:,;a,,-;l:| i ﬂH;an

[BH 11OH
B
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Example 3-35
Calculate [OH | ions concentration, degree of ionization and percent ionization
for 0.2 M aquecus ammonia solution, K (NH, =18 = [

Tonic Equilibrium )

Issitial concenteation

Concentration at

equilibrium

Solution:
HHSMJ + HID|1|= NH-‘I.:-II]] T 'DH(MJ
0.2 M 0 0
(0.2-x3M x M xM
~ INH_ " 11OH |
[NH, |
: (X (X)
1.8x10" =
’ 0.2 x,

x*~0.2%x1.8x10°-3.6:10"
x=[OH 1=1.9 » 107 mol /L
The ionization reaction equation is written for ammonia, and molar concentra-

tiong of substances are shown in the eguation. Then those concentration values
are inserted in the basicity equilibrium constant relationship.

The concentration of hydroxide ion at eguilibrium

Degree of ionization e .
Initral concentration of base

1.9« 107
0.2

= 0.0095

The concentration of hydroxede ron at egualibrium <O
L1

Percent ionization = 7 : =
Initial concentration of hase

1.9 x 1077
0.2

“100 % -~ % 0.95

Percent ionization -

Attention: While solving problems
about weak hases, whether method
of negligence 15 used or not depends
on the rules which are valid for weak
acids.

Exercise 3-4

Calculate degree of ionization of
0.1 M agueous solution of aniline,
CHM. (K, = 3.8=<]0'"

Answer: 6,2= 10

«< v »
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3-4- SELF-10ONIZATION OF WATER
(AUTO-IONIZATION OF WATER)

Selfionization of water or auto-iontzation of water is formation of hydronium
H.O" and hydroxide ion OH" in its solution. A proton can be transferred from
one water molecule to another in self-ionization of water or in other agueous
solutions of different substances. Self-ionizanion of water is a process in which
a proton is transferred to other molecule by itself. This process gives water
amphoteric property.

Seientific experiments have shown that water can conduct electricity. Pure wa-
2H,0 H,0* OH- tercan iomize very slightly.

a e a 9 Hzﬂflﬁ-‘- Hiﬂlllﬁ HJD:"Il ¥ ﬂHl.]l

Or i a simpler way,
Hlnqll # H'."'q-' I DH:’-‘]J

Equilitrium state can be defined with a value called as jonization constant and
shown with R.'._‘.

K,-(H 110OH 1 or K, =[H,0 1[OH |

Hydroxide ion (OH) always combines a hydronium jion H.O" {or simply hy-
drogen ion H'). Therefore, concentration of hyvdrogen fon 15 always equal to
concentration of hydroxide 1on in pure water. Measurements in pure water al
25 °C have shown that;

i(H1=1OH 1=1.0 x 10 " mol /L

Those experimental values measured at 25 °C can be used to calculate ioniza-
tion constant of water K.

K_-(H][OH ]~ (1.0x107) (1.0 x 107y~ 1.0 x 10"

K value of pure water at 25 °C can also be used successfully for dilute ague-
ous solutions,

Pure water is a neutral medium, That means it is neither acid nor hase. There-
fore, in any neutral solution, concentration of hydrogen 1on is equal to concen-
tration of hydroxide ion in the same solution ([OH }=1L0=107 M). But when
we add some acid to pure water, aecording to ionizstion equilibrium reaction
of water, the concentration of hvdrogen ion increases and the concentration of
hydroxide ion decreases (Le Chatelier's Principle.)

HO, = H'  +O0H

In a system at equilibrium, the ionization constant of water, K 15 always a
constant value {1.0= 10"9). Therefore any increase in the concentration of H'
causes a decrease in the concentration of OH or vice versa. By the same meth-
o], 17 wie add some base 1o water (or o any neutral solution), the concentration
of OH" ions increases and as a result, the concentration of H' ions decreases, In
the following solutions the concentrations of H' and OH jons are given:

«_ 3 »
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Solution General Situation 25 °C

Acidic [H 1510H H1,1.0:10°"M, [OH 1¢1.0x10"M
Neutral (H 1=1OH"] (H 1=1.0< 10" M, (OH 1=1.0x 10" M
Basic H 1¢10H | [H 1¢1.0x10°M, {OH 1:1.0x10"M

Example 3-6

Calculate the concentrations of H™ and OH ions in (.05 M nitric acid, HNO,
solution. '

sofution:

[he 1onization equation of nitric acid is written. On it, the molar concentrations
of H" and MO jons are shown. Then. to find out the concentration of OH ions

in solution, the following relationship is used.

HND& (3] Y Hf“'h T Nﬂ,ﬁ.:ﬂqa
0.05 4 0 0 Initial Concentration
0 0.05 1 0.05 4 Final Concentration

[H'] = rNﬂs' 1=0.05mol /L

The Value of (OH') can be calculated by constant ionization of water with K_

HO —— = H + OH
2 = (g ) (g, Exercise 3-5

0.05M Calculate the concentrations of hy-

{{] 05 +-xy M xM drogen ions in aqueous solutions
k which contain;

A= 0L01 M [OH)

Kw =1.0x 10 = TH") [ﬂH'] = (G.HS + X3y (X) B- 2.0 210 M [OH] ions.
Answer: A- =10 M

Depending on what we have learnt recently, the value of 1 (the concentration B- 3=10" M
of H* formed through ionization of water) is muoch smaller than concentration

of H' formed through complete iontzation of scid. Therefore, by neglecting x

(xH005) we can accept its value as 0.05, If we solve the equation;

«_ 381 _»




WARNING: [OH ] and [H']
concentrations which are released
during water ionization always
neglect in strong base and strong
acid solutions.

Exercise 3-6

Calculate the pH value of the follow-
ing solutions.

A} Hydrochloric acid 6= 107 M
B Sulfuric peid 0,03 M
Answer: &) 3.22

B) 122

«_ 32 »
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1.0 x 101 = (ﬂ.ﬂ5} (X3

1.0« 10°M
i £ ~2.0 % 10" mol/L~2.0 x 10 M

0.05

When the concentration of OH 1on in this solution s examined, it 15 seen that
the value of x (the concentration of OH ion) is much smaller than 0.05 and this
proves the method ol neghgence.

3-5-THE HYDROGEN 10N EXPONENT IN AQUEOUS
SOLUTIONS

Making calculations with too small concentrations of H™ and OH- ions is dif-
ficult and risk of mistake 15 high. A scientist named Sorensen suggested using

pH (acid scale) to express acidity of a solution in 1909, According to this, the
concentration is defined with respect to the following relationship.

1
[H 1

pH--log H |- log

[H*1=10PH

Cine of the advantages of this method is that when the molar concentrations of
H* and OH 1ons are known, the acidity or basicily values of solutions can be
expressed with positive numbers between (-14. Besides, the concentrations of
hydroxide ions are found with the same method:

I
OH - _log [OH |- log ——
P OB LAE1= 208 oH

[OH 1= 10+°"

Example 3-7
Calculate pH value of solution which has 0.05 mol/L H' ion.

Solution:

[ order o find pH value of solution, negative lozarithm of H' ion coneentra-
tion needs to be caleulated as follows:

rH 1=0.05 1
pH=-logiH 1=-log 0.05=1.3
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Example 3-8
If pH of a solution is 3.301, what is the concentration of H ion in the solution™
Solution:
In pH= -log [H'] relationship, pH is inserted in s place and equation is solved.
pH = logi H |

3.301 =-logr H"

By aking the logarithm of both sides of the relationship, we get the following
result:

[H*1=10"*"=5.0x 10 mol /L

The relationship between pH and pOH values in a dilute solution at 25 °C s
used.

(H TOH 1=K _-1.0x 10"

By taking the logarithm of both sides of the relationship, the equation below
is reached,

logrH 1+ logrOH 1-log(1.0x 10",

By multiplving both sides by (-1), we get the following;

(-logiH 1y + (-log({OH 1; - -log1.0x 10",

pH - pOH - 14

['his relationship shows that if pH and pOH values in a solution are both lower
than 14, they are both positive, but if one of both is bigger than 14, the other
one is negative. Generallyv, pH and pOH values of dilute solutions at 23 °C are
a5 follows:

Substance General Situation 25°C
Acidic pH < pOH pH. 7 pOH
Neutral pH-pOH pH-7-pOH

Basic pH , pOH pH 75 pOH

Attention:

Mowadays, in order 10 express concentrations
of other ions, “p™ lerm is used.
Generally with a *“p” before symbaol,

it means the negative logarithm of the
symbol. According to this, pH means
negative logarithm of the concentration
of H and pOH is negative logarithim

of the concentration of OH", pK 15 nega-
tive logarithm of jonization constant.

In the same manner, the negative lopa-
rithm of ionization constant of water

is shown as pk =-loghk

1!“ values of some substanees

Substance pH Yalue
e 1630
Fizzy drinks 2.0-4.0
Lemon 22-24
Vinegar 24-34
Tomato 4.0-4.4
Human urine 4.8-84
Cow milk 6.3-6.6
Hurnan saliva 6575
Human blood plasm 71.3-15
White of egg 7.6-8.0
Anti acid 10.5
e | a

Exercise 3-7

What is the molarity of the solution
if pH of nitri¢ acid solution 15 3,327

Answer: 3=10° M
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The pH value of fizzy drinks is cal-
culated by a pH meter. Many fizzy
drinks show acidic property due to
dissolved CO. and some other ingre-
dients they contain,

Exercise 3-8

Calculate the values of [H'].JOH ],
pH and pOH of 0.015 M of Ca(OH),

fqueous solution. 1s solution acidic
or basic? Why?

Answer:
[H']=3.3=107
[OH]=003 M
pOH= 1.52
pH= 12.48
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Example 3-9

Calcufate pOH, [OH'], pH and [H*] values for 0.015 M hydrochloric acid solu-
tion.

solution:

The iomzation equation of HC1 15 written, We caloulate the concentration of
hydrogen ions. Then we calculate pH valee. According to mathematical rela-
tionships mentioned before, pOH and [OH | are found owt,

HCl H + CI
(R B

134 ) (L ]

As HCL is a strong acid, it ionizes completely, That means:

[H'1-0.015meol /L
pH=-log H |=-log0.015y=- (- 1.82,=1.82

As it is known, pH + pOH = 14. Therefore, pOH - 14.00 - 1,82 - 12,18
As (H 1OH 1=1.0x 10" | [OH] can be easily calculated.

-4
[OH |- 1.O0x 10" _10x107% oo jpn mol |/ L
(H* 0.015

3-6 SOLVOLYSIS

The term “solvolysis™ means a substance dissociates homogencoushy by inter-
acting with a suntable selvent. The important solvolysis reactions m our scope
are the aqueous ones (water 18 used as solvenl ) The interachon of a substance
with water is called as hyvdrolysis. Hydrolysis reactions include interactions
with H* and OH" ions. For example, the interaction of the negative conjugate
of a weak acid with water in order to yield non-ionized weak acid is a kind of
hydrolysis. As a result, H and OH" fons in water produce base solution and
weak HA acid. The reaction is shown as follows:

ﬁ-lﬂql

Conjugaie wiler
il wenk woid

+ H0, = HA_

ik acid

+ OH
fa)

As OH Bon conceniration
neremes, selution becomes basic.

The reaction ol acetate ion CH,COCr with water can be given as an example.
CH,COO_ +HO, #CHCOOH, +OH
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In a similar way, the interaction of the positive cation of weak base {conjugate
acid) with water is an example. Here the resulting solution 15 acidic.

NH, _ +HO=NH,_+HO

£ =g
According to Bronsted acid-base theory, the conmjugate base of strong acid
shows a very weak base property. Similarly, the conjugate base of a weak acid
shows a strong base property. All those properties are also valid for bases,

qeagl

With respect to interactions of salts in aqueous solutions, we can divide them
inte for parts:

|- Balts of strong base-strong acid
2- Salts of strong base-weak acid
3- Salis of weak base-strong acid
4- Sals of weak base- weak acid

Now we will study each of those separately.

3-6-1-Salts of Strong Base-Strong Acid

These salts are formed from positive ion of strong base and negative on of
strong acid. The solution of this kind of salts is nentral. Because neither pos-
itive ions nor negative ions interact with water molecules significantly. For
example, in dilute solution of NaCl (the salt formed from NaOH base and HCI
acid) salt decomposes (dissolves) to its jons. Besides, water molecules also
IEe.

H.{3
NaCl  ——= Na'  +Cl

wlJ gl

H,0, === H' +OH

Salt of strong acid
and strong base

|

Neutral Agueous
Solution

The agueous sobution of this salt includes 4 tvpes of ions, These are OH, H-,
Cl and Na’'. Na' is a conjugated weak acid and it does not resct with water at
a significant level. Also the negative ion of salt CF iz a conjugated weak base
and it does not react with water at a significant level. As a result, it can be said
that the agqueous solutions of salts formed from strong bases and stromg acids are
neutral.

Because neither 1ons (positive or negative) have the capability 1o react with
water and disrupt the equilibrium between H and OH' ions.

«_ 3 >
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3-6-2-Salts of Strong Base - Weak Acid

When a salt formed from a strong base and a weak acid dissolves in water, the
resulting solution is always basic. The reason is that the negative jon (which
belongs to weak acid) interacts with water in order 10 form OH- ion. For eéxam-
ple, sodium acetate salt, CH COONa (the salt formed from NaOH strong base
and CH.COOH weak acid) ionized completely when dissolved in water

as below:

i B
CH,COONa,_ — > Na'_ + |CH,CO0

A
!-IJ':::IIII ﬁ {'}I-E |:|..||T ! I-’.I:\.ll

1e Position of Equilibrivm Shifis Tl

The solution which CH,COOH
has more OH 1ons

Salt of strong base
and weak acid

l

Basic Agueous

Solution

The acetate ion represents the conjugate base of weak acid CH Il:.'l.’,".lDH. There-
fore, these acetate wns mteract with H' 1ons im order to form CH_.\CHE}H. Asn
result, the amount of H ions in the solution decreases. H,0 molecules wonize o
compensate the decrease. Thus the amount of OH jons increases and the solu-
tion becomes basic, In order to define the hydrolvsis of acetate ions, the total of
couations above can be expressed with a single equation: as follows:

CH,CO0 , + H,0 e CH,COOH _ +OH

The equilibrium constant of this reaction 1s called as hyvdrolvsis constant. [t s
shown with k.,

« _ LCH,COOH(OH |
" [CHCOO

«_ 8 >
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Generally, the value of hydrolygis constant of a salt formed from strong base
and weak acid can be expressed as follows:

In the equation, [HA] represents the concentration of weak acid, [OH | the con-
centration of hydroxide ion and [A'] the concentration of negative ion of the
salt (initial concentration of salt),

The value of K, hydrolysis constant can be caleulated through relationships known
beforehand. For this, numerator and  denominator are multiplied with [H™):

THA11OH
Ty = A

K=[HPL][C"HI x [H" 1

N [A] (H

~ [HA] x[DH MTH"

A 1rH1 1
E K, K,
|K"-K1{Hﬁ;h 1 K HA,

The value of hydrolysis constant for any derived salt from astrong base
and a weak acid Kw

% K_(HA,
Example 3-10

What i3 the value of hydrolysis constant (K, b of sodium acetate salt? The acid-
ity constant of acetic acid K (CH,COOH = 1.8x1 (r', the ionization constant of
water, K_=1.0=1(r"

Mote: As h'.u i not given in such questions, students need to know it by
heurt.

Solution:

Sodium acetate salt is formed from stromg base NaOH and weak acid
CH,COOH. Therefore, if the acidity constant K of weak acid and ionization
constant of water K. is known, the h'rn:lr-u:rlw*: constant of salt is calculated as
Fallovaes:

K, Loxio™
N K CHCOOH, 18:10°

In short, the hydrolysis constant of any salt formed from strong base and weak
acid is calculated through the following relationship:

K‘H‘

K, - oF pK_h = pK* - [.'Il'iz=|




[ {-',‘ha!ner-:!- ) —

K, is the acidity constant of weak acid that forms salt, pK_,
pK. . pK, are the negative logarithms of K, K, K | values respectively. The
coneentrations of H jon can be calculated easily for this kind of solutions.
Because the amounts of HA and OH' ions formed as a result of hydrolvsis are
equal can constder [ A is equal [HA}=[OH"]. The molar concentration of salt
in the solution 15181

(3

. [I.-I_H.] [OH] < [DH']Z = K

AT T e K

Kll'
[OH] = ||L’3>C— or
Kﬂ'

]

Attention: If pH and [H'] is
asked to be calculated, students

can choose which equation to be [H']= %
used. Any of the two relation- '
ships can be used n calculation.
K xK
(H] = |~ - 2

or

I
pH = —— [pk_ + pk_ * lopge]

Exercise 3-9 Example 3-11

Caleulate the concentration of hydrox- Calculate pH value of 0.01 M sodium acetate salt ag 25 °C.

ide ions in 0.1 mol/L potassium cya- K (CH,COOH) =1.8<10"
nide, KON, =alt agueous solution,

K (HCN)=49=10" iz the

Solution:

. - : We use the following relationship to calculate pH of this salt solution.
solution acidic or basic,

Hnm;r; l;:f: tr:: sr:: pH = -Ii-rpli" +pK + loge]
pH - %i -logK_-logK - logc]
pH - -;—L-Ing{l.{l <10, log (1.8 « 10, + log0.01 |
pH - -;-{14 - 4.74-2 - 8.37
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3-6-3-Salts of Weak Base-Strong Acid

In the second tyvpe of hydrolysis reactions, positive jons of salt (which belong
to weak base) react with OH ions in water. to form non-disintegrating weak
base particlesin addition to H ™ ions. This reaction disrupts the equilibrium
between H' and OH- ions,

As a result, [HY] iom increases and the solution becomes acidic.

Therefore. ammonium chloride salt NH Cl (salt formed from weak base NH,
and strong scid HCI) decomposes completely when dissolved

inm water as follows:

Ol N
NH.CL, _3" NH, ..,._* U..ﬂ. The solution which
HO ==:0OH i+ H has more H' ions
< i d Lagl 104
b Positiom of
Lt lebrism sk T‘I
NH, + H.O

Ammaonium ion (the conjugate acid of weak base NH,) reacts with OH 1o
produce non=ionized NHhand H.0 molecules. This reaction consumes CH- 1ons
in the medium. Therefore, o compensate this decrease and establish a new
equilibrium, H,0 molecules ionize. As a resull. the amount of H' increases and
the solution becomes acidic,

In order (o define the hydrolvais of ammonium ion 'I"JH4 , & final equation rep-
resenting all of the reactions above can be written.

salt of strong acid
and weak base

l

" I
ACICC AUUISOLLS

sodutiomn

NH, +HO === NH,+HO

& g

CNHJHOT K

“TTTINHT K

K« . : i L EE R
Ka= Ko Relationship can be proved. K is the fonization constant of weak

base. Besides o general equation expressing hydrolysis of this kind of salts can
be written as follows:
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Exercise 3-10

Caleulate pOH value of 0.5 M ammo-
nium nitrate (NH NO,) solution. Is the
solution acidic or basic?

(K, (NH,) =4.74)

Answer: 9.22, The solution is acidic.

«_ % »
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M- + Hlﬂ= MDH + H-

(MOH|(H'| K,
M K,

[MOH] represents the concentration of weak base, [H'] concentration of
acid ion that formed from reaction [M'] for unhydrolysed salt.,

As [MOH)] and [H'] are formed through hydrolysis of salt molecules,

their concentrations in the salt solution are equal,

For the solution with [ C ] molar concentration:
[H' ]1 [H' Jz K"
[M") c K,

We get the following relationship from above eguation:

K‘l
[H] = Jex 2

By waking negative logarithm of both sides:
|
pH = ——[pK, - pK, - logc]
[{'_ represents the basicity constant of the weak base which the salt 15 formed
from.

=

Example 3-12

What is the pH of 0.2 mal/L ammonium chlonde solution?

K, (NH, )= 1.8=10"
Solution:

We need to know the basicity constant of weak base and the ionization con-
stant of water to find pH of solution. Then the following relationship is used Lo
calculate pH:

1
pH = ——[pK, - pK, - logc]

pH - %I. log K, + log K - logc|
pH - %[—lng[l.ﬂxlll]'*";.+Iug.;l.ﬂxlﬂﬂ—lugﬂ.l]

pH — %¢14-¢?4-{-n.?,,=4.93
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3-7 COMMON 1ON EFFECT

We have studied the aqueous solutions of weak electrolytes and their behav-
tors. In this chapter, we will study the behaviors of aqueous solutions with two
electrolytes (one is weak). The similanty of these two electrolytes is that they
have a common ion. The concentration of an ion in any solution can increase
as a result of decomposition of added compound into its ions. The ion which is
present in the solution and added compound is called as common ion.

At this level, we will focus on the situation which the electrolyte in solution
iz weak and added compound is strong. As a result of addition, a significant
amount of increase occurs in the concentration of commaon ion. This increase
can be wnderstond when the concentration of weak electrolyte is compared
to the concentration after addition. Disequilibrium results from this process.
Therefore, the solution forms a new equilibrium.

When some amount of ion 15 added o weak elecirolyte solution, the ionization
of weak electrolyte decreases, This phenomena result from the establishment
of ionic equilibrium again in electrolyte solution, This is called as commaon ion
effect, This situation is a result of Le Chatelier’s Principle.

Example 3-13

How does the concentration of H' 1on change when 8.2 grams (0.1 mol} sod:-
um acetate saly, CH COONa, is added to 1 liter 0.1 mol/L acetic acid solution
at25 *CY I{JCH_;L'UDH} =1, 8= 10"

Solation:
The ionization equations of weak electrolyte and added salt are written. On
them, the mokar concentrations at equilibrium are shown,

CH,COOH,, = H°, CH,CO0,
Initial concentration 0.1 M il {1
Concentration {0.1-x) M x M x M

ntra
S CH,COONa — Na' + CHEOO

Lagh

Initial concentralion 0l M il il
Final conceniration i1 01 M I L
Coommon 10n

lonization equations show that commaon ion in that solution is acetate jon. Be-
cause il has two sources: One is acetic acid (weak electrolyvie), the other is
sodium acetate (strong electrolyie). The concentration of common ken 15 found
by addition of concentrations result from ionization of both compounds.

In order to calculate the effect of common jon, the concentration of H' ion in
1 M acetic acid solution is calculated as below before the addition of sodium
acetate:
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Exercise 3-11

How does the ionization degree of
base change when 26.75 grams (0.5
mol} ammonium chlonde sal is add-
ed 1o 0.1 M 1 liter ammonia solution”?
K (NH =185 10

ARSWET:

lomization degree of the base is
greater than 360 times.

< 7 >
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(H] [CH,CO0T (%) (%)
K =18x=[0%= =
. [CHOOOH] (0.1 -x)
We get the following and apply the method of negligence
(x){x)

R=18=0rf=———
! (0.1}

=01} % (1.8 = 10°)=1.8 = 10*

xt= J1Ex 10" =1.3 = 107
[H'] = 1.3 * 107 mol/L

Then, afier adding sodium acetate (commaon ion effect), the concentration of
H' ton in acid solution is caleulated as follows:

[H] [CH,CO0O]

=18 x10%=
i [CH,COO0H]

(Y00 + X7 (%) (0.1)
CO1-xy (0D
X' = 1.8 % 10° mol/L = [H']

When we compare the concentrations of H' ion before and after (commaon ion
effect) addition of salt, we see that the concentration decreases to 1.8 = 10r°
maol/L from 1.3 = 107 mol/L, The reasen for that due to a common ion {acetate)
presence between two compounds, the ionization of acetic acid decreases by
addition of sodium acetate salt,

3-8 BUFFER SOLUTIONS

pH values of strong acid and base solutions can be caloulated easily through
their molar concentrations. According to this, the pH value of 10 M hydro-
chloric acid is equal to 4, But this value changes considerably even a small
amount of basic substance is added to acid solution. The same is also valid for
base solutions. For example,

pH value of IM ammonium acetate salt{salt of weak acid and weak base) and
sodium chloride salt solubion 15 approximately equal to 7 (Why?). But when
a small amount of strong acid or base is added 1o this solution, its behavior
changes. Becouse when 1.0 M 1 mL HCI golution i added to 1 liter salt solu-
tion, the pH of WaCl solution becomes 3.0, but the pH of CH COONH, chang-
o5 very slightly,

In many solutions, common ion effect is observed. But there are two very com-
mom situations;
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I- A selution formed from a weak acid and the sali of this acid (e.g. CH,CO0-
Na and CH,COOH)

2- A solution formed from a weak base and the salt of this base (e.g. NH, and
NH,Cl)

There are some reactions occurring in scientific laboratories or in industrial
processes or in bodies of living beings which need the pH value to remain con-
stant upon addition of small amounts of acid or base, For ¢example, most of the
metabolic activities occurring inside human body are sensitive o pH values of
body liguids. Transportation of oxygen and activities of enzymes in cells can
be given as examples, Therefore, our bodies use a compound mixture called
buffer solution (the system preserves from pH change) that preserves pH value
between certain limits. When a small amount of strong acid or a base is added
ter 4 solution, the resistance of H' fon to change is called as buffer effect or bul-
fer action. and solutions which have this property is called as buifer solutions.

In bufTer solutions, generally two interactions occur. First one neutralizes added
base by interacting with it. The other one neutralizes the added acid. This wav
the butfer effect of solution occurs. This kind of solutions are generally tormed
by mixing a weak acid and its derived salt or a weak base and its derived =al,
The buffer solution formed from mixing acetic acid (weak acid) and sodium
acetate (salt derivied from acetic acid) is an example. In order to observe how
such a solution resisis to pH change, we will examine the effects of addition of
some strong HCL into buffer solution and into pure water.

A% a result of addition of some strong acid into water, a big increase occurs
in the concentration of H' jon and a big decrease in the pH value of solution.
But an addition of same amount of acid into acctic acid-sodium acctate mix-
ture does not result in a significant amount of increase in H® fon concentra-
tion. Because this ion does nod remain free in the solubion but interacts with
CH,COCF ton from sodium acetate in order to form acetic acid. Thus the plH
value of solution does not decrease but remain almost constant.

When some amount of strong base as MaOH 15 added 1o water, as a resull of
complete decomposition of base, the concentration of OH- ons will increase.
herefore, the pH value of solution will increase. 1 the same amount of base
i5 added to buffer solution (CH,COONa and CH COOH), the OH" jons cannot
remain in the solution but react instantly with H' iong from decomposition of
acenc acid and fonm water.

As a result, the pH value of this mixture does not change significantly. With
respect o what 1s mentiongd above, buffer solution neutralizes as i reacts with
components of added strong acid or base,

Thus the pH value of the solution remains constant. But in fact. when HCI is
added, the concemtration of acetic acid imcreases a bit. This is a weak acid.
The increase in the concentration of solution causes a slight decrease in pH of
solution. On the other hand, the addition of NaOH to buffer solution causes
formation of sodium acetate, The imcrease m the amount of this salt resulis na
slight increase in pH of solution. (Why?)
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Do you know

iAy When breathing
stops, it increases  the
amount of CO, in the
blood, which leads to an
increase in the amount
of carbonic acid and a
decrease in the blood
pH value, (By When
breathing quickly, the
level of CO), decreases in
the bloodstream, as this
leads to a decrease in the
amount of carbonic acid

and an increase in the

blood pH value.

(A)

( Chapter - 3

We will examine the equlibrium position of weak acid HA {or weak base)
solution and the reactions of weak acid's sall.

HAI“Q]# H-1ﬂ5+h-ﬂa‘|l

MAHJ Mllﬂll_.ﬁ LU
Here the equilibrium position is as follows:
k- [HIA)

© [HAj

[H1 =K, x [HA]

[A]
If we assume the [H'] in solution as very small (as a result of common ion
effect which works o decrease weak acid’s decomposition), we ¢an simpli-
fy this relationship (after applving method of negligence). In equilibrium, the
concentration of unionized acid will be equal to imitial acid concentration. The

concentration of [A‘] in equilibrium will be only equal to salt’s concentration.
Therefore we can rewnite previous relationship as follows:

P et [acid)
" salt)

[acid] represents the concentration of acid, whereas [salt] s the concentration
of salt, We can re-arrange the equation by taking the logarithm of both sides:

H ~uk =1 _pK + log L38It]
R T VT |

| base _pK, + log [salt)

OH - -lo
£ PK, EIziatl | base]

By the same method, it is possible w derive a relationship that defines the equi-
librium position of a mixture formed from weak base and its salt.

[OH | =K, « 22

[salt]
In the equation, [hase] is the concentration of base and [salt] is the concentra-
tion of salt.

A= When respiration stops, the amount of CO, in blood increases.

As a result, the amount of carbonic acid mereases and the pH value of Blood
decreases.

B- During breathing heavily, the amount of CO, in veins decreases.

As a result, the amount of carbonic acid in blood decreases and the pH value
of blood increases.

_}.—.__
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Example 3-14

Calculate the concentration of H' ions and pH value of the solution of (.1 M
acetic acid and 0.2 M sodium acetate, K (CH,COOH=1.8=107

Solution:

We can use the mathematical relationship above to calculate the concentration
of H," ions and pH value of the mixture of weak acid and its salt, The mixture
has got buffer solution property. Therefore:

; [acid |
H 1=K % ———
* salt

[acid]= 0.1M , K (CH,COOH) = 1.8= 10~ and [salt]=0.2M

We get the result below:

[H ]=1.8 lﬂ's’x% =90 10°

We can caleulate the pH of solution using the following relationship:

pH=log H | =—log9.0 » 10°=5.04

or using the following equation directly:

[salt]

H -pK +lo

P PR+ 08 [acid |
Aspk = -logk
pH=—lngl.Exlﬂ-‘+lngu—'f

pH=4.74 + log2 -4.74 + 0.30=5.04

Here we can compare the concentration of H' ions and pH value of the solution

{buffer solution) with the calculated values of 0,1 M acetic acid. This compar-

ison is ([H'] =1.35210° M) and (pH = 2.87) respectively.

Example 3-15

what should be the concentration of amvmonium chloride in asolution contaiming ammonia
at aconcentration (L1 M, so that the pH value of the solution is equal to 9.0 ? pk, =474
Solution:

pH - pOH =14

pOH-14-pH-14-9-5
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Exercise 3-12

0.3 M sodium acctate salt forms
a buffer solution with acetic acid.
What should be the concentration of
acetic acid for the solution to have a
pH value ot 4317 K_=18=10°

Answer: 0,81 M

«_ % »
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The pOH value of the solution with a pH value of 9.0 15 equal to 5.0. The solu-
tion of ammonia and ammonium chloride is a buffer solution. Therefore we
can calculate using the previous mathematical refationships. We can use the
following relationship for the solution of weak base and its salt.

salt

OH - pK, + log |

P PR+ 08 [ base ]

5.00 - - log 1.8 x 10° + log [5;'1:1

log '-3;'1” _5-4.74-0.26

[salt] - 10 . 1.82
0.1

[salt]=0.1x 1.82=0.182 mol /L

Example 3-16

Caleulate the pH value of new solution formed after addition of 1 mL of 10M
hydrochloric acid solution into 1 liter 0.1 M acetic acid and 0.1 M sodium ace-
Late buffer solution. pk_=4.74

{Note: While selving the guestion, ignore the volume change in solution oceurs
after addition of streng acid or base.)

Solution:

The bufTer solution formed by acetic acid and sodium acelate can be expressed
by following equations:

CH,COOH CH,COO0 s, + Hom,
CH,COONa;, —+ CH,COO., + Naju,

- The amounts {mole numbers) of sodiom peetate and peetic acid i solution
before addition of strong &cid is calculated as follows:

Mole number of acetic acid in 1 liter solution = Moy coon = VL)
.1 mol/L. = | L=10.1 mol

Mole Number of salt in Viter solution = Moy coona = V(L)

(L1 mobL « 1 L=0,1 mol

2- HCl acid decomposes completely as in the following eguation

HCI Cl I+HI13‘1

(8 e
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In order to produce H' ions equal to the added amount of acid: Fxercise 3-13
M, * V(L) (Mol number of H' ions equals to the added amount of acid: Caleulate values of pH of the fol-
lowing;
1L
=10mol /L x 1 mL x =—————-10.01 mol A- | hiter buffer selution is formed
ml. froins . 1M saiistionis: NHL siid

0.1M ammonium chloride NH CL
H' ions produced from decomposition of HCI combine with the same amount
of acetate ions to produce the same amount of acetic acid. B- Calculate the change in value
of pH of the same solution afler
adding 10M of 1mL sulfuric acid,
H.50, . Discuss the results.

3- The amounts and concentrations of acetate ions and acetic acid are calculat-
ed as follows after addition:

The amount of produced H* ions + the amount of aeetic acid before addition = pK = 4.74

The amount of acetic acid after addition Mo

= 0.1 mol + 0.01 mol Answer:
A1 926

= 0.11.mol i) 9.06
ApH = -0.2

n¢moly .11 mol,

= =0.11 1/'L
VL 1¢Ly me

CH,COOH | -
The amount of produced H' 1ons - the amount of sodium acetate before addi-
tion = The amownt of sodium acetate after addition

=0.1 mol -0.01 mol

~0.09 mol

n (mol, 0.09 ;mol,
v{LI_ 1L

[CH,CO0 - ~0.09mol /L

4- The special equation to caleulate pH value in buffer solution is applied as

fiel Lovwws:
H - vK 1 [ Eﬂll|
P Ph, tlog ey
0.0
H-474 i log ———
P o8 .11

pH - 4.74 « (-0.087, - 4.66

3-9-SOLUBILITY AND SOLUBILITY PRODUCT CONSTANT

Dissolution of solids in water is accepted as one of the imponant procedures in
chemistry, Because solubility of any ionic substance depends on the difference
between the amounts of enerey necessary to break the bonds between ions
constituting the matter and energy released dunng 1onization and hydration.
Therefore solubility of substances in water differ.

In this chapter, we have studied the behaviors of substances dissolved in water.
But there are many substances which are shightly soluble in water, The solu-
bility of these substances depends on an equilibrium state between the solid
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Do you know? part of the substance and produced ions (between the decomposed and non-de-
composed ). This solution is called as saturated solution. The dissolution of a
slightly water soluble substance can be defined as follows:

When  ammonium  sulfide  solution 1=
mixed with cadmiom nitrate solution, a

sediment called cadmium sulfide forms. AB 5 " Hlﬂ : A H + B .
(NH_, 8+ CdNO,, A vl s e
The equilibrium ¢onstant K, of this equilibrivm reaction is shown with the
ﬂdﬂlll i ENHaHqu. following relationship.
Cadmium sulfide, which s a shighily sol- K - [ﬁ' o [E. 1
uble salt, 15 wsed in production of vellow eq
dye used in paintings, [ A-B] [ HID]

We assume that the concentration of [AB] remains constant as the compound
dissolves slightly in water and only a very small pant of it decomposes. Be-
sides, as the solvent is water, the concentration of [H,O] is assumed as con-
stant. Therefore, the previous relationship can be re-arranged as follows:

K, =1A 1B
Because:

K -K_ [(ABI[HO]

The value of k.. is called as solubility product constant. This value remains
constant at a certain temperature. Solubility product constant is used o express
{or measure) the solubility of slightly soluble salts in water, The solubility of
a compound is directly proportional to 118 solubility product. Generally, the
solubility product of a slightly soluble jonic compound is calculated through
the molar concentrations of ions making up of the compound at equilibrium {in
saturated solutions molar solubility is shown with —s-1. When writing solubility
product constant in equilibrium chemical equation, the concentrations of jons
formed from decomposition of compounds are multiplied. Mole numbers are
writlen as exponents. The molar sofubility of slightly soluble salts —s- 15 de-
fined as the molar concentration of ons formed from decomposition of =alt in
solution at equilibrium.,

The solubility product constant of salts like AgCl, BaS0, and PBSO, which
have two moles of tons in their solutions s expressed as follows:

K =tx5 =48
L

The selubility product constant of salts like Ag SO, or CaF, which have
three maoles of wns in their solutions 15 expressed as follows:

K, =5x(2s)" = 48

The solubility product constant of a salt like Ca (PO}, which have 3 moles of
ions in its solution s expressed as follows:

KHP—- ¢35y x (25)* = 108 §°

«_ %8 »
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These rules are applied only when a saturated solution of a slightly soluble
salt is at equilibrivm.

Example 3-17

As the solubility product constant of lead sulfate salt PhSO is H. =1.6%10%,
what 15 the molar solubility of PhSO?

Solution:

First, the chemical equilibrium equation for dissolution of P80 is written,

PbSO, == Pb: S0,

1

Let's assume that the molar solubality -:Ji']:"hﬂﬂﬁia]l 15 5 moll. As seen i the
cquat'mn when 1 mole of PhSO, is dissolved, 1 mole of Pb™ and 1 mole of SO,
s are formed 10 the Huluiu:-n Depending on this, solubility constant E.'. i!!'i
written mathematically as follows:

: 1 Exercise 3-14
S ¢ Il.'lﬂ] L_:I $ mol /L ] Calculate the solubility product

constant of Ag Cr(), salt, as the

= 1, 3 saturated solution of 1 liter silver
K_=[Pb*]1S0*) chromate, contains 0.0215 g salt.
(M=332 g'maol)

K =5x85=8§=16x10"
P Answer: |00

§ =~/ 1.6 x10% - 1.26 x 10" mol /L

Example 3-18

Calewlate the solubility product constang t'-’.._F of BasO), salt as | liter saturated
solution of BaS0, contains (LOU25 g/l BaSO, (M = 233 g/mal),

solution:

First, chemical equilibrium equation for dissolution of BaS0, salt i1s written,
Then, the mathematical expression for solubility product constant Iliw is writ-
tem. From the solubility value of salt (00,0025 g/LY, the molar sobubility (mol/L)
and the concentrations of ions in solution can be calculated. An equilibrium is
established between the decomposed and non-decomposed parts of this salt in
fts saturated solution as follows.

BaS0, @ —e= Bafn'ql P80
K, -iBa* 1180
(M = 233 g/mole, BaSO,

-5- molar solubility {M = 233 g'mol) of BaS0 s caleulated depending on 1%
sofubility,:
1;mol, BaSO,

Maolar solubility of BaS0 = solubility of BaSO (g/L) =
233 (g, BaSO,

<_ %9 >




Exercise 3-15

What is the lowest (pH)
of asolution contains Iron
ion (111} in equal concent-
ration 2 =107" M which,
if adeposit Iron hydroxide
(I Fe(OH), begins to
appear in the solution,

K _(Fe{OH),)= 5= | (¥

Angwer: 4.8

«__100 P
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1 ¢mol, BaSO,
233 (5 HHS'D"

s BaSO, (mol /L, =0.0025 (g/L) x

s BaSO,=1.1 x10° mol /L

Ba® and %4"' toms are formed from dissolution 1.|nt"!3-uEDJ as shown in the
equilibrium equation. Therefore,

BaS0, == Ba’ + SO

(243
1.1 x 107\ L1 x10°N 1.1 x 10

That means, in the saturated solution of this salt, [Ba™] =[SO "] = L.1=10"M.
These values sre inserted in the mathematical relationship for solubility prod-
uet constant K.

KEF=IBa3' 1180, 1=¢1.1x10°y(L1x107y=1.2x 10"

Solubility product constant K It is gecepted as a measurement of solubility of
compounds which are slightly water soluble, Knowing the solubility value en-
ables us to make sure if precipitation of the substance is completed or not in a
precipitation process, I the product (multiplication) of concentrations ol ions
of a precipitate in a solution is greater than the solubility product constant of
the precipitate, precipitation starts. In this process, the ions of the precipitate
accumulate and form unionized molecules. But if the product of concentrations
ot ions of precipitate is less than the solubility product constant of the precipi-
tate, the molecules of precipitate start dissolving. When the solubility product
constant 15 equal to the product of 1ons, the solution becomes saturated. There-
fore, an equilibrium is established between the dissolution and precipitation of
the precipitate.

Example 3-19

As the Auoride ion F* concentration in a solution is 2= 107 M, what should be
the minimium calcium ion conceniration in the solution for CaF, salt to pre=-
uipitatr:?{h’.? =49= 101)

Solution:

First, the precipitation equation for the calcium fluoride salt is written. Then,
the mathematical relationship tor the solubility constant is written,

CaF,, = Ca' +2F,,

Az known, the precipitation starts when the product of concentrations of ions
of precipitate is equal to/greater than sofubility constant. As the concentration
of Auonde 100 i solution 15 2= 1007 M, the concentration of caleium 1on can be
caloulated through inserting this value in the [ollowing equation.
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K, =(xM}= {2 = 10°MY

4.9 < 10" = (x) x {2 = 1(EMP

x=123 = 10°M =[Ca™]

3-9-1- Factors Affecting Solubility

There are many factors causing solubility of precipitates 1o increase or decrease.
The most important of those are temperature, commaon ion effect and pH effect.

|- The eflect of wemperature

In order 1o dissolve a substance in a solution, the solute needs 1o gain the energy o
break the bonds between the moelecules. The substance obtains this energy through
hydration. In the end. the ditference between absorbed and released energy (Study
the Thermodynamics chapter) defines the temperature of solution. Practically, the
solubility of slightly soluble substances increases with temperature, But this -
crease changes from substance 1o substance,

2- Commaon lon Effect

As we have studied before, according to Le Chatelier’s Principle, the solubility of
any weak electrolyte (e.g. shightly soluble salt) decreases when a substance with o
commen ion s added to solution. Practically this phenomenon is used o controd
the dissolution of precipitates.

Example 3-20
Caleulate the molar concentration of barium iodate salt Ba(I0, ).,
A- In pure water,

E- In 0,02 mol/L potassium iodate, K10, solution. Then, make a companson be-
twieen results. I:'C.'.T = | 5T=]10*

Solution:

First, the dissolution equilibrium equation for Ba(l0. ), is written. Then, the math-
ematical relationship for solubility product constant is written. The problem is
solved following the steps we have seen in the previous examples.

A-If we assume the molar concentration of Ba(l0, ), as s,

Ba(lﬂi}.lp.l# Eal'ﬂq: { IIUJ (ady
8 M s 28 M

I{W={Ba"] (10, 7= (8) (28y* = 1.57 x 10”*

By solving the equation, s value is obtained.
5 = 7.3=10" mol/L
The molar solubility of in Ba(10, ), pure water is to equal 7.3= 10" mol/L.

- KIO, is accepted as a strong salt which dissolves completely. Therefore. the
concentration of {ICy ) ion is caleulated as follows:

Exercise 3-16

A 1L solution contains 0,001 mole
of both of Fe™ and Al" ions, Certain
amount of NeOH solution s added 1o
iL. Show mathematically, which one
of ANOH), and Fe(OH ), precipitates
first and why?

K, (ANOH) )= 3510
K, (Fe(OH),} = 510

Answer: Fe(OH), precipitates first
because it needs less amount of OH-
100S 10 precipilate.

«__101_»




Exercise 3-17

A solution of 0.01M, 20 mL silver ni-
trate (AgNO.) is added 10 a solution
ol (L0SM, F'.{]' ml. potassium chromate
(K, Cr0 ). Will silver chromate precip-
itate?

Kﬂ[.&ngrﬂ*l = 1. 1=10"

Answer: Yes, it will precipitate.,

Exercise 3-18

The solubility product constant of
magnesium  Auoride, MgF,, salt s
equal to K_ = 6.5=10",

A- Calculate the molar solubility of
this salt in pure water.

B- Calculate its molar solubility in 0. ]
mol/'L sodium fluonde, Nak, (strong
electrolyte) and compare both results.

Answer: A- L18=107° M
B- 65107 M

Solubility decreases.

«_ 102 _»
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KIo, - K + 10
L02M

1

0.02M 0.02M

We take the molar concentration of Ba{l0, ), in 0.02 M KIO, solution as v.

Bﬂ[lﬂﬂ}z‘h # Bazll.m + 2[01 i
yhl' }T“ 2}’“

As 1015 the common ion, the concentration of [10,7] is equal to the sum of
concentrations of 10, ions from the ionization of Bail0,),and K10, salts. That
is (0,02 + 2y) mol/L. Therefore,

K, -[Ba® 110, 1~ (y) (0.02 + 2y,*~ 157 x 10°

We can assume the coneentration of 10 ion obtained from Ba(l0. ), is too
small in companzon with 10 ion obtained from K10, That is 2y < (.02,
Therefore;

(0.02 + 2y = 0.02 molL
K,, = [Ba ][0T = (y) * (0.02)" = 1.57 = 10*
y=23.9 = [0r*mol’L

The molar solubility of BailO ), salt in 0.02 mol/L. potassium 1odate KIO,
solution is egual 1o 7.3= 107 M. When we compare the results, it is seen that
the solubility of Ba(l0,), salt in pure water is much greater than its solubility in
K10, solution (common ion effect). The percentage of solubility of this salt in
two different medium can be calculated as follows:

Molar solubility in pure water ~ T3=10tmol/ll. 187
3.0 = 10" mol/L 1

In other words, the molar solubility of Ba(l(}.}, sali in 0,02 mol/l. KIC), solu-
tion is 187 times less than its solubility in pure water.

Molar solubility in KIO, solution

3- The pH Effect

The concentrations of many substances depend on the concentration of H® ion
in solution, The substances which contain hydrogen or hydroxide ions in their
components can be given as examples. e.g Mp{OH),.

The solubility of these substances change with the changing of pH
value of the solution and through the effect of common ion.

h‘l,g,[ﬂH]Lh_ Mg].ﬂq: + Zﬂ'H'HI

When an acid is added to the saturated solution of this compound, hydrogen
and hydroxide ions react to vield water molecules and this causes the disrup-
tion of equilibrium shown in the equation. The compound onizes more (in
other words its solubility increases) in order to compensate the decrease in OH:
ion concentration, When a base is added to the solution in equilibrium of this
compound, its solubility decreases as a result of commaon ion effect.
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Example 3-21]

Calculate the molar solubility of magnesium hvdroxide solution with a
pH= 10.5. (k=18 10y

Solution:

First, the concentration of H* 1on in solution with pH = 10.5 is calculated.
Then the hydroxide jon concentration in solution 15 found.

pH=-logiH 1=10.5
(tH*1=100""= 3.2 x 10" mol /L

K 14
[OH | = ——— - L x 29 -3.1x10"mol /L

(H] 3.2:10M

That means the concentration of hydroxide ion in solution is equal to 3.1 <10 Exercise 3-19

molL. After writing chemical equation showing dissolution of Mg(OH), . we

find the value of 5 by using molar solubility of Mg(OH), in the solution with Caleulate the solubility of zinc hy-
pH 10.5. droxide in solutions;

ME{DH}ILEJ# ME‘J-:EQ. + IﬂH_cﬂll "1"'PH='F'1
H- pH=%.10, then discuss the results,
s i sl 3.1 10y K (Zn{OH) } = 1.2%10°
Answer: A-0.12 M,

Then we insert the values above in the mathematical equation showing solu- i
B- 1.2=10"M

bility constant as follows:
_ : -2
K, -(Mg"][OH]
1.8 x 101 =¢8)y (3.1 ¥ 1[]4]1

Solubility decreases.

- 1.8 10"
(3.1 %104

=1.9 x 10 mol /L

-

The molar solubility of Mg{OH ), in solution with pH = 1.5 is equal to
L.9=10 M.
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QUESTIONS OF CHATER-3

1-1- In the following equation, equilibrium state is shown between molecules and ions of water:
M0, =HO', +OH
A- Does the equilibrium changes with emperature change?

1agh

B- What is the value of solubility constant of water at 25°C? What are the concentrations of hydrogen
and hydroxide ions in pure water?

Answer: B- K =1 = 10", [H] = [OH] = 1=10"M

3-2- Find the change in pH value of water after the addition of the following solutions to 1 liter of water.
1. 10 M HCl with 1| mL volume
2. 10 M NaOH with | mL volume

Answer: |_ApH=-5 2 ApH=5

3-3- Bay if the following substances are acidic, basic, neutral and why?
A)NH.CI 13) Na 50, ) CH,COOK 1) CaF, ) Mgs0, F) KCl

3-4- How many grams of CH,COOH (M=60g/mol) should be added to 250 mL of water in order to make val-
ue of pH of the solution 2.77 K = 1.8 = 10+

Answer: 3 g
3-5- Circle the cormect answer:

I- Find number of mg of barium lodate, BalO, dissolved in 150 mL of distilled water. (K_=1.57=10" and
M=48Tg/mol)

A- 344 mg H-44.4 mg C-534mg
2- What arc the molar concentrations of Na' and 50,7 1ons in aqueous solution of 0.4 M sodium sulfare?
A) [Na']=0.4M, [SO*]= 0.4M
B [Na']= 0.2M, [S0]=04M
L) [Na']=0.8M, [50]=0.4M
3- Find the pH and pOH values of 0,05 M sodium hydroxide solution:
AjpH= 1.3, pOH= 127
BipH="7.0, pOH=T.0
L) pH= 127, pOH=1.3
4- Find the pOH value of 0.3 M agquecus solution of ammonium nitrate, NH NO_: (pk = 4.74)
A-7.00
B-9.22
(- 4.78
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3-6 - As K, value of propanoic acid (C.H COOH) is 1.3 [0F%, whal is the percentage of decomposition of
acid in 0.65 M aqueous solution?

Answer: 0.45%
3-7 - What is the concentration of ammonia [NH,] in a solution in which [NH,"[=0.01 M and [OH]=1.2=10°
M at equilibrium? k =1 8= 10~
Answer: 6.67<10° M

3= 8 =Calculate the mass of sodium acetate salt (M=82 g/mol) needed to be added into 1 liter 0.125 M acetic acid
solution to obtain a buffer solution with a pH value of 4.74. pK = 4.74

Answer: 1025 g
3-9 - Answer the following question.

A- What is the pH value of a buffer solution which is made up of (.15 M sodium nitrite, NaNO_, and (.12 M
nitrous acid, HNO.? K (HNO, = 4.5= 107,

H- Caleculate the pH value of solution after 1.0 g of sodium hydroxide (M= 40 g/mol) added to 1 liter same
butfer solution above.

Answer: A- 3.45, B- 3.62
[ NH, o . .
3=11- What should be the TNH Fatio in order to prepare a buffer solution with pH=9.00 by mixing NH,
and NH CI7 pk =4.74 !
Answer: .82

3-11- What is the molar solubility of BaSO, in its aqueous saturated solution? What is its molar solubility after
adding ImL 10M H,50, to L of the same saturated solution? K_{(BaSO ) = 1.6 = 10", JI6=1.26

Answer: 1Le= 1075 mol/L, 1.26 = 107 mol/L
3-1.2- Caleulate pH and [OH] values of the following salt solutions: K (HCN) = 4.9 10" and
K (NH. = 18107,

- 0L M sodium cyanide NaCN

2- 0,25 M ammonium nitrate NH NO,
- 0.5 M sodium nitrate NaNO,

3-13- 110,01 M acetic acid 1onizes in aqueous solution 1o 4.2%, calculate the acidity constant of it

Answer: 1.7a=10°

3<14- In order to make the pH value is 9.0 for 500 mL of 0,15 M of ammonia solution
what should be the mass of ammonium chloride (M=53.5 g/mol)? K, (NH_) =1.8=10"

Answer: 7.22 g
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3-15- Caleulate the molar solubility (mol/L) and solubility (g/L) of silver sulfate, Ag_ S0, salt in the following
solutions, .

A= Distilled water,
H-0.15 M potassium sulfate, K .50, (pK  =4.92 and M= 314 g/mal)
Answer: A) 0,014 M ; 4.396 /L. B) 4.4 = 107 M; 1.38 g/L
F-16- As K =11 10", what is the number of grams of silver chromate, Ag,CrO, (M=332 g/mol) dissolved in
100 mL distilled water?
Answer: 2161 =10 g
3-17- What is the molar solubility of barium chromate, BaCrQ, in 0.1M barium chloride, BaC’l, (strong elec-
trolyte) solution? H‘-:- (BaCrO,)=1.2=10r""
Answer: 1.2x10°M
3-18 - What should be the mass of potassium hydroxide (M=36 g/mol) needed to be added into 200 ml. of water
to get a solution with a pH value of 117
Answer: 0.0112 g
3-19 - As percent 1onization of 0.1 M hydrocyanic acid, HCN 15 0.01%, what 15 the ionization constant of this
acid?

Answer: = 0*

3-20- As K.F [En{ﬂH}:J = 1.2x10", calculate the solubility of zine hydroxide (M =99.4 g/mol) in g/L unit and
molar solubility mol/L (molar concentrations of ions from decomposition of salt).

Answer: 143=10"M, 1.42=10" g/L

3-21- Calculate the pH value of solution obtained from diluting 1 mL 13.6 M hydrochloric acid in | liter of
waler.

Answer: 1,866

3-22- The concentration of calcium (M=40 g/mol) 1on in blood plasma is 0.1 g/L. I the concentration of oxa-
late ion in blood plasma is 1<107 M, do you expect caleium oxalate CaC,0, to precipitate?

pK, = 8.64

Answer: No precipitation occurs.
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REDOX REACTIONS and CHAPTER-4

ELECTROCHEMISTRY
..

ACHIEVEMENTS
After completing this chapter, the student is expected to :

*Define oxidation number and learn to calculate oxidation number in compounds and chemical radicals,
FKnow the meaning of reduction and oxidation, reducing agent and oxidizing agent; know how to balance
chemical equations including these concepts.

*Know the meaning of the following terms:

pole, anode, cathode. electric current, Nerst equation, galvanic cell, electrolytic cell.

*Lean the standard cell structure of hydrogen: understand hydrogen standard cell voltage as a criterion to
measure other standard cell voltages.

*Understand dissociation and electrolysis processes,

*escribe the structure of cells; wnte the equations for reactions occurring at poles of cells when they
produce electric current,

* Find out the weight of elements freed by elecirolysis at poles and the relationship between the amount of
electric current passing the electrolytic cell.

*Describe the relationship between standard cell current and non-standard cell current, and the relationship
between standard free energy change and equilibrium constant,

107
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4-1 PREFACE

Electrochemistry is one of the branches of chemistry. It deals with the chang-

es between chemical energy and electrical energy. During the pass of electric
current, some chemical changes occur and also some chemical reactions cause
production of electnic current. Electrochemical processes are reduction and
oxidation reactions. During spontaneous reaclions (reactions ocour by itself,
without an external force) enerey 15 released. Then this energy is converted 1o
elecincal energy or non-spontaneows reactions can be realized using electrical
enetiy.

Besides designing different types of cells, dyeing and electrolysis processes
have been derived from electrochemistry, Electrochemical principles are pres-
ent in every part of daily life. Cars, radios, music players, watches, electrical
appliances use chemical reactions in order to supply ther energy. The dyeing
of utensils, electrical hardware and appliances; production of electric circuits,
purification of metals and production of some elements are other examples for

reactions that use electrical enengy.

4-2 OXIDATION NUMBER

Reduction and oxidation numbers are used to define redox reactions. These
numbers are written over the symbals of the elements which take place in re-
actions. These are called oxidation numbers or oxidation steps. The oxidation
number of each atom in a compound represents the electrical charge (number
of electrons ) that this atom gains or loses. The rules for caleulation of oxidation

numbers are given below:
[ - The oxidation number of free elements is equal o zero.
MNa, Be, K, Ph, H:1 '[ZI':1 F4 =1

2- The oxidation number of a monoatomic ion is equal o the charge on this ion,
Li', Li=+1, Fe¥, Fe=+3, 0%, 0=-2

3= The oxidation number of hydrogen is equal to (+1), except the oxidation
number of hydrides is (-1},

The oxidation number of hydrogen in H.O iz (+1),

The oxidation number of hydrogen in sodium hyvdride NaH iz (-1).

4- The oxidation number of oxygen is (-2). except the oxidation number of
oxygen in peroxides is (-1},

The oxidation number of oxygen in H.0 s (-2). The oxidation number of oxy-

gen in hydrogen peroxide H,0, is(-1).
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3= A-The oxidation number of Group |A clement in & compound is +1,
Li, Na, K, Rh = +1

B- The oxidation number of Group [LA element in a compound is 42,
Be, Mg, Ca, Sr=+1

(- The oxidation number of Group [TIA element in a compound is = 3.
B, AL Ga, In=+3

fi- The oxidation number of halogens Group VITA element in a compound is -1,
F.ClLBr,1=-1

For the atoms which are not mentioned above, the following rules can be used:

Fule 1: The sum of the oxidation numbers of all of the atoms in a neutral coms-
pound is 0,

Ma=+] and C1=-1 in NaCl

According to this rule, (1 +{=1)=0

Rule 2: The sum of the oxidation numbers in a polyatomic ion is equal 1o the
charge of the 1on.

InH MO compound O = -2 and "= P and H= +1

According to the rule: [2<(+1)} +H{P)+ [d=(-2}}= -]

Here we find that the oxidation number of phosphorus is P=+ 5. Atoms which have

more than one oxidation numbers show different colors for different oxidation

numbers {Figure 4-1). Table 4-1 shows the oxidation numbers of elements,

Figure 4-1
The color of solutions which
E.‘HII'I'IPIE 41 have different chromium salis
Find out the oxidation numbers of atoms in the following compounds, ions and arc different depending on the
a— mc_idatinn number of the chro-
I LIm -
50, KCl, Mg" PO, BaO , F,
Solution:
F.: F=0 {According to Rule 1)
Ba(»: We can find out the oxidation number. of Ba sccording to Rule 1. O = .2,
thus (Ba) +(-2) =0 s0 Ba=+2
PO “We can find out the oxidation number of (P} according to Rule 2. (0= -2
(P)+ {4=(-2)} =-3 thus P = +5. Exercise 4-1
Mg Mg = +2 { According to Rule 2) Find the oxidation number which
KCl:Cl=-1and K =+1 {According to Rule 2) are in red following ton and com-
501, : We can find out the oxidation number of § according to Rulel. pounds.

MnO,, K.Cr.0, NalO, ,H 50,

=2 (5} + [2x(-2)) = w = 4
O=-2.(5)+{24(-2) =0 thus 8 =+ H.CO,, HPO >
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Table 4-1 The oxidation numbers of elements in periodic table.

4-3 REDUCTION AND OXIDATION (REDOX) REACTIONS
Reduction and oxidation reactions are one of the most important types of reac-
tions. The energy released from combustibles, electric current from batteries and
oxidation of iron are examples for these reactions ( Figure 4-2),

Redox reactions occur via transfer of electrons. The first defimtion of redox
reactions was made as “loss or gain of oxyveen”. This definition is correct but
incomplete as it is true for only a number of compounds. Today redox reactions

are defined as follows:

Oxidation:

It is the chemical change following loss of electrons of an atom. As a result of
thig, an increase occurs in oxidation numbers. Below, the exothermic reaction
ol Na and Cl ions in which crystal latticed solid forms 15 given.

INa, +Cl, ,— 2NaCl |

The formation of sodium 1ons 15 8 result of oxidation process. Because each
sodium stom loses an electron in order to become sodium on. Oadation state
15 shown by writing oxidation number on the atom or jon.
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Na’ — Na' +e
By this equation, we see that the oxidation number of sodium in free state has
changed from 0 o (+1). In other words, sodium atom was oxidized to sodium
ion and its oxidation number has increased by (1)
Heduction:
It's a chemical change. An atom or group of atoms gain's electrons. At the end
of reaction, the oxidation number of the element decreases. According to this,
in the reaction above, during mieraction of sodivm and chloride each chlorine
atom gains an electron and the oxidation number decreases to (-1 ). The process
is accepted as a reduction reaction.

{-Ilah + 20— 2CI
Reduction occurs i the reaction in which oxidation number 15 reduced. Chlo-
ring atom whose oxidation number decreases from 0 to <1 is reduced o chlo-
ride 1on. In a reaction, reduction does not realize without oxidation. Because
along with a reduced atom there must be an oxidized one. The number of elec-
trons which are gained during reduction is equal to the number of electrons
lost during oxidation, As shown in the equation below, the general equation of
redox reaction is obtained from sum of reduction and oxidation reaction equa-
trons. As the number of lost and gained electrons must be equal, electrons are
nol shown in the total eguation. This reaction is called as oxidation-reduction
{redox) reaction. Durning this reaction electrons are transferred from one atom
o another. According to this, the atom thar loses electron is a reducing agent,
the atem that gans -:ltctn:a-p is an oxidizing agent. Theretore, in this reaction, Fiﬁlll'-E 4-2
sodium atom is the reducing agent, whereas chlorine atom is the oxidizing

A Combustion reachion of meth-

agent. t ) _ ane gas s a redox - reduction reaction
2Na + Cl, — 2Na* + 2Cl 3
: CH, +20, —
: i gk H
If we sum up what 15 told sbove, knowing oxidation numbers allows us to CO, +2H 0+ Energy
g1 ] - I

know if a reaction s a redox reaction. Let us take a look at the reaction betwesn

phosphorus pentachloride and water: B) Oxidation reaction of iron (rust-

P*CL+4H O — H*P*0.>+ 5H Cl ing of iron) is an oxidation-reduction
As there 15 no change occurs n the oxidation numbers of elements, this re- reaction.

action cannot be called as a redox reaction. But in the following reaction of 4Fe -+ Jf-:'_.,_:, = ike, O, + Energy
copper and nitric acid, we can make some comments:

Cu' + 4H'NY0 = — Co* (N7 07), + ANV O + 2H, " (F

From the change m oxidation numbers of copper and nitrogen, we can easily

say that this is a redox reaction. The oxidation number of copper atom has

changed from 0 to +2. Therefore it has been oxidized by losing 2 electrons.

Meanwhile, the oxidation number of nittogen atom has been changed from

{#5) o (+4). That means it has been reduced by gaining [ electron, Carbon and

sulfur react in order o yvield carbon sulfide. Tn this reaction, as seen at the side,

carbon is oxidized and sulfur is reduced. C+28§ —— CSE
In redox equations, we can explain the loss or gain of electrons by dividing it in 0 0 e T
L]
‘ L reduction ‘
—  pxidation ——
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two parts: The half of the reaction is oxidation and the other half is reduction.
Therefore, we can divide the reaction of sodium and chlorine into two:

2Na" + C1," — IMa* + 2CF

Ma'— Ma™ + e ﬁt:x:daliun | half reaction.
CL'+2e —2CI ( reduction) half reaction.
When two halves of the reaction is added up, firstly the number of electrons

lost need to be equal 1o the number of electrons gained. According to this, in
order to obtain the following equations, the half oxidation reaction iz multi-

plied by 2:
2Ma"— INa® + 2¢
Cl 7 +2e —2CI
After eliminating equal numbers of electrons on hoth zides, by adding two
equations, we get the general reaction below:
2Na®+ CL° — 2Na" + 2CI
The oxidation number of sodium has increased from 0 to +1. Therefore, the
process is called as oxidation. The oxidation number of chlonine has decreased

from 0o (-1} So the reaction is called as reduction. Thus, the total reaction 15
called as an oxidation-reduction reaction, shortly a redox reaction.

Example 4-2
In the following reactions, specify the reduced and oxidized atoms. Also
wite down the reduction and ccodation half reactions.

1CL+2F —=2CT + ],
2y Mg + Fe** — Mp-* + Fe

Solution:
1) Cl,+ 2F — 2C1 + 1,

A e f__c,' 2 (oxidation ) half reaction.
Ciz" +2¢ = 2CI  (reduction) half reaction,

When both sides of the reaction are added up, the number of lost and gained
electrons must be equal. We canoonly write down the general reaction {total
reaction) when number of electrons are equal.

CI+21 = 2CF+17°

The axidation number of iodine has ineressed from (-1 to 0. Therefore this
is called oxidation. The exidation number of chlorine has decreased from (0 1o
(=11, This is called reduction, Thus, this reaction is a redox reaction.
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2) Mg + Fe*" — Mg + Fe
Mg — Mg* + 2e {oxidation ) half reaction.

Fe't + 2¢— Fe' {reduction) half reaction.

Exercise 4-2
In the following reactions,
specify the reduced and oxi-

Firstly we need to make sure the number of electrons lost and gained must be equal
when they are summed up, we get the general reaction:

Mg + Fe* — Mg™ + Fe dized atoms. Also write down
The exidation number of magnesium has increased from O to (+2). This process is the reduction and oxidation half
called oxidation. As the oxidation number of iron has decreased from (+2) 100, this ~ Feactions,

1% reduction. Therefore this reaction 15 & reduction reaction. 3 - o
1} 2Zn +Cu™ — Zn* +Cu

4-4 REDUCING AND OXIDIZING AGENTS
A 2) Mg + 2HC| — MgCl, + H,

4-4-1 Reducing Agent

A reducing agent ig a substance which can reduce another substance. It loses elec-
tron/s and its oxidation number increases. Therefore the reducing agent is oxidized.
For example, in the reaction of copper element with concentrated nitric acid:

Cu' +4HN*0, — Cu** (NO,), + IN* 0, + ZH,0

Copper is the reducing agent as it has been oxidized by losing 2 electrons. The ox-
idation number increases by from 0 1o +2.

4-2-2 Oxidizing Agent

An oxidizing agent is a substance which can oxidize another substance. An oxi-
dizing agent gains clectron/s. During redox reactions, their oxidation numbers de-
erease. Therefore the oxidizmg agent is reduced. In the example above, nifric acid
is the oxidizing sgent. Because the oxidation number of nitrogen in the aod s
reduced to 4 from 5 in nitrogen dioxide by gaining an electron. In the same manner,
the substance in a reduction reaction is the oxidizing agent.

The Oxidizmg Agent The Reducing Apgent
A substance which takes place in re- | A substance which takes place in

duction reaction and causes another | oxidation reaction but causes another
suhstance to oxidize. substance to reduce.

Example 4-3

Specify the oxidizing and reducing agents in the following reactions:
V2o + CusO, . —Zn30, 4+ Cu

Hgi LL1]

2} Cu, + 2AgNO, o — Cu(NO.), . + 24,
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Exercise 4-3 Solution:
Specily the oxidizing and reducing |, Zn,+ CuSO,,, — ZnSO,, +Cu,,
agents in the following reactions:

n—fnt +2e Zn: It has undergone oxidation so its reducing agent.
1) 2C; + Oy — 200y, Cu' +2¢ — Cu Cu: It has undergone reduction so it’s oxidizing agent.
2) Mg, + Clyyy — MaCl,,,, 2) Cu, +2AgNO, . — CulNO,),  +2Ag
3 Mg, + Fe'y— Mg™,q + Feg Cu—Cu™+2e Cu'; It has undergone oxidation 50 it’s reducing agent.
Ag teo —Ag Ag : It has undergone reduction so it's oxidizing agent.

4-5 ELECTROCHEMICAL CELLS

When we study redox reactions, we see that some of those occur sponta=
necusky. For example, in the reaction of a piece of solid magnesium and dilute
hyvdrochloric acid, a salt forms and hvdrogen gas evolves,

Mg, +2HC]  — MgCL_ +H,

However, some redox reactions do not occur sponfaneously. For example, wa-
ter dissociates to its components, hydrogen and oxvgen, only when energy giv-
en from outside. Therefore, what is the relationship between electrical energy
and reactions that occur spontancously or non-spontancously? And what 1s the
relationship between these reactions and electrochemical cells? Electrocheni-
cal cells are made up of two poles: One is positive pole or anode. This pole is
the source of ¢lectrons that undergo oxidation. The second pole is the negative
one which is called cathode, This pole is the place that reduction ocours and
electrons are transferred from positive pole via outer circuit. Both poles are
inside electrical solution. The components of solution take place in the
redoction and oxidation reactions occur at the surfaces of poles.
Electrochemical cells are divided into two: Galvanic or voltic cells and
electrolytic cells such as electrolysis cells { Electroplating cell).

4-6 GALVANIC CELLS

These are cells where chemical energy is transformed into electrical energy
durning spontaneous chemical reaction. This kind of celis is called galvanic or
voltaic cells, These names are taken from two Italian scientists, One is(Luigi
Galvaniland the other is{Alessandro Volta) These two scientists were the first
people who designed these cells. Batteries are one of the types of galvanic cells.
Let's study the following example before we go into what 15 going on inside
galvanic cells. When a zinc rod is dipped into copper sulfate solution, it starts
to comrode and disappear. The concentration of zinc ions increases, That means
a spontancous reaction occurs. At the same time, brownish copper clement
starts plating zine rod as a spongy laver. Some of the copper settles at the bot-
tom, The blue codor of the solution starts o disappear due to the decrease in the
concentration of copper ions and finally it becomes colorless (Fig. 4-3jas in the
following reaciion.

L+ E‘u"Eﬂf‘lm En-"S{I:u-"Iml +Cu
As it seems 50 7 ions hasa't changed at all during oxidation (in other words
they havent joined the reaction) Therefore we can simply rewrite the reaction

above as follows: Zn + E'u!'lu - Erl"'m_l +Cu
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The most famouws and simplest Galvanic cells are Daniell cells (Figure 4-4 ).
A zing rod is immersed into zine sulfate ZnS0, solution. The cell depends on Zn,
I~ oxidation and Cu™ - Cu reduction. This exem occurs i two different con-
tainers, Electrons are displaced between two poles through an external wire.
Zinc and copper rods are called electrodes. The poles of cell are the immersed
or the contacting pole with ions in its solution. The battery cell formed with
copper and zinc rods dipped into ZnS0, and CuSO, solutions is called the { Dan-
iell ) eetl. According to the definition above, pogitive pole (zinc rod) is called as
anode, This pole is the place where exidation occurs,ithe source of electrons)
Negative pole is called as cathode.

Wkl e
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——f Y ]
Coppet

- W
Sl Brackpt

Figure 4-3

The reaction that oceurs when
rinc dipped into copper sul-
fate solution.

i
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Coiem

-
CrSIy il ke Tl askninm
n i pxidized Cu i reduced
1o 2" at anode. fo Lt outbiadc Figure 4-4
Fovish ——m T ) + 20 Net reaction S el = 0ua| Danicll Galvanic Cell
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Al this pole reduction oceurs, During this process, electrons are observed to be
transferred through external wire from anode o cathode (copper rod). These
electrons cause copper atoms accumulate over negative pole's surface by react-
ing with copper ions Cu'® in solution. The reduction and oxidation reactions
occurring i the Daniell cell are called halfl cell reactions at poles, These are:

Zn. — In’ ey T 2¢ Half cell reaction / Zn pole (anode) oxidation

T F . 'C'uh. Half cell reaction / Cu pole (cathode) reduction

We see that esch zinc atoms have lost 2 electrons (undergone oxidation) to
yield Zn” ion whereas each Cu™  jons have gained 2 electrons (undergone
reduction) to yvield Cu atom. The general reaction of the cell 15 obtained by
adding both half reactions after making equal the number of gained and lost
electrons. (Here we see that the numbers of gained and lost elécirons are equal. )

General reaction: Zn  + Cu™  — Zn' +Cy
LR likg Lyl 1]

The most important point here that needs attention is il copper sulfate and zinc
gulfate solutions were not in different containers, Cu* ions would resct with
zine rodd directly, as mentioned above. [nihis case, there would be no elecincity
produced. In order to complete the electric circuit, a conducting medium that
allows negative and positive 1ons to be transferred from one pole to the other is
required. This conducting medmm 15 called as salt bndge. The bridge 15 formed
from a tumed down U-shaped glass tube. Inside the tube there is an inert solu-
tion which does not change chemically during the process. The solution con-
tains ager substance, { Ager is a natral, sticky substance. It has different uses,
When heated it liquefics, it solidifies at room temperature.) The compounds
which are used while filling the salt bridge are K 30, KNO,, KCI. A cell re-
action starts spontaneously and continues until zinc rod or the concentration of
copper 1ons 15 uwséd up completely. As a result of #ine atoms change into Zn*'
ons, electrons are ransferred from positive zine pole (zinc atoms) 10 copper
pole through external wire. Here ions undergo reduction. The 80 * sulfate ions
remaining in the solution pass to the zine sulfate solution through salt bridge
(because of increase in the number of positive charges in solution) Potassium
K ions pass to copper sulfate through salt bridze (in simple terms, negative
ions pass to positive pole anode, Positive ons pass to negative pole cathode. )
Conduct of electricity occurs by transfer of electrons at external cirowl (wire).
It ocours at inner circuit (salt bridee) throwgh transfer of 1ons,

Example 4-4

As the tollowing reaction occurs spontaneously at the given galvanic cell,

Cu

{51 T 2"l!'l'gllm.u — CU:- i + 2'&iglm

iy
A- Write down both half cell reactions.
B- Explain the direction of electrons flow along outer wire and direction of 1on

movement through salt bridge which is full of KNGO, solution.
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Elwcien fow

AT+ — Ag
reduction

u i Cu — Cu™ + 2¢
A i oxidation

|
z
£F

Solution:
Al

Cu = Cu3'|q| #2er Half cell reaction / Cu pole (anode) oxidation

[ER]

E‘ﬁ‘g.u.u- +2¢" —+ IAg - Hall cell reaction / Ag pole (cathode) reduction

B} Electrons fow from anode (copper rod) towards cathode (silver rod) via
vuter wire, Positive ions K™ move towards negative poele “cathode™ while nega-
tive ions NO," move towards positive pole “anode” through salt bridge.

4-TPOTENTIAL OF GALVANIC CELL

Electric current flows from anode to cathode due to the potential difference be-
tween poles. This fow of electric current 15 similar to fall of water at a waterfall
because of its potential or similar to flow of gas from high-pressure region to

low-pressure region, This potential occurs between electrodes and the fons of

solution. It is divided into two:

I-Crxiclation Potential: The tendency of matter lozing its electrons
2-Reduciion Potential: The tendency of matter gaining clectrons

[he potential between two poles of galvanic cell is called as cell potentsal and
shown with E. Cell potential is also called as electromotive force and shown
with emf. Contrary to the meaning of the term, here potential is named instead
of force. The cell potential is measured by a voltmeter (Fig. 4-5). As we will
study later, cell potential depends not only on the properties of electrodes or
ins but also on concentrations of ions and temperature at which cell works.
Cell potential is defined as the electrical potential difference between elec-
troddes in a galvanic cell. Cell potential 15 shown with E.-le svinbol. Therefore,
cell potential is a measurement of motive force of the reaction which oceurs
i a cell. Cell potential depends on the potential of poles at which oxidation
{anode) and reduction {cathode) occurs. IF we show oxidation potential with
E . and reduction potential with E_, cell potential is the sum of oxidatien and
reduction potentialz of the cell.

1:I EH‘.= EI'I'l. i~ Elfﬂ

Figure 4-5
A voltmeter 15 used measure cell
potential or electromotive force.
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Figure 4-6

Standard hydrogen electrode

«_ 118 P>

f Chapter - 4

As oxidation occurs al anode, we can use E_ | symbaol instead of E_. Similarly,
reduction oceurs at cathode, se for reduction potential we canuse £ instead
of E_,. Therefore, we can rewrite equation | above as follows:

2} Er-ll = Epl + Eﬂﬂn:h

e

Linder standard conditions, 25°C and | aim pressure, when cell potential is
measurcd for the concentrations of solution at two poles are the same (1 M or |
mol/L}, this measured value 15 called as standard cell potential. It is shown with
E" - Under same conditions, the potentials measured at electrodes are called
standard electrode potential and shown with E°_  and E°_ symbols. Thus.

equation 2 can be rewritten under standard conditions,

3} Enull - Enlnndr + Eu:mhck

Electrical potential unit is volt and its symbel is (V).

4-7-1 Measurement of Cell Potential

As we siudied above, in order to measure standard cell potential (E°
and cathode potentials need to be measured under standard conditions.
The question is how the potential of a single electrode can be measured as a cell
cannot he set up with a single electrode and its potential cannot be measured.
Therefore, a reference electrode is necessary, A {relerence electrode ) is used w
measure other electrode potentials. There are different tvpes of electrodes used
as reference. The most important of those is standard hydrogen electrode.

), anode

4-7-2 Standard Hydrogen Electrodes

Standard hydrogen electrode is chosen as a reference electrode (with 8 known
standard potential). Hydrogen electrode 1= chosen from other elements with
respect to its chemical medium activity. Therefore, it can be used as anode or catho
pole. Standard hydrogen electrode is made up of a glass whe. Into 1M solution
(as HCI) contaning H' ions, hydrogen gas is pumped under | atm pressure
and 25°C, At the bottom of the glass tube, a piece of platinum is placed. That
piece of platinum is antached to a platimum wire. The reason why platinum is
used with this kind of electrodes is that it never oxidizes or reduces under any
conditions. But platinum performs two duties:

A= 1t supplies a surface on which hvdrogen molecules can dissociate.

B- It supplies a method to conduct electricity through outer circuit,

Figure 4-6 shows a standard hydrogen electrode. It is shown with (SHE) sym-
bol. According to ILPAC, the potential of standard hydrogen electrode is ac-
cepled as I:IE':'HI = (L0 V. If standard hydrogen electrode 15 used as anode {oxa-
dation), the reaction which occurs on it is as follows:

H, —2ZH" +2¢ E® =00V

il [ armie

But it it iz used as cathode, the reaction is as follows:
EH'I:HI + e — H:WI B = oY
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4-7-3 The Potentials of Standard Electrodes

We can use standard hydrogen electrode to measure standard potentials of oth-
er electrodes. When this electrode is connected with any other electrode to set
up a cell, the standard cell potential is equal to the sum of element’s standard
electrode potential and standard hydrogen electrode potential. As (SHE) poten-
tial is equal to zero that means element’s standard electrode potential is equal to
cell potential, Onhver this fundamental, standard oxidation potentials of elements
were measured. These potentials were put in & chart named as Standard Reduc-
tion Potentials Chart. Table 4-2 shows reduction half reactions and standard

reduction potentials of different electrodes, f//,/—,- __'-?}\
E“Im + E® i

T el b =i hesde o
It is observed that E°_ value of this cefl is +0.763 V. As (SHE) potential B srin i i
is equal to zero, then: :'! ey B 1‘ i

i) = 2 lal
I: ol L e + r: cathosds

0.763V=E"__ +00V

P i ity
E ., =+t0763V
mekdaton fal-reacticm radurtnn Fal-resctian
Ental = Enitag)s de TG AE T — Hlgh
That means standard oxidation potential of zinc is equal to +0.763 V. There- éiinc shecade Hydrogen elecimde

fore, standard reduction potential of this electrode is equal to -0.763 V. In other

words, standard cell potential is equal o standard potential of zine electrode,

Because the ather clectrode is (SHE).

Standard Onxidation Potentials Table of clements is used to compare potentials

when elements are used as oxidizing and reducing agents. Because reduction

potential values are accepted practically as a measurement of reduction and

oxidation capabilities. We need to learn following important points about the

table to wse 1t caleulations, Exercise 4-4

The cell consists of anode which 15
hvdrogen pole and cathode which is
copper pale, Calculate the standard

: ; ¥ reduction potential of copper pole.
2- Standard reduction potentials reduce as we scroll down the table. This means ¢, 00 ay potential= +0.337 V

their oxidation properties increase. In other words, their strength as reducing
agents increase. At the top, fluorine element is placed with the highest reduc-
tion potential that is +2.87 ¥

I - Standard Potential Valwes of electrodes in table 4-2 show their standard re-
duction potentials.

F,y t20—2F Ee . =+2.87V

For Lithium element -3.04 Reduction potential decreases downwards
the table

L Fo L, ES . =-304V

Theretore, as lithium i the hardest reduced substance, Li* s accepted as the
weakest oxidizing agent

Contrary (o this, as Auorine 15 the least oxidized substance, it is the weakesi
reducing agent.

Answer: +0.3317V
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at 1M concentration at 25 °C

F, ., + 2 —2F_, +2.87
H,O.,, + IH + 26 — 2H,0 +1.77
Anl, + 3e —+Au | +1.50
Cl,, + 2 —=2Cl,, - 1.36
O + 4H' —4e_..2HG + 1.23

HE» ()
Br,, + 2e -—*IBri..,. + 1.07
2Hg* .. + 2¢ —Hg; +0.92
Hg . + 2¢— 2Hg, £ 0.85
Ag ., +€—= Ag, - 0.80
Fe}:iq. e — Fﬂr‘q: v 0,77
L, +2e—» 201, +0.53
O, +2H,0 + de . 40H +0.40
Cul, +2¢ —= Cu, +0.34
Sn":'ﬂlL 2¢ —s Sl‘lﬂqi +0.13
2H, +2¢—=H, 0.00
Pbl +2e—» Pb -0.13
Sn*  ~+2¢— Sn -0.14
Ni*, +2¢—= Ni, -0.25
Co'l + 2e — Co - 0.28
Cd, +2¢—Cd, - 0.40
Fe*, +2¢——» Fe -0.44
cr, +3e— Cr, -0.74
ZHf;q + 28 —= En;h -0.76
2H0+2¢ — H, +20H - 0.83
M‘ﬁé. +2¢ — Mn ~-1.18
AP, +3e — Al - 1.66
EE:':'.M + 26— B-Em - 1.85
Mg‘i‘q' + 26 —» Mg.ﬂ - 2.37

P Na _ -2.71
Cal, +2¢— Ca - 2.87
Baf"lm + 2 —» Ba.s, - 2.90
K, +e—=K_ -2.93
Lic, +& —Li_ -3.05

Table 4-2 Standard Reduction Potentials of elements in ( V) volt unit measured

Potential of reducing agents increase
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3-The standard cell potential of any cell of which one of its poles is standard
hyvdrogen electrode, equals to element's standard electrode potential as in the
example above.

4-The potential of an oxidation reduction (loss of electron) 15 the opplste of

the potential for a reduction potential (gain of electron). For example, the po-
tential of reduction half reaction of lithium electrode 15 -3.04 V. Therefore,
potential of oxidation hall reaction of this electrode 15 +3.04V,

Ly, +te—Li E" =-3M4V

jays i rsiuuly

Li, = Lit, +e E°_, =+3.04V

[T

- : . Attention:
4-7-4 Measurment of Standard Cell Potential

‘The means standard cell potential
The following points must be considered while calculating standard cell po-  Jociribes the differ betwesn
tential:

reduction potentials of both
|- The element which has the lowest standard reduction potential is chosen as  electrodes
anode pole. Similarly, the element with the highest reduction potential is cho-
sen as cathode pole,

2- The number of electrons lost at anode (oxidation) must be equal to the num-
ber of electrons gained at cathode (reduction). When they are not equal, they
need o be made equal by taking least common multiple of number of electrons.
Then by eliminating electrons from both sides of half reactions, general cell
reaclion is wrillemn.

Attention:

Characteristic property does nol
depend on amount of substance.
3- I the number of electrons lost in reduction 5 not equal to the number of

electrons gained in oxidation: both sides of equations are multiplied with a

certain number. But standard electrode potentials remain unchanged. Because

potential is a characteristic property which does not depend on the amount of

substance. Potential depends only on the concentrations of ions in electrode

solutions, For example;

L, +2¢— 20, E°, =053V

&
2L +de — 4l E® =053V
s} i LA
4- Both half cell reactions are reversible reactions. Each electrode can be used
as anode or cathode depending on the conditions they are used.

- In order to find out standard cell potential value E°__, both hall-cell reactions

at electrodes are written. At the end of the reactions, standard cell potential val-
ues are writlen. Then while caleulating E°__ the following relationship is used.

E:}n:u g E&Hﬂll-‘l + Enl.'.llh:ﬂ:
IT standard reduction potentials are given directly 1aken from the wable, they

st be used a4 15
- E2

E?  =E°
eell caibude sy
That means standard cell potential deseribes oxidation potentials of both elec-
troscles.
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B If the value of standard cell potential is positive (E°_, = +), the reactions

al poles occur spontancously. But if the value of E° | is negative (E° | =-),
the reactions at poles do not occur spontaneously and energy must he given

externally,

Example 4-5

Write down both Daniell cell half reactions and calculate standard cell poten-
tial. As standard reduction potentials £°, = +034Vand E°, =076

Naote: To show standard polential 15 a reduction potential E°_ | symbol 15
used.
Solution

When we examine standard reduction potential values, we see that we need

to choose copper pole as cathode because this pole has the highest standard
reduction potential, We need to use zinc pole as anode because this electrode
has the lowest standard reduq;tiﬂn potential, {point 1)

e
.'f ° © a {:] ‘“ﬁ
10 L]

=

Zn, — Zn¥, +2e E°, .= +0.76V

Cu®  +2e —Cu, E°_, .= 1034V

Here what necds attention is that when we use zinc as anode, we have to
reverse the sign of standard reduction potential. {point 41 1Fthe number of lost
electrons is equal to the number of gained electrons, from the sum of two half cell

reactions, we get the general cell reaction as follows:
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I“u_--l Cu’-rl_lq_n - ET'I_-l_|.-,|_| T {"u;-::n-l
= e =0
E cell E maoile +E raihosde

E? = (+HLI6 V) +(+0.34 V) =110V

Mote; To calculate standard Daniell cell potential, we can use the following
relationship;

E? =F° 0

* el " cathode © s

If we take the standard reduction potentials from the chart directly, If we take
the standard reduction potentials from the chart directly,

E°_, =(+0.34V)-(-0.76 V)= 1.10 V

4-7-5 Types of Electrodes
Here we will mention tvpes of electrodes widely used in setling up galvanic
cells.

|- Metal Electrodes / Metal lon

This kind of electrodes are obtained by dipping a metal rod into the solution
contaming the metal’s ions, For example, zine electrode which is dipped into
zinc sulfate solution. The interaction of (£n/Zn ) electrode as anode or cathode
is as follows:

24 o i
Zn lw“+..||3 —hinm

Zn — Zn*t  +2e
[&p LETE}]

Reduction (cathode)
Ohcidation (anode)

2- (ras Electrodes

They are set up by pumping gas into a glass tube filled with solution containing
the ions of the gas under a certain pressure, As gas does not conduct electricity,
this electrode will supply a conducting medium for electricity, Generally, plat-
mnum strp which does not have tendency to react is used inside the glass tube.
For example, into the solution like HC1 which has H' jons, hydrogen gas is
pumped under 1 atm pressure. The anode reaction of hydrogen electrode over
the picce of platinum is as follows:

H 20 +2¢

—!.
Hg) 1))
In a different way, chlorine gas is pumped into a solution of NaClor HCl
which has chloride ions, The reaction of chlorine cathode reaction over the
picce of platinum is as follows:

Erxidation (anode)

CL  +2e— 2CI

el il Keduction (cathode)

Exercise 4-5

Calculate the standard cell potential
which consists of Cd pole dipped

in 1M solution of Cadmivm nitrate
and Cr pole is dipped in 1M solution
of chrommium nitrate. 17 vou Know
standard reduction potential;

B g™ 040 ¥

El:i

=-0.74¥

el

Answer: +0.34 W

Exercise 4-6

Do the oxidation and reduction reac-
tions expressed with equations below
oceur spontanecusly?

Standard reduction potentials:

E® o= 028V

B i .25V

B 044 ¥

|- ]

1) Nigg, + Eif'i_i, — Wit g + Cilgy
2] JFE“J T 2.-‘!1“].13\_“ —

IFe?,,, + ZAN,,
Answer:
[- Mi-Co reaction does not occur
spontaneously,
2« Fe-Au réaction ocours sponta-
neously.
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3- Beduction and Osadation Electrodes

They are set up by dipping a graphite rod or platinum strip into a solution
containing ions of an element which has double oxidation state, For example,
it is set up by dipping platinum strip into the solution containing Fe™ and Fe™
(or Sn" and Sn™ 1 1ons. When this electrode 1s used as anode, oxidation reac-
tioms can be written as follows:

Fe** —Fe®* +e
g} firg)
4-7-6 The expression of the Galvanic cell in writing

Generally, in order o express a galvanic cell, notation method i5 used, There
fore, we need to symbolize the poles. Later, they will be used to express the
cell. The electrode is written as element electrode/element ion. For example,
let’s consider #ine electrode which is dipped into zine sulfate solution where
reduction reaction occurs. [t 15 expressed as follows:

El‘r'i - + 2em — El‘"m Reduction {Cathode)

It is expressed as seen in half cell equation. Firstly, the symbol of metal on
is written. Mext to i, in parentheses, its molar concentration is written then a
vertical line is drawn and symbol of metal is written. 1t is as follows:

Zn* (1IM) | Zn

o for eocrdation reaction:
. 4 .
Enm — Zn i e

For this situation, firstly the symbol of the metal is written. Then a vertical line
iz drawn and the symbol metal fon is written, Next to it, its molar concentration
15 written in parentheses. All these are as seen in half cell reaction.

Zn | Zn* (1M)

YVertical line shows the phase boundary. If attention is given, zine is in solid
phase and zinc ions in aquecus solution are in liquid phase, Therefore. in order
to divide two phases, a vertical line is drawn. The concentration of the solution
is written after the sign of the ion. Because | M shows the standard concentra-
tion

As an example for expressing gas electrodes by writing, we can give the nota-
tion of hydrogen electrode.

In the following oxidation reaction;

H -—+dH" , +de Oixidation (anode)

In order to express the electrode, as in the order in the equation, half
cell components are placed. Firstly hydrogen gas and next to it the value
of gas pressure is written (this is for gases only), Then the symbol of gas
ion and next to it, its molar concentration is written.

Pt H, (latm) | H' (1M)

As gas cannot conduct electricity, to conduct it, platinum strip is nsed.
If it is used as anode, it is written in the beginnlng of the notation, if it is
used as cathode, it is written in the end, In the electrodes used in
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reduction and oxidation reactions, for the oxidation reaction, the nota-
tion of the electrode containing Fe™, Fe** ions will be as follows:

FEIIM.“""" FEPmn +& Oxidation reaction (anode)

Pt| Fe* (1M); Fe' (1M)

In this kKind of reactions, as they do not conduct electricity just like gases, plati-
num strip needs o be immerse into the solution. While the electrode is expressed
by wriling, the symbaol of platinum, Pt is writlen just as the pas electrode 15
expressed, As both ions are found in the same solution, a semicalon (3115 put be-
tween symbals of two ions.

As we have learnt expressing electrodes by notation, we can easily express

a gell. For this, we join anode (oxidation) and cathode (reduction) poles. To
express by notation, on the left hand side, the reaction in anode is written. The
reaction in cathode is written on the right hand side. Berween those two parallel
vertical lines are drawn to express salt bridge in the cell.

Az an example, we express the Daniell cell with general reaction given:

Zn +Cu® Zntt  +
Zn  +Cu” i —dn”,  +Cu

We can express the cell as follows:

Znl Zn* (1M Cu® (IM) | Cu

EY

Odation reaction in anode 1l Reduction reaction in cathode
{ Two vertical lines between expresses the salt bridge.)

Example 4-6
Express the cell in the figure by notation. Then write down both half cell
mcﬂunsl Vol
Solution
The sum of two half cell reactions gives general reaction and it is as follows:
Zn, ,— Zn’ e g Oxidation reaction {anode)
ZHY +2e—H Reduction reaction (cathode)
fag) 2zl 148 18] 16l 2250,

The sum of two half cell reactions gives gr:n-:ml reaction and it is as

follows:

Zn + EH'qu. — Ant + H:w

iag1

The notation of this cell is below:

Zn | Zn® (IM)ITH' (IM) | H, (1atm) | Pt

¥ — ' 1 . 1 5 ..Q
4-7-7 The Cell Potential E, Gibbs Free Energy (AG ) and
Equilibrium Constant Keq
As we know, galvanic cells transform chemical energy into electrical energy.
The electrical energy (joule unit) the cell produces 15 equal to the multiplication
of cell potential E°_ (volt unit) with total charge that passes through cell i(C)
{coulomb unit).
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Attention:
Linit of coulomb (C) multiple
unit of Volt (V) equals to Unit
of loule (1)

Exercise 4-7
The general reaction of a galvanic
cell 15 as follows:

':E!“.ll - 2"l!l'g'uncl = 2Ei_|l.l.||+ Ell!'|E'I".|:||..|_|

Express the cell by notation under
standard conditions. Later, write
down the oxidation and reduction
reactiodns,

Exercise 4-8
Standard reduction potential of sil-
veris E°, = +0.80 V. Can HCI
solufion dissolve silver metal found
in the following cell containing a
solution with 1 M Ag’" ion? (Note:
Dissolution of metal in solution
means that reaction occurs sponta-
neously.)
Ag | Ap'{IM) I H(1M)

| I-[:-[ latm} | P1

Answer: HCL does not dissolve the
trvetal.
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Electrical Enermy (1) = Cell potentiall V) = Total Charge(C)

Therelore, joule unit is equal 1o the multiplication of Volt unit (V) with electri-
cal charge unit (C)

1=1Vv= 1

The total charge passing through the cell is equal to the multiplication of mole
number of ¢lectrons (n) and charge of | mole of electron which called Faraday
{and shown with F). In other words, the total charge passing through the cell
1= equal 1o (n=F}). As known, 1 mole contains as many charges as Avogadro
number (M, ). Therefore, Faraday (F} is equal to the multiplication of electron
charge and Avogadro number.

F = electron charge (¢) » Avogadro number (N, }

F=MN_ (mol')xe(C)

Value of Avagodros” number (N, ) = 6.023= 10+

Ifwe insert ¢ =1L6=10 (C) in the equation, we get the following:

F =623 107 (mal ™) = Lex 1Oy = 96478 C/mol.o

In chemical calculations, this value i1s taken as 96500 Cimol e Therefore, elec-
trical energy is equal to:

Electric charge(J) = Total charge (nF} * Cell potential (E°_ )= nFE®
Elecirical energy produced i Galvanic cells (nFE® ) 15 equal 1o reverse sign
of free Gibbs energy AG",

Therefore:

1) AG® = -nFE°

As known, when the free energy 15 negative, reaction ocgurs spontaneously, In
the relationship (1) above, 1o have a negative free energy AG®, the sign of E°_
needs w be positive. According Lo this, as long as the sign of B 1s positive,
the reactions occurming at poles have a higher possibality of being spontanecus.
Besides, if we examine relationship (1), we see that it does not include con-
centration and pressure units, Also the temperature values are also missing,
Theretore, standard cell potential E°_ and standard Gibbs free energy AG® can
be shown as follows:

2) AG® = -nFE®__

Previously, in Chemical Equilibrium chapter, we have written the rela-
tionship between standard free energy AG” and equilibrium constant

3}I."'|{i"' =-RTInk

It we exchange the AG® in (3) with the one in (2):we get
4)-RTInK = -nFE°

If we re-arrange {4):

5)

E® .=

Ink
[

nF '

At 25 °C (298K), If we insert temperature C, F and R values in Equation
(5), we get the following equation:

J———.—-
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F = 96500 C/mol.e’, R = 8.314(]/K.mol) K

E T e !n[-‘.'.“l /\ AT

L B304 (JVK.mol) = 298 (K)

n = 96500 (C/mol.e) £G=-ATkK,, T oell=pink
0.026 (V) .
cell ' I"Hm &G 3G = - nF E call E cell

{n} is the mole number of electron taken or given (in oxidation and reduction

reactions) when we add both half cell reactions to get the general reaction. This E::;:;ﬂ ;ETL‘ Ba K, 8¢
equation is only used for a certain lemperature (25 7 ). tios
Table 4-3 explains the refationship among AG® standard free energy, E°_, stan- Products ase  [positive [K_>1 |negative
i ibri , preferred
dard cell potential and equilibrium constant e T T
products equal- | (zerod
Example 4-7 ly preferred T
The reaction equation of a gabvanic cell is as follows: ;t:c'll'i_"‘l‘_‘j are  |oegative (h <1 ) Dozt
A, + b, — 2Ag, T PO Table 4-3
the relationship among
Calculate AG® and equilibrium constant (K_) values at 25°C. f—';{-":ds';rd“ﬁi ’ff‘:’: ':_‘“;'B}'a E“uul_h_
" . . standard cell potential and equili
Standard reduction potential : E°, = +0B0 V. E° = -0.13 V rim constant. K_
Solution: Attention:

This reaction occurs only at 25 °C

(298 K ) lemperature,

We write down anode (oxidation} and cathode (reduction) half cell reactions.

Pb_ — Pb*_ +2e E%,, = H0L13 ¥
L1} ) = 1
Es‘ag‘m. +2e —2Ag. . E® e +0.80
When we add both half cell reactions, we get a general reaction equation as Exercise 4-9
el 1 Caleulate AG® standard Gibb's free
Eﬂg'm] +Pb, —2Ag +Pb i :1;1:;31:; in Standard Cell reaction at
Wi can calculate standard cell potential E® . JHEI,:'N, + 201, — 6Hg |, + IL‘r“.,m,
EI.J = En + En

-y i 3 iz Standard reduction potential of
E°_, = (+0.13 V) + (+0.80 V) = 0.93 V B = +0.85 V
Wi can calculate AG® standard Gibb's free energy using the relationship be- E'".; ==L T4 Y

tween AL and standard cell potential E':'u".
AGE = -nFE° | = AG® = -2 * 96500 (C/mol.e) = 0,93 ¥ Answer: -920610 J/mol
AG® = =179490 J/maol

We use the formula below to calculate equilibrium constant K_:

ER = = Ink
1 oy
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Exercise 4-10
The reaction equation of a standard
cell at 2570 15 as follows:

= 1= = 5 T=
21": l.|:|q_l+ 1',,,"—':[": “.“"'I_'.!'.

Standard reduction potential:

E'|:_-| = +053V%
Eve're =+ 077V

Calculate the followings;
A Standard cell potential
i) Standard Gibb's [ree enengy
L) Equilibrium Constant (K )

Answer:
AN+0.24 Y

) -46320 Jimol
C) 1=10"
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The number of electrons lost or gained in two half cells is n= 2 and
reaction occurs at 25 °C therefore:

0.026 (V

I.'I.I

0.93 V=

When we insert the values in the equation, qu is as follows:
K, =2.5% 107

4.7-8 The Effect of Concentration on Cell Potential

{The Nernst Equation)

So far, we have examined reactants and products in reduction and oxidation
reactions only under standard conditions that is their concentrations are equal
to M. But sometimes we nead different concentrations. Therefore, we need to
know the relationship between non-standard cell potential and concentrations
of cell components,

In Thermodynamics, we have leamnt the relationship between standard free
Giibbs energy AG® and non-standard Gibbs energy AG.

aA+bB — glG +hH

The relationship between Gibbs energy AG and standard free Gibbs energy
AG® 18 shown in the formula below:

: .. [GIFH]"
1) AG=A4G"+Rlln ————
[AF[B]

AGY standard free Gibbs energy, R 15 gas constant (8.3 14 JE.mol). T 15 tem-
perature in Kelvin unit and AG non-standard free Gibbs energy,

The result of quotient 15 shown with ().

[G]F[H]"

[AJ[B]"

We can rewrite Equation (1) as follows:

2) AG = AGE + RTInQ)

From the relationship between standard and non-standard free energy and cell
potential, we get the following equations:

3) AG = -nFE_,

4) AG® = -aFE"

We get Equation (5) when we insert AG and A®G value from {3} and (4)
in (2).
5) -nFE_, =-nFE°_ + RTInQ

When we divide equation (5) with -nF, we get equation 6:

RT
i 18

6 =F - —

_}._
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Equation & is called as the Memst Equation, It relates division of cell potential
and standard cell potential with Q. If the substances in mixture are under stan-
dard conditions that is 16, Q) 15 equal to |, so In() 15 equal 10 zero. The second

part of Equation (6} is equal to zero therefore, we get E_ = E°_,
We can simplify Equation (6) by inserting 25°C (298K), mole number and
F = 9650 imol.e” in their places:

0.026 (V) |

TE_,=FE° n

well
This equation can be used un|]." at 257 (298K ).

The nernest equation enables us to calculate E_5  as a function of the
concentration of the reactants and products in a cell reaction. for example

the general reaction Daniel cell:

Enm + Cu-'m] — - Y Cum
AL 2570, for the eell with standard potential .10V, we can write Nernst
equation as follows:

0.026 V [Zn7' ]

E =E - | :
all nll n ] [C“-l -|

Here aftention 15 needed os the concenteation values of solid substances
[Zn]=1, [Cu] =1, they are not writién in the quotient.

Example 4-8
Calculate cell potential E_ of the following equation at 25°C.
lhg'w +Cu —2Ag + EI.E'W

The concentrations of ions: [Ag]= 0,01 M, [Cu*]= 0.01M and
Standard reduction potential: E%y -y, = +0.80V, B = +0.34 ¥

saolution:

We write reaction equations al anode or cathode,

Culhl - Cu_lll‘lr-l- 2'; E=r|lll'\l|‘.|l:-= ‘D.}"I 1kr
lﬁg'lm + 20 — Eﬁtgm B i HOEDY

lﬁg'w +Cu, —2Ag + {'u:'“q

)

standard cell potential:
EC\ =—a Eﬂ 4 E-\'J

eall = munke ranihcaly

E*  =(-0.34V)+{+H030V)=046V
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Exercise 4-11
Caleulate the E_ , E”, and AG valucs
for the following cell.

Mg [ Mg (0.05M) || Sn™(0.04M) | Sn
Standard reduction potential:

‘:Iq‘ni'_i_.;" = -ﬂ. l"i' 1'I|'I
Eﬂlﬂ_"-\m e -2.37 ‘\.r

Answer:
E_=2237TV

B, =XI3y

AG =- 429811 J/mol

] C_lll!ﬂﬂ' -4

We calculate E_, from Nernst Equation:

0026 V Cu™
B =E - el i |
iE i Ti Ilﬂg ]_
0.026 v .01
E =046V - n -
@ 2 (0017
E_, =040V

4-8 ELECTROLYTIC CELLS

These cells consume electrical energy, They convent electrical energy into
chemical energy. Reactions do not occur spontaneously. Electrical energy is
given in order to start reactions. That means free energy has got a positive sign
| AG=+). Electrolytic cells have many applications in industry. For example, in
purification of metals and in electroplating , this method is used. In this

part, we will explain some electrolytic cells.

4-8-1-Electrolytic cell of fused sodium chloride:

The reactions in electrolytic cells occur using electrical energy to make
non-spontanesus electrolytic cell reaction happen. in fused

Sodium chioride containg sodium and chloride jons in free state. In Fig. 4-7,
the electrolytic cell of fused sodium chlonde s shown, Carbon and platinum
electrodes are dipped into fused sodium chlonde in the cell. In electrolysis
reaction, reduction ocours al cathode, Sodium jons are reduced to sodium met-
al. The reaction at cathode 15 as follows:

Na' +e — MNa

Oxadation occurs at anode. Chlonde ons
oxidize o chlonne atom, Later atoms
combine and form chlorne gas,
Resction at anode:

201 — Cl+ 2e

Figure 4-7

Electrolytic cell of
fused sodium chloride.
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To make number of electrons equal, reduction half reaction is multiplied by 2
and electrons are omitted from both cell equations. Then both half cell equa-
biois are sdded.

2Na" + 2e — 2Na
20k - Cl+ 2

Reduction half reaction {cathode)

Oxidation half reaction (anode)

INa" +2CI —INa+Cl,  general reaction cell

Sodium and chlorine need to be collected at different containers to
avoid them reacting again and forming sodium chloride.



4-8-2-Electroplating Cell e
Electroplating is plating of a metal with another metal as a thin layer by clec- -"T -:i*
trolvsis. This process is very important a5 it is used to protect metals from p—
COTTORION, |
Electroplating cell consists of anode and cathode poles. Anode includes metals .

like gold or silver which we choose as plating material. Cathode is formed from

spoon or alike which we want 1o plate. ——

Salt solutions of plating metal as .-5L|=,T'~3|ﬂ' silver nitrate or gold nitrate Aui"-lﬂ B Lo

15 filled into the cell. Fig 4-8 shows a plating cell which uses silver 1o i‘.l]illt. i

fork. Figure 4-8
The quality of plating depends on the voltage of electric current and the con- Electroplating Cell
centeation of the plating metal.

4-9 FARADAY'S LAW

In the early 19th century, English scientist Faraday formulated electrolysis
laws known with his name through experiments.

These laws:

First Law:

The mass of substance 15 precipitates on the cathode or melts al the anode or is

released as gases at these electrodes are directly proportional to the amount of electric
current passing through the electrolysis circuit.

Second Law:

When equal amount of electric current passes, the mass of cach substance at
electrodes is directly proportional to their equivalent masses.

To understand those laws, we need 0 leam reactions occurring at electrodes well.
Reactions at Cathode:

A- At cathode, ions reduce to their atoms and deposits,

B- At cathode, positive gas ions evolve as a gas as H.,.

Reactions at Anode:

A- At anode, metals dissolve in electrolyte solution.

B- At anode, negative gas ions evolve gases like Cl and O,

Before we apply Faraday's Laws, let's learn terms and units in this law;

1- Electric current is represented with (1), 1tz unit is ampere and shown with
(A

2-The svmbal of electrical charge is (&) and its unit is coulomb and shown
with (Ch. F= 96500 C/mol.e, F is Faraday constant. §, electrical charge 15 ob-
tained from multiplication of current (ampere) and time (second).

RIC)=1(A) x t(s)
In order 1o convert electrical charge into mole number of electrons, €) is
divided l:l} rd:ﬂda} conslanl.

I{A) = t(s)
D6S00 Cimal.e )

Let’s explain calculation of Faraday's Law here. The mass of substances that
gathered at cathode or dissolved at anode or evolved as gas is directly propor-
tional o their equivalent masses. The pass ol | mole of electron 96500 C or |
Faraday current from circuit means evolution of 1 equaivalent-gram substance
or dissolution at anode or evolution of gas at electrode. 1f we do notl want 1o use
equivalent-gram unit, we can convert mole number of electrons o mole num-
ber of according to number of electrons gained or lost electrons in reduction

(mole )= mole number of elec-
troms

Q {milé-) =
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or oxidation. We follow the steps in Table 4-1 while solving probiems about

: Faradav.
number o iracslimead o < 5
Q= eluctroms |- We can convert electrical charge to mole electron ({ imaLe-1) by using
Awogadr’s number following equation. "
AEI(s
Q 1ﬂ'|l'.'ll.E-| = ..[._.!.,. -_!:_ }
S6500 (Crmole )

2. We get the mole number by using number of gained or lost electrons in two
ILA) = t(s) half cell reactions.

Q) tmote-) = 06500 (Cimole) 3- Using the formula below, mole number of evolved or deposited substance is
found after passing electric current through cells.
R S
epsil o cell =
+* evedreil hall = gl reaciiom
s Nn=@x | mol 4- Using the formula below, by multiplving number of mole (n {(mole)) with
€ molar mass M {g'mol), we convert o mass of substance deposited at cathode
or dissolved at anode,
m (g} =n {mol) = M {g/mol)
Or using the following formula, we convert number of mole to volume of
i) m (g) released gas.
M ( g/ mol) PV =nRT

While solving some mathematical questions, the atom numbers of elements
in glectrolysis or molecule numbers or nuimber of electrons gained or lost
in the cell might be needed. We can solve these questions by assuming that
atom, electron or molecule number of any substance in cell is equal to Avoea-
ostirher of aboms ;
N dro's number,

" =

Aengadro s number

Example 4-9
The half cell reaction is as follows:

Mg}(w'. t EE- = M-E.;-ln

V(L) * 1 mol How many grams -:‘11.' magnesium are obained in an electrolysis cell in which
» O= “93 4L 25 A currenl passes in an hour?
224 Abomic mass of magnesium is 24, Calculate the number of magnesium atoms
accumulating at the cathode under same conditions.
Solution:
PV In the Faraday’s Law, the time unit is second, Therefore, we convert hour 1o
% R RT o a0 3600
3600 (5) (s}
t{sh=mt(hr) 8 —————= ts}= | (ht) x ———— — = 3600
K=t 1 {hr} i e | {hr} "
With respect 1o number of moles of electrons, we caleulate the amount of
» n=Mimol / L )= V(L) electricity passing through the cell:
I[A) = 1(s)
: el = ]
Table 4-1 Table showing steps s GOS0 (Crmole )
to be followed while solving
5 ; 25(A) * 3600 (x
problems about Faradays law Q imale) = AL IS _ 9 mole

QHS00 (C/mole )
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According to the magnesium’s reduction equation, we can say that
when 1 mole of magnesium deposits, 2 mole of electrons pass through
the cell. Therefore, the mole number of magnesium is as follows:

= Q# 1 mol

c
1 tmol)
nm(nml}— 0.9 mot & « m - (.45 mol
From the following equation, we can get the mass in gram unit:
m(g)
L M (g / mol)

In order to find the number of Mg atoms depositing at the cathode, we need
to know that 1 mole consists of as many atoms as Avogadro's number.

m g} =mn {mol) = M (g/maol)

m (g} =045 (mol) = 24 (g/mol) =108 ¢
Number of atoms = number of moles X Avogadro™s numbser

N =N, (atoms /mol)* n (mol)

N = 60210 (atoms/mol) = (.45 (mol)

N =2.7=10" atoms

4-10- BATTERIES AND FUEL CELLS
Crenerally galvamic cells are called as batteries and divided inlo two:

Rechargeable and non-rechargeable batteries.

A battery generally consists of a few galvanic cells that are connected one af-

ter another. The total charge 15 equal 1o the sum of the charges of these cells.
Let's 1alk about these batteries we often wse in our daily lives.

4-10-1 Lead Storage Batteries (Accumulator)

Exercise 4-12

Calculate the electric current
we need to supply in 200 sec-
onds in order o deposit 3 grams
of gold at the cathode 1 gold

chloride, AuCl, solution,
{Au =197 g/mol}

Answer: 21.7 A

Exercise 4-13

Q6.5 A of electric current was giv-
en to the copper sulfate, CuS0,,
solution with 0.2 M concentration
and 600 mL volume. Calculate
the length of time needed to
remain (.03 mole of copper ion,
Cu, in the solution,

Answer: 180 s

100

This type of battery is used in industry and to supply energy for many applianc-

es and vehicles. I consists of lead gabvanic cells that have potentials alittle more than
2V, Every cell has got two poles one of which is made up of lead Phand works
as anode and the other is made up of lead oxide PbO_and works as cathode. These
two poles are immerse in sulfuric acid solution which is an electrolysis solution
and has a density between 1.2 g/mL and 1.3 g'mL. This battery consists of 3 or
maore cells and works as a galvanic cell with a potential of 6 V oor 12 V. Fig 4-9

As long as the battery works, lead sulfate PhSO), deposits as a solid on both
poles. While sulfuric acid is consumed as ions, the amount of water in-
creases and therefore, the density of acid solution decreases. When the

car starts moving, with voltage effect battery hall reactions are reversed.

Figure 4-9
Lead Storape Balteries
{ Accumulator)
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Ph, PbO, and H 8O are formed again. By supplying an electric current
opposite to the reaction in the battery, it can be recharged apain. In this
case, it becomes a battery that consists of a group of electrolysis cells.
P50 solution decomposes at two poles and the density of acid returns
to the original state.

4-10-2 Dry Cell Batteries:
This type of battery is made up of a zinc box which works as anode
filled with MnO,, carbon (graphite} and ammonium chloride (NH CI)
Paper blank wet paste. Fig. 4-10
Wet paste of

ki ko Properties: They have a potential of 1.48V and they are used in many

Layer of Ma0), HE::rliances like radios, calculators, toys, etc., and they are not recharge-
able.

Camibyonle
{gragline fiod)

Ancde
[EAL T8 imiser case

Figure 4-10
Diry cell {#n-ch
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note: This equation can be usefull In x = 2.303 log x
QUESTIONS OF CHAPTER-4

4-1- Explain the following terms:
Anode, electromotive force, standard reduction potential, salt bridge

4-2-Calculate Faraday's constant and tell their units,

4-3- Under standard conditions, which of the following pairs are preferred as oxidizing agents?
Standard reduction potentials E"f'lr”-‘-v =+0.80V, B, v =+1.50 ¥V, E”,h = LT
E'vpne=-0.74 V, Eu{'q:'rr'ﬂ_- 40y

a) Au” or Br, biH, or Ag’ e) Cd'or Ce"

4-4- Write down the eguation depending on the relationship between AG, K, and E' , and all their symbols.

4-5- In an aqueous solution containing Fe®', Fe*', Ce* and Ce" ions under standard conditions 23"C and | aim pres-
sure, the reaction occurs spontaneously. Calculate the AG" and K, values of this reaction. (In(32.3)=1.1=10")

Standard reaction potentials: E 00 2 =077 Vand E'cip v =+161 ¥
Answer: -21060 Vmol, 1,1 = 101

4-6- Write down the Memst Equation with all its symbols.

4-7- Calculate the AG, E°
a) Mg, + 8o, o Mg*— Sn,, [Mg¥]=005M, [Sn*] = D.04M

b} 32n, + 200 o 320+ 20, [CrFY]=0L01M, [Z07]=0.001M
Standard reduction potentials:

Eleng =237V, Elgeg, =014V, B2y, = -0.76 Vand E% e, =074V
Answer: gy +2 233 Vo 42227V 420811 Fmol by HLO2V; =007 Vo 40530 Jrmal

and E_ for the following cell reaction, {In] 25=0.2, Inl{F=-11.5)

[ERTY

4-8- Calculate the potential ol E_ and E"u" of the cell formed from SHE and Zn/Zn*" half cell.
[H*] = 1.8M, FHE- | atm, [Zn=] = 0.45M, By 2+ fp, = <076 V, In0.14 = -2
Answer: HL.TV; +0.76V

4-9- Tell the differences between a galvanic cell and an electrolvtic cell.

4-10= In the electrolytic cell, one of the half cell reaction is as follow,
ZH, 0, —+ 0 g+ 4H" , + de
AL 25°C an 755 mmHg pressure, 0.08L of O, gas was accumulated at the electrode. Caleulate the number of mole elec-
tron to pass the circuit during electrolysis. (1 atm = 760 mmHg)
Answer ; 0.012 mol.e
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4-11- Which of the two different solution containing aluminum and gold ions produce hydrogen gas?
Standard reduction potential of gold E":...-- oy = FLA0 Y, standard reduction potential of aluminum E"M,__M= -1.66Y

Answer: Hydrogen gas 15 released from aluminum.

4-12- In the following cell, Does the cell reaction take place spontancously or not?

Standard cell potential E{'jl o +1.0T V, E"| o= HLTT Y

1e!
Pt Fe {IM); Feh (IM) 1 Br{IM) Br![lahnjllPI
Answer: [ron won can oxidize.

4-13-Calculate potential of the hydrogen gas (H,) pole in an electrolytic solution which is pH =1 at 1 atm and 25°C7

Answer: -0.0592 W

4 14- Specify the reducing and oxidizing agents in the following equation,
AgNQ, + Cl + 2K0OH — ApNO, + 2KC1 + H.O

4-15- Can we keep the selution of the table salt in copper cup.
Standard reduction potential. I:":'L = H1.34 V, E"r...-.r.-, =-270 V¥,
Answer: Yes

]

4-16- Can we keep copper sulfate (CuS0 ) solution in a nickel cup? Tell the reason.
Standard reduction potential: E“u_. e 024V, E“t, e + 034 Y
Answer: No '

4.17- Calculate the concentration of #inc tons in the solution of zinc electrode. Non-standard zine reduction potential is
{~0.82 V. Standard Zinc reduction potential: E"# =76V, In"'(4.6) = 100
Answer: 0,01 mol/L

£i

4-18-Calculate the Daniell cell potential as the concentration of zine sulfate, ZnSO, solution is 0.1M and the concen-
tration of copper sulfate, CuS0, solution is 0.01M at 25 "C. Standard cell potential 15 { .10 V), Inl0= 2.3

Answer: 107V

4-19- Which of the following is an oxidation-reduction reaction?
1) AlOs + 6HCI == 2AICK + 3H:0

21 2Na + Cl; — 2NaCl

1) 2KCI — 2KCT + 30,

4) 8iBrs + 3H20 — H:5i0; + 4HBr

3) Zn+ CuSOu— Zn804 + Cu
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4-20)- Calculate free energy change of a galvanic cell which has a standard potential of +0.74 ¥V at 25 °C. (Inl0=13)
Cu' g (0.0IM) + Cdigy — Cuagyy + Cd gy (0L 1M)
Answer: -137030 J/mol

4-21- Calculate the free enerey change of the following cell which has a standard reduction of E'g, 5= +1.07 ¥,
Efvgtrang = -2.37 ¥, (In0.01 = -4.6) '
Mg | Me™ (IM) || Br (0.1IM) | Br. {laum) | P1
Answer: -675500 I'mol
4-22- Calculate the free energy change in the cell with k'.ﬂl = 2. 3x10%at 25 "C. The full reaction is given belfow,
2H jagi (1M + Py — Hag + PO (0001M) (In23000 = 10, [n0.01 = -4.6)
Answer: -36515 Jmol

4-23-The following reaction occurs in a volaic cell at 23 "C,
S“:L(Iq.l + Mgy —= Sng + NF-(NI
E%pra = -0.25Y, E"es = -0.14Y and the non - standard potential of the cell 1s .17 calculate the concentration of
nickel 1ons, Sn electrode is under standard conditions with 1M solution, {(In” (- 4.62)=0.01)
Answer: (.01 mel/'L

4-24-1n this reaction; Al | A" (1M} | Cd™ (1M) | Cd Calculate the reduction potential of aluminum as standard cell
potential is 1.26 ¥V and standard reduction potential of cadmium: E"w, P .40V
Answer: -1 66V

4-25-1In a galvaniec cell at 25°C at one pole there is hydrogen gas at 1 atm pressure and at the other pole there 15 0.01 M
solution containing nickel ions.

Caleulate the pH of this cell as free energy for the cell reaction is -48.25 kl'mol and the potential of standard nickel
electrode is -0.25 V.

Answer: |

4-26- If the potential of the following cell is 0.9992 ¥ at 25 °C, calculate the concentration of tin (Sn°') ions in the
electrode solution,

Sn | Sn™ (M) | AgT(IM) | Ag
Silver electrode is under standard conditions. Standard reduction potential: E'y o, = 080 V. E'g2og, =-0.14V
Answer: 0,01 molL

4-27- 10A of electric current is passed through an electrolysis cell containing copper sulfate, CuSO,, solution for 963
seconds. Caleulate the mass and number of atoms of copper accumulated at the electrode, {Mow = 63 g/mol)
Answer: 3,15 gz 0.3 10" atoms

4-28- As aresult of passing 3A of electric current through a metal salt with single valence for 3 min 13 seconds, 0.648
£ of metal accumulated at the cathode. Calculate the atomic mass of the metal.
Answer: 108 g

#=24- In order 1o release 2 imes of molar volume of oxyeen gas under standard conditons (STP), what is the number
of electrons needed. (Molar volume of a gas under standard conditions (STPyis 22.4 L)
Answer: 48,161 0% &

4-30- What is the amount of electric current 1o be passed through {in ampere} an electrolysis cell for 2 hours 520 sec-
ond necessary to release 36,12 1! hvdrogen and oxygen molecules at two poles?
Answer: 1A
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4-31- A jeweler pasged 10A of electric current through an electroplating cell containing gold salt in order to plate a
ring. As T5% of electric current was consumed in 9.65 seconds, what is the mass of gold used in plating? Atomic mass
of gold = 197 g'maol.

Answer: 0.05g¢

4-32- Calculate the equilibrium constant of the following reaction.

Sniysj 4 Fh:IIl.ql — Sn:-llql + Phiw
Standard reduction potential = ' =-0I3V, EY =014V, (I '{0.769) = 2.16)
Answer: 216

4-33- In water electrolysis cell at STP, electrical current was applied for 3 minutes and 13 seconds, hydrogen and oxy-
gen gases were released at the cell electrodes. The volume of the two released pases equals 00672 L. Write down the

equation of the two halves, and total equation, find out the volume of each gas and the electric curment intensity,
Answer; 2A

4-34- Standard cathode solution of daniell cell was diluted with water, the potential of electrode decreased by 0.0592 V
than its standard potential, calculate the concentration of electrode fons. (e**= 100 )
Answer: (101 M
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COORDINATION CHEMISTRY CHAPTER-5

Sk

cs-ciariinediolholoraplatina il Eraas-alirrierrineiohodoraplatinimt (1)
v PANH ) ratrss{ PN LS

ACHIEVEMENTS

After completing this chapter. the student is expected to :

® Differentiate double salts and complex compounds.

* Leam the properties of coordination compounds and how coordination chemisiry has developed
* Calculate primary and secondary valences of coordination compounds.

*® Learn special terms about coordination chemistry.

® Leam about different types ol higands,

* Learn central atom, ligands and they can calculate coordination numbers.

*® Leam the theones deseribing the properties of bonds in complex coordination compounds and they
can apply valence bond theory on coordination compounds.

*® Find coordination numbers of coordination compounds and decide their geometrical shapes.
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5-1 PREFACE

Coordination {complex ) compounds have become one of main subjects of inor-
wamic chemistry as in addition to different colors and magnetic properties they
have, they also participate in many chemical structures and reactions. These
compounds have an increasing importance in mdustey, agriculture, medicine,
pharmacy, modem life and clean energy production. Hemoglobin, B2 vitamin
and chlorophyll are examples for these compounds.

Muost of the metallic elements in periodic table form complex compounds.
But in this chapter, we will study mamly the complex compounds that
transition elements form.

Elements that are situated between 1A and 1A groups are called as mmansition
elements (Figure 5-11. Where the element is considered transitional either in

its free state or In one of its compounds, it it have d or forbitals
partially filled. Transition elements are divided into two:

I!_!H i 1= d proup elements are called as main transition elements. They are found in
= 3 periods and each pecod consists of 10 elements. These are called as first, second
) and third transition chains.

2- f group elements are called as inner transitions elements. This group con-
sists of 2 perlods, each perod includes 14 elements. These elements are called as
lanthanides and actinides.

4 - Properties of Transition Elements

cH o

Y iy I- They have more than one oxidation states (valence},

b
T Hrit¥n o 2- In the last orbits of iransition elements there are d and [ orbitals. Those have
00, H,, D-'li' unshared electrons. These single electrons give paramagneti=sm 1o atoms (at-
0CH, traction property in magnetic field).
Chlotonhvil 3- Muost of their compounds are colored.

4- Great tendency to form ions or complex compounds,
SIDOUBLE SALTS AND COORDINATION COMPOUND

When rwo stable and simple salt solutions {(ammonium sulfate and won (1)
sulfate) are mixed in mole amounts and if the resulting solution is vaporized, a
new compound ¢alled as addition compound is obtained. This process is shown
in the following equation:

EHHJESU‘ - |.:'l21".'“:.'|_1 - fll'llﬂ' —-—FESU‘- ‘.]f"'“{l IESU‘. ﬁHED
hiohes sall

When copper sulfate, ['uﬁ-t]*, 15 dissolved ima certwim solution and with addi-
tion of ammonia, the following addition compound is ohiained:

CuSO, + 4NH, —CuSO, 4NH, _ [Cu(NH,) ]SO,

Ciage sSrrnectany of e mergiai
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I I&
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Fi_gurc 5-1 Location of the transition elements in the periodic table.

Therefore, we can divide addition compounds into twa:

A- Double Salts

These are stable salts of addition compound. When they dissolve in water, they de-
compose to ions that form them. For example, Mohi™s sall, prepared in the first equation
above, gives Fe®’, NH_', 80 * ions to the solution when it dissolves in water.

in this case, each ion keeps lts own characteristics. They can be confirmed in the

solution using common methods of detection.

B- Coordination Compound

These are stable addition compound. But they don’t decompose ta ions which form
them completely when they dissolve in water, For example, the coordination compound
CuSO 4NH, in the second equation above doesnt give Cu’’ fon 1o solution when it dis-
solves in water, but it gives only S0, ion. Cu™ ion takes place in [Cu(NHL,),|*" complex
ioh according to the following equation:

Euﬁﬂ‘. 4NHJ;L=&[EI.1{NH1}‘]=' ; Sﬂf'

Therefore, there is only Sﬂ_f’ ion in the solution, but not Cu* jon. Thus. this complex sali
is written as [Cu{NH, ), |50, This coordination compound is formed from [E‘u[h’H_,ri:'
positive complex ion and simple negative 30 jon. Coordination compounds can be
formed from a complex negative ion and a simple positive ion or complex negative and
complex positive fons, as shown in the following examples:
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K[Fe(CN),;] == 3K' :+ [Fe(CN) 1"

Copredination comgmna Posative samgfie i Megative complex hon

(Co(NH, ), ICl, == [Co(NH,, 1" + 3Cl

. | y
L onrdination comn o Pusitive comples jon Meepalve semple W

Soime coordination compounds don't dissolve in water ag they don't ionize
completely. e.g. [N CO), ] and [Ni{dmg}:] [dmg = dimethylelyoxime) and
{CodNH,).CL, ]

Example 5-1

Whereas Fe{NH,1L(50,), is classified as a double salt, K [Fe{CN), | is accept-
ed as a coordination compound, Tell the reason for that.

Solution:

Fe[NH )50, ), compound 15 formed from the mixture of won {11} sulfate and
ammaonium sulfate solutions according (o the equation below:

(NH_) SO, + FeSO, —+ FeSO, (NH,) SO,

The resulting compound is anhydrousiwithout water molecules) Mohr™s zalt.
It gives Fe'', NH,", S0 7" ions to solution when it dissolves in water, In order
10 make sure that those jons are present in the solution, cach ion can be deter-
mined through known analysis methods,

When K [Fe{CN), | compound dissolves in water, the following equation
QCCUrs;

K, FE(EN}EI#I_FE{CN;E]J'-I- IK

As seen here, Fe'' ions in free state have disappeared and these fons be

within the structure of complex ion [Fe(CN), J*. Therefore, when dissolves

in water, the solution gives detection for K fons only but not Fe* or CN- 1ons.
That means whereas Fe[NH_L(50,), i5 a double sal, K, [FefCN)] is a complex
compound (complex salt. )

SIDEVELOPMENT OF COORDINATION CHEMISTRY

The preparation of hexaammine cobalt (111} chloride (CoCl, 6NH, ), in 1798
is accepted as the real beginning of coordination chemistry. The preparation of
thiz compound was big news owing to its unprecedented properties. The reason
15 that forming a stable compound from two stable compounds {from mixture
of ammonia and CoCl,) could be explained only 100 years later. Within this
time period, many theories were proposed upon formation of these compounds.
But none of those theories were able to explain practical results.
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One of those theories is the Chain Theory, The theory was submitted by a Swiss
scientist,

The method followed in this theory is the same as the chain formation between
carbom atoms in organic chemistry, Due to the general idea that atoms had only
one valence (oxidation state) at that time, this scientist claimed that cobalt (111
formed 3 bonds in complex compounds. Therefore, chain structure was used in
order to explain the shape where 6 ammonia molecules are bonded in CoC’l,,
6NH, {Formula I} compound. According to this, chloride ions aren™t bonded to
cobalt directly, when silver nitrate solution is added to aqueous solution of this
compound, it precipitates as silver chloride, This theory explains the structure
of CoClL.3NH, {Formula I1}. According to this, one single chloride ion that
does not precipitate is directlv-bonded to cobalt when silver nitrate is added.
Meanwhile, other two chlonde 1ons precipitate easily.

JNH, I ¥
ajf NH, NH, NH, NH, Cl ‘-f{f_'k””- ML
HM“MII cl “NH, Cl
Formula 1y Formula (Il

CoCl 4ANH, compound 15 shown with {Formula Il1} that 15 compatible with
scientific expeniments. According to this formula, there are two ions which are
bonded to cobalt directlv. But third chioride ion 15 not bonded to cobalt directly.
CoCl 3NH, compound 15 shown with Formula (TV)

.l cl
Co- NH,-NH,-NH -NH, Cl Co- NH, NH, NH, CI
\\ M
Cl Cl
Formula (III, Formula IV,

We might expect that the behavior of chloride ions in Formula (IV) is similar
to that of CoC’l, 4NH, compound. But it is observed that there is no precipita-
tion occurs when silver nitrate solution is added. Because of this and for other
reasons, this theory couldn™t explain all properties of this kind of compounds,
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5-3-1 Werner's Coordination Theory

Werner proposed his theory which prepared a basis for modern theories
based on the tollowing hyvpotheses:

1- Maost of the elements have two kinds of valences. One is primary ionization
valence and it defines oxidation state that is shown with dashed line (-=--). The
with other is unionized secondaryvalence. It is the coordination number that
is shown continuous line { )

2- Ench element which reacts to form a complex compound tries o satisfy
both valences. First valence is satisfied with a negative fon, second valence
is safisfied with negative ions or molecules.

3- Second valence 15 oriented to the fixed locations in the space called co-
ordination sphere around the metal 1on, This forms the basis of metal com-
plex compounds (stereochemistry.)

Wemer showed {CoC'l . 6NH .} compound with formuls (V). This can be
shown with the molecular formula of [Co{NH ) JCL. Here, the oxidation
state of cobalt is (+3). Therefore, 3 chloride ions try to satisfy the first
valence {halancing of cobalt 1on charge). Second valence or coordination
numbir is satishied with & ammonia molecules. According to this, second
valence of cobalt (I & 6 which 15 shown with coordination number.

Six {6 ) ammonia molecules m this situation are called as higands, Accord-
ing to this theory, ligands are bonded to metal with coordinate covalent
bonds. Chionde ions aren't accepted as ligands. Because these form 1onic
bonds with metal out of coordination area and all precipitate when silver
nitrate solution is added.

Wemer showed (CoCl,. SNH,) compound with formula (V1. Here, one of
the chloride ions saturated both primary and secondary valences,
And expressed the bond that connects it to the metal with the continuous
and dashed lines. (——). Therefore, the chloride ion doesn’t precipitate easily
when silver nitrate selution is added as it is directly-bonded with cobalt atom
NH nside coordination wrea.
NH Cl Meanwhile, the charge of positive complex jon [ColNH,L.CI]* is{+2), The
; 4 reason is that Co™ + CI'= (+3) + (-1 = +2. Therefare, the compound which
\ 2" 15 shown with {CoCl SNH, ) is with the following molecular formula:
B [T Co e A [Cof N H}:I_._{.HI]{.:!_,
// h"\\ According to this theory, (CoCl ANH_} compound is shown with formula
NH,  (vi), According to this, two chloride ions satisfy both first and second
3 v valences, Therelore, these are bonded strongly in coordination area. When
NH 'l gilver miteate solution 12 added, only one chloride ton which is out of coor-
! dination area precipitates. As this compound decomposes to Cl and

Formula (V) [Co{NH,) CL ] ions, its molecular is shown as [Co{NH,) CL]CL
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According to the theory, the compound (CoCl, 3NH. ) shown with formula
(V1) doesn’t precipitate when silver nitrate solution is added and it can be
shown with the chemieal formula [Co(NH,)L,CL].

The absence of precipitation means thit this compound doesn’t lonize in this
solution, This is the opposite of what is expected in the chain theory. Accord-
ing to practical results, this kind of compounds doesn’t ionize in solution.
This proved that the chain theory isn't correct and it supported the hypotheses
of coordination theory,

Example 5-2

What are the first (oxidation state) and second (coordination number) valenc-
g5 of the central metal atom in the two following compounds?

A- K, [Fe(CN) ]
B- [CeNH,),JINO),
(Note: Cyanide ion {CN- ) in K [FetCN), ] compound behaves like a ligand.)

Solation:

A- We know that each potassium ion has +1 change, Therefore, the negative
ion 18 [Fe{CN) " which carries {-4) charge.

Thus: Fe ™+ {CN'}.= - 4 Therefore, primary valence of irom s
equal o (+2) and semndary valence is equal
Cpx+6x(1} =<4 e Thus this is the number of ligands
+ =+3  which are directly related to metal and
shown in brackets.

B~ Each nitrate ion has {-1) charge and ammonia is neutral. Therefore, as pos-
itive ion is bonded to ammonia molecules it has +3 charge. [CriNH, ) |7

Crit (NH,"),= +3

) x+0%6=43

n=+1

Therefore, primary valence of chromium is
+3 and secondary valence iz equal to 6.

cl

NH, | NH
4 ‘:
e

::1-------::.:\-\-\--- -l

o

2 N,

NH, NH
NH,

Formula (VI

NH.

3
B st

NH,

Formula ¢ VIII,

Exercise 5-1

What are the primary and second-
ary valences of iron in K [Fe(CN), |
compound”

Answer; +3; 6
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5-3-2 Lewis Acids and Bases

According to Lewis structure, methane (CH, ) and ammonia (NH, ) molecules
are shown with the following formulas.

H H
H: Cix H: N :
H H
Methane Ammonia

Lewis structures of methane and ammomia molecules show that there is a very
important difference between them. This difference is that nitrogen atom has a
pair of electrons which don’t form a bond with hydrogen atom. As a result of
this, ammonia molecule can react with other atoms using this electron pair. As
in nitrogen atom, this pair of electrons is shared with another atom which has
an emply orhital and a coordinate covalent bond is formed. This bond is shown
with an arrow (=) showing the direction from donor atom 1o acceptor atom.
As an example o this reaction, interaction of ammonia with proton in order Lo
produce ammonium ion can be given.

H H I;l
HN + H — |HNH| —[HN>H|
H H H

Ammonia, can share this electron pair on nitrogen with other atoms just as
with hydrogen, The tollowing example reactions show using electron pair on
nitrogen with metals,

Ag’ + 2 :NHB. — [HAN:AE:NHJ]'

NH

3

Cu* + 4 ;:NH, —» [HN:Cu:NH

Co* +6 :NH —s  'Co 1~
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These reactions are accepted as acid-base reactions according to Lewis struc-
ture, Ammonia is accepted as electron donor. Therefore, it 15 a base according
to Lewis theory. The metal ion which accepts electron pair is an acid accord-
ing to Lewis theory. As a result of this reaction, a eoordinate covalent bond is
formed. The resulting compounds are called as coordination complexes.

To summarize, this reaction occurs between a Lewis base which is called as a
ligand and a Lewis acid which is called as central atom {metal ).

As mentioned above, some terms are used about coordination compounds.
Let's leam some other terms which we will see in this chapter later,

I- Ligands

They are molecules or negative or positive charged ions which are bonded to

a1 central atom through one or more atom donor electronic palr, A ligand is called a5 a
monadentate ligand if it donates a pair of electrons, it is called a bidentate ligand if it
donates two pairs of electrons and it it donates more than two pairs of electrons,

it is called 25 a multidentate ligand.

2- Central Atom

One of the properties of coordination compounds is that they have an metallic atom
which is an electron pair scceptor, This atom is bonded 1o a ligand with a coordinate
covalent bond. This atom 15 called as the central atom.

3- Coordination Complex

The compound which results from bonding of central atem and ligand maole-
cules with coordinate covalent bonds.

4- Coordination Number

Chis number is the multiplication of number of ligands bonded to central atom
with the number of dentate of ligand. In other words, it is equal to the number
of covalent bonds, Most occurming coordination numbers are 2, 4 and 6. Cudd
coordination numbers are rarely scen. In coordination complexes, central atom
has two valences, One is oxidation number and the other is coordination number,
In simple compounds, there 15 only oxidation number, For example, the oxidation
number of on in [Fe{CN) 1" is {(+2) and coordination number is 6. The sum of
charges in the complex molecule gives the charge of it. Here, the charge of the
complex ion 15 (-4 ). The charge of Fe(ll) is (+2) and the sum of charges of six
cvanide woms (CN) is (-6).

5- Complex lon

They are compounds charged with positive or negative charges. They have a
central metal atom and suitable number of ligands around metal atom bonded
to it with covalent bonds. Central atom has an oxidation state as neutral, posi-
tive or negative. Ligands are usually neutral or negative or both,

For example: [Co(NH,) [* [MiC) ™ [FeCN) "
Mewtral Egand Megalive ligand Magative Ligand
[Ca(NH, )T

Megntive and Meoimal hgand
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6- Neutral Complex Compound

The complex that doesnt carry charge called neutral complex, which doesmt
ionize in water. Following compounds are examples for neutral complexes.

[Co™(NH,),CL] : [Ni%CO0),]
[P (NH)L,CL] 5 [N (dmg),]

7- Coordination Sphere

While writing complex compounds, central atom and ligands are shown

in brackets, These brackets show the coordination field and it is called

as inner sphere. The part out of these brackets are called as ionization
sphere or outer sphere, For example, inner sphere of [Co(NH, LCICL,
complex compound consists of central jon Co™ and 6 ligands. These ligands
arc 5 ammonia molecules and one chioride ton CF. The part which consists
of 2 chlonde tons is the outer sphere. Therefore, ions written inside ioniza-
tion sphere can ionize in water. These 1ons can be precipitated through using
suitable agents. lons inside inner sphere cannot ionize thus, they cannod be
precipitated. For example:

[Co(NH,).CIJCl, —— [Co(NH,).CI}' +2CF

Aag +2C1 — 2ApCl
White precipitate

Twa (2) Cl ions inside ionization sphere can be precipitated as silver chlo-
ride( AgCl) (white precipitate) through addition of silver nitrate {AgNO, ). But
Cl 1on ingide inner sphere doesn’t ionize in water and therefore it cannot be
precipitated.

8- Coordination Chemistry

It iz the branch of inorganic chemisiry which studies coordination compounds
and their properties.

5S4 TYPES OF L1IGAND

A- Monodemtate Ligands

Most of those ligands are nepative ions or neutral molecules which can do-
nite an electron pair to positive metal jon. In ligand chemical structure, there
is a single atom which is bonded to central metal atoan. For example, ON-,
Br F, and CI ions and ammonia (NH,), alkyl amine (RNH,) and pyndine
(C.H,N}) and water (H,()) molecules,

B- Bidentate Ligands

Many jions or molecules form complex compounds through more than one
atom (they have two pairs of electrons which don’t take place in réaction ).
For example, oxalate ion C,0.*, and ethylene di amine NH~CH, CH, -NH,
are bidentate ligands.
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C- Multidentate Ligands

These are ligands which have 3, 4 or more atoms that can fosm covalent
bonds. For example, ethvlene diamine tetraacetic acid (EDTA).

EDTA 15 called as hexadentate figand as it has six atoms which ¢an form

covalent bonds.

Ligands which are bonded to the same metal atom by two or more regions

arc called as chelating ligand. In Table 5-1 some examples are given for
mono or bidentate ligand types. { Table in the end of this book
can be used to solve chapter quations)

Table 5-1

Structure of ligand

NO

NH

1

CHN

N

3

{(NH_}.CO|

Bir

NH,NH.

CO,*

CNOH,

Name of Ligand

Monodentate hgands

Structure of ligand

mtrosyl Co

ammine HJ{}

pyridine CH ,I!"-I H:

azido CH.COO

[g=1 1B

brivmo G

Bidentate ligands

hydrazine NH.CH.CH NH.

carhonato cC.0 11

dimethyiglyoximato [ dimg N

2

S-5EFFECTIVE ATOMIC NUMBER RULE (EAN RULE)

The first attempt which explains the stable structures of complex componnds
was made by Sidgwick who expanded Lewis' Theory, Sidgwick explained
the stability of these compounds by their similarity to noble gas electron con-
hguration. According to this theory, if the numbers of electrons donated by

central ion or ligands is equal to stomic number of one of the noble gases ;

kor, .4}"'.-_', O N.R'L the complex compound will be stable. The total number

of electrons on the central atom which are donated by ligands are called as

eflfective atomic number { EARN L This rule is called as effective atomice num-

ber rule. Through this rule, the structure of many complex compounds could

be explained.

Types and Names of Some Mono and Bidentate Ligands

Name of Ligand

carbonyl
agqua

methyl amine
acetato

CVano

chiloro

ethylenediamine {en)
pxakato

mitralo




Exercise 5-2

Calculate EAN for the following
compounds. Then specify if EAN
rule is valid for them,

ki Pd, _,.5FE, JkHi]

[Pd(NH,), 1"

[Fe(CN),|*

[Miten), |

Answer: 35 not valid; 54 valid;
38 not valid

Exercise 5-3

Calculate EAN of [AgiNH,) | and
[NHMH, LT complex compounds.

[ Atomic number of Ni = 2§, atomic
number of Ag = 47). Is EAN rule val-
id for these compounds?

Answer: 38 not valid; 54 valid

Attention:

Some complex com-
pounds donot fallow
EAMN rule; but they are
stable complexs com-

pound.
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Example 5-3

What is the effective atomic number of [Co{NH_}, "' compound? Is EAN
rule valid in this compound? ( Atomic number of cobalt = 27)

Solution: Caleulation is as follows:

Co =2T¢
Cal"=24 &
ﬁHH::= 12e

[CoiNH, "= 36 e

Here, the effective atomic number is 36. This number is equal to the atomic
number of noble gas Krypton, Therelore, the complex compound 15 stable as
il follows the EAN rule.

Example 5-4

What is the EAN of [CoCl,J* compound? Is EAN rule valid for it? { Atomic
number of Cobalt =271

Solution:
Co =2T¢
Cott=25¢
4CI=8r
|E'c:{'l+]:' =33 &

Here, the EAN 158 33. This number 1sn°t equal to atomic numbser of any nohle
gases. Therefore, it doesn’t follow EAN rule, But despite the fact that it is a
stable complex compound,

There are many exceptions of this rule. Although the rule explams the struc-
ture of metal carbonyl complex compounds, it 15 wsetul for only a limited
part of coordination chemistry. For example:

Cr=24¢ Fe=26¢ Mi=28e
GCO=12¢ SCO=10e

[CrCO)]=36¢ [Fe(COy]=36e [NiCO)]=30e

These complex compounds seem to follow EAN rule. On the other hand,
metals with odd atomic numbers which make compounds with ligands like
above don't follow EAN rule. Because the resull 15 always an odd electron
number. Therefore, whatever the added carbonyl number is, effective atomic
number will never be equal to 36, 54 or 86, This Kind of compounds are in
dimer molecular or polymer structure.

J—
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The following two complex compounds [Co,(CO) ], [Mn(CO), ] can be giv-
en as examples. EAN's of these compounds are caleulated as follows:

co co co Co
Il - II.
oc. [ co 3 BN =
\ § o [ ~co
oC Mn Mn"——C0 . Co——Co
; | o T i
oc” | TN e~ [ A, TR
i / \  CD fi %
C0 Co co o
Mn=25¢ Ca=2Te
Mn-Mn=1¢ Co-Co=1¢ Exercise 5-4
SC0 = 10e 400 =B Calculate EAN of [Re (CO), ] com-

plex compounds, s EAN mule valid
for this compound? { Atomic number

[Mr(COY,J =36 ¢ [Co,(CO)) =36 e of Re = 75)
Answer: Valid :86

Sf NOMENCLATURE OF COORDINATION COMPOUNDS
Rules assigned by (1UPAC) are as follows:

I- While naming an ionic compound, positive 1on is named first and neg-
ative jon second. e.g. naming simple salt NaCl sodium chloride, complex
compound [CrinH ) JC1L hexaamminechromiumi 111} chloride,

2+ In coordination compounds, ligands are named first, then the metal
comes, If there are maore than one ligands, naming is done in alphabetical
{English) order. For example:

[CrHL O, CLICI Tetraaguadichlorochromivmi{ 1) chloride
3- Megative ligands® names finish with —o suffix. But newtral ligands assume ;

molecule name without any change. As exceptions, water becomes wgun
and ammonia becomes ammine. In order to diferentiste ammaonia from
other ammes, double m 15 used. Other amimes are written with single m.
Positive ligands (which are rare) finish with <ium suffix. In Table 5-2 , some
positive and negative ligands are given.

Attention: While writ-

ing IUPAC names of pos-
itive or negative ions, no
blank is left. But a blank |
i5 left berween positive

and negative ions,

«_ 151 >




( Chapter - 5 Jrosceevescese

Exercise 5-5

Name the following coordination
cOmpounds.

|- [Co{NH,},H,OJCL,

2- Na[Co{NH,}, CL]

3- K [PeClL]

4- [Cr{NH,),J(NO,),

3= [Culen),)CI,

- (NH,),[CH{SCN),]

< _152 >

Symbol of ligands

cr
o

CH.COO

SCN-
NH_CH,CH,NH,
NHNH,’

i~ If there are more than one of the same ligands in a complex compound, pre-
fixes di-, tri-, tetra- etc. are mentioned before ligand name. But before complex
ligands as ethylenediamime (en) and ethylenediaminctetraacetic acid (EDTA),
prefixes bis-, mns- are used.

For example: [Coten),Cl ]_,SUI nchlomobis{ethylenediamine icabalt 111}
sulfate.

5- The oxidation state of central atom 15 meéntioned right alter the name of
the metal with Boman numerals. I the oxidatzon state 15 zero, 07 number 15
used.

For example: [Ni(CO),] tetracarbonylnickel (0]

b= 1T complex compound 15 a negative on, name of central atom fimishes with
suffix —ate, Most of the time, Latin names are used for metals (For example:
iron = ferrum, lead= plumbum, etc.) But in positive ionic or neutral complex
compounds. name of central metal atom remains unchanged. For example:

Ca[Fe(CN)]  Calcium hexacyanoferrate {11)
[Fei H_.'l.']l]-h]ﬂﬂ_i Hexaaguairon (11} Sulphate

[Nifdmg).| Bis| dimethylglyoximatonickel (11}

5-T BONDING THEORIES IN COORDINATION COMPOUNDS

Werner's coordination theory and chain theory were just simple introduction
to understand the structures of coordination compounds. Today, there have
been three theories proposed to explain the bond structures of coordination
compounds. These are:

I- Valence Bond Theory (VBT
2- Crystal Field Theory (CFT)
3= Molecular Orbital Theory (MOT)
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Al this level, we will only give a simple explanation of Valence Bond Theory,
You can study Crystal Field Theory and Molecule Orbital Theory at university,

_ Exercise 5-6
5-7-1 Valence Bond Theory Show electron configura-
tion of metal and higand in
[CW{CN).] complex com-
pound according to Valence
Bond Theory, (., Cu)

This theory explains the bond structure of coordination compounds success-
fullv, This theory is related to hybridization and geometrical shape of central
atom. According to this theory, complex structure is formation of coordinate
covalent bond between Lewis base (ligand) and Lewis acid (metal) reaction. In
thig theory, orbitals of metal are shown with squares (sometimes with circles),
They show the electron configuration of metal in outer shell and also electrons
of ligands. We will apply this theory to compounds with coordination number
of 2, 3 or 4. We will leave the application of this theory to compounds with
higger coordination numbers to upper classes.

For example, in diamminesilver (1) complex ion [Ag{NH, )| ", electron configu-
ration in outer shell of silver and electron configuration of complex compaund
i5 as follows:

Ag (Kri, _-Ildf"‘ 5s' 5p"
(alalalse] 1] [ 11

Ag' [Kri, 44" 567 5p°
lafefafs] [ ] [ ]

[Ag(NH,;,1" (Kr]

4d" 5s 5p
alaafals] L] LD
I!:IH! NH,

= 4 glectrons from 2 ligands

- Hybridization type is sp (while forming a bond, one s orbital and one p or-
bital are used}).

- The shape of complex ion is linear.

- As there are no unpaired electrons. complex ion shows diamagnetic property
{all electrons are paired),
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In [Hgl, | trodomercurate (1) complex compound, the configuration of
electrons i outer shell and electron configuration of complex compound is as

follows:
JHg (Xel 4F" 540 68 6
[A[a]sln]s] [p] [
Hsz. [Iﬂ_,_,, 4]:1-1 Edm IEE" EPEI-
il [ [L1
(Hgl 1 1 Xe),, 4F" 54" Gs Gp
R [ A5y

K
I )

- & electrons from 3 ligands

- Hybridization type 15 sp’ (in bond formation one s orbital and 2 p orbitals
are usad).

- (ieometrical shape is trigonal planar.
- It shows diamagnetic property as all electrons are paired.

The electron configuration of outer shell mickel and complex compound in
tetrachloronickelate (11} [N Cl) | complex ion is as follows:

JNi [Ar, 3¢ 45’ 4p
pivfeffe] (o) L[ 1]

Ni** [Ar),
3d 45° 4p®
sisfsltr] [ [LL]
[Ni¢Cly, 1 1Ar),
3d" 4s 4p
e D] ] GLL
I 11
Cl Clclcl

- B electrons from 4 ligands

- Hybridization type is sp’ (In bond formation, one s orbital and 3 p orbitals
are used).

- Geometrical shape is tetrahedral.

- It is paramagnetic as it has 2 unpaired electrons,



Coordination Chemistry )

m——

I'he electron configuration of outer shefl of nickel and complex compound in
tetracyanonickelate [Ni{CN), | complex compound is as follows:

NI [Ar] 3d° 45’ 4p’
EIEEEAERE 1

[ Ni* ] [A.r]m 34" 45" 4p’
_.1_1’”_1_1 === P

[Ni¢CN, 1" [Ar]

&
3d* 4s 4p
._1:.1!_“.1]-: . i

v

CN CN CNCN

- & electrons from 4 ligands

- Hvhbridization type 15 dsp® (in bond formation, one d orbital, one s orbital
and 2p orbitals are used).

- Geometrical shape is square planar,

- It shows diamagnetic property as all electrons are paired,

As it 1s seen in the previous 2 examples, single d electrons remained as they
are in [Ni{CN), ¥ compound. But in [Ni(C1),]* compound, it {d electron) be-
came an electron pair, In formation of complex compound, type of ligand has
an important role, CN is accepted as a strong ligand. Because it causes un-
paired single electrons to become paired in forming complex, But CF doesn’t
have such capability. Therefore it is accepted as a weak ligand, Ligands are
accepted as weak or strong according to chemical spectrum. Table 5-3 shows
those weak and strong ligands.

| Table 5-3 SOME STRONG AND WEAK LIGANDS
Weak I.JE:':I'uh. f"rTl'ﬂr'J:_I.', |-i:1_£ji|'lf'll'.1-"1

Symbol Name Name
1 lodide ion CN Cyanide ion
Br Bromide ion NH, Ammine (ammonnia)
: Cl Chloride ion NH.CH,CH ,NH, Ethylene diamine

F Fluoride ion NO.- Nitrite ion
OH Hydroxide ion CO Carbonyl
HO Aqua CHN pyridine
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Exercise 5-7

Why [NiCL]* complex com-
pound is paramagnetic while
[PIC1 |- complex compound
18 diamagnetic. Explain the
reason according to Valence
Bond Theory. t:ﬂNi, P

156
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The elements of the second and third transitional <hains, thelr complexes are
letragomal.

If complex compound undergoes dsp” hybridization, ligand’s geometrical
shape is square planar, no matter ligand is strong or weak. The reason for
that is volume expansion afier hybridization, Therefore, the configuration of
electroms in outer shell of platinum metal and complex compound m [PuCL[*
compound.

P Xel, 4 T e
RN L =i,

Pt* [Xei,, 4F" Y 6 6p’
LEIRIRT ] | 1]
( PICL ™ [ Xey,, 4PF™ = & 6p
DIedal:] 2] [EI:]
R
Ccl Cl ClCl

- 8 electrons from 4 ligands.

- Hvbridization type is dzp’. In bond formation, one d orbital, one s orbital
and 2p orbitals are used.

- Geometrical shape is square planar.

- It shows diamagnetic property as there are no single electrons (all electrons
are: paired).

To learn the geometrical shape of complex compounds with single ceniral atom
due to hvbridization is poszible by calculating their number of single electrons
iunpaired electrons). This calculation i= made by the following eguation. It
depends on magnetic momentum resulting from electron movement.

u(B.M)= [e(e+2)]'"

I this equation, € = number of single electrons. B.M= Bohr Magneten { mag-
netic Momentum wnit).

Let's study Example 5-5 to explain this equation.

Example 5-5

1L s a monodentate ligand in [Coll.) | complex ion of cobalt {11}, ex-
plain the tvpe of hybndization of the complex compound.

Solution:

Hybridization can be decided as follows:

|- First Case

The electron configuration in outer shell of cobalt clement and complex com-
pound is as follows:

_]—......_.....
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»Co [Ar],
3d 4s? 4p°
O] [ [LI]
Co™ [Ar),
A 4y
BRLDE] [0 [CI1]
1CocLy, 1™
ad’ 4s 4p

DT Te] ] [I:I:]

f
L

= .

T T
L L

If we consider this configuration, we see that the number of unpaired elec-
trons is 3. Therefore, magnetic moment is as follows:

= fe(e+2)]'"
=BE+ )
=3.87 B.M

2- Second Case

The electron configuration of the complex is as follows: [Co(L),]"

ad 48" sl
BOOET] 1 CLT
i

L L L L

According to this configuration, the number of unpaired (single) electrons is
1. Therefore, magnetic moment is as follows:

po=[K1+2)2 =173BM

If we know magnetic moment, we can guess the type of hybridization. In
this complex compound, if magnetic moment were 3.87 BM, the tvpe of
hybridization would be sp* as in the first example. But its magnetic moment
iz 1,73 B.M, therefore its hybridization type is dsp’.

Exercise 5-8

According to Valence Bond Theory,
what are the types of hybridizations,
geometrical shapes and magnetic
properties of the following two
complex compounds? {, Pd. . Co)

[PACLF, [ColH )"

Alfter that calculate the magnetic
moment {p) of each.

Answer:

dsp, diamagnetic, square planar
sp', tetrahedral, paramagnetic
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58 COORDINATION NUMBERS AND EXPECTED
GEOMETRICAL SHAPES ( view only)

Previously, we have leamt that coordination number shows the number of
atoms directly bonded to the central metal atom. Besides, we have learnt this
number is related to the expected geometrical shape of complex compound.
The values of coordination numbers are between 2 and 9. The most common
ones are 4 and 6. Now, we will mention coordination numbers from 2 to 4 in

coordination compounds. Besides, we will tell the most common geometrical
shape of each number.

|- Coordination Number 2

Compounds with coordination number 2 is rare. The best example to this
complex compound [AgiNH, 1] As expected. this complex fon has a linear
structure, [H N-Ag-NH_|'. Th1'1. coordination number is seen in complex com-
pounds of copper (1), silven{l} and gold{l} as in the following examples.

[NC-Ag- CN |; [C1-Au—CI] ; [CN - Cu-CN]
2= Coordination Number 3

This type of compounds are alse rare. Examples of them are few. Negative
complex ion [Hell is the best example of this. In this kind of complexes,

I two geometrical shapes are expected. The first is trigonal planar and the other
iz trigonal pyramid shape, [Hel J has trigonal planar shape whereas

SnCl, s rrigonal pyramid.

3- Coordination Number 4

H . .
B This is the most common coordination number, Coordination compounds with
this number have great importance in ceordination chemistry. This coordina-
I | tion number causes formation of coordingtion compounds in which ligands
are coordinated around the central metal atom in tetrahedral or square planar
[Hgljl" shapes, Examples of tetrahedral complex compounds are:
[CoBr,J* ; [FeCl ]
[ Cl i B B G i
= -2 A .f
o N,
Co: -Co [ N\ of \
1\.\_\_\_\_\-\-' - 4 hy .l"-. Y,
ONi - A (Ko N\
1 o e q-"\-.\, L __r" - il S
S | 2
S . 2 Br & e |1
f;f \‘\.\_‘ . | = e - k. _.___,,,..
Co Co Cl Hr

Square planar shaped complex compounds are formed by especially

wms. For example,

Au®, Pi, PdY, Cu, NI, [PICL], [PAICN), ), [NHCO), ]
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QUESTIONS OF CHAPTER-5

5-1- What are the distinctive propertics of transition elements?!
F-2- What is the difference between double salts and complex compounds?

5-3- When FeSO and (NH ) 50, solations are mixed in 1:1 mole ratio, Fe™* ion appears in the resulting solution,
But when CuSO, solution 15 mixed with ammonia solution in 4:1 ratio, no Co® don is observed. Explain this by
EIVINE TEAs0ns).

S-de Define effective atoaic number, Then caleulate this mumber in the following complexes:
1- [PCLT

2= [PHMEL),]

i- [FeCLT

4- [Cr(NH )T

§- [AgiNHL )]

Answers: 1386, 2390, 33 31 &) 33, 531 50

5-5- What are the oxidation states (Arst valence) of iron in the following compounds?
1- [Fe(CO),]

2 [FelC,OLF

S K [Fe(CN)L]

4 [Fe(H, ) (MOS0,

Answers: 130 2)(+3} 31 (+3) 41 {+2)

S-fi- Name the Tollowing complex compounds:
1- [Fe(H O)(NO)

2- M, |FelCM)(NOY)

5= [CofMN HNH, ) ]SO0,

4= KL INIHENY,)

5- [Cr{H 0} C.]*

- [Mifen),CL]™

7- [Co(NO,) {NH,},|

- k(L

-

s
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5-7- Write down structural formulas for the following complex compounds:
A- Trisfethylenediamine jeobalt 1T nitrate

B~ Potassium tetracyanonickelate{(l)

- Aquabes{oxalato)chromate( 111 1on

D- Potassium tetrachloronickelate (1)

- Potassium tetrachloromanganate (11)

F- Hexaaguatitanium( 11T} chloride

Ci- Tetracarbonylnickel (0)

H- { Ethylenediamine jtetraiodochromate (11} ion

I- Aquacyanobis{ethylencdiamine jeobalt (1) ion

I- Tetraamminecopper (11} ion

5-8- Answer the following questions for the 3 given coordination compounds.

[ Co{H,O),CIICLH0, [Cr(H,0),]CL, , [CriH,0),CLICLIH.O

A~ What is the oxidation number (first valence) of chromium in each compound?

[3- What 15 the coordination number of chromium in each compoeund?
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5-8- Clircle the night answer in the following gquestions.
|- What is the exidation number (first valence) of [CrlH.O),CL]" ?
M3 Bil Cio by 5

2- Whan is the srructural formula for dichlorobis{ureajcopper( 1T} compound?
A) [CutiNH,)LCOLJCL,
B) [Cu{(NH,).COICICI
C) [CuCl, {(NH_).CO} ]
D) Mone of the above

1= According to TUPAC svstem, what is the name of the [PilvH ), B NOCICL compound™
A) tnamminechlorobromonitroplatimumd IV) chlonde
B) chlorotrisgmminebromonitroplatinumd IV) chlonide
L) triamminebromochloronitroplatinum( 1Y) chlonde

D) triamminenitrochlorobromoplatinuim{ 1V) chloride

S-100- Reply the questions about the following coordination compounds according to Valence Bond Theory ( VBT)
1PeCH 15 [PACND P sINWdmg), | [CoCLI [ZaiCN) 15 [ColCN) 1> 5 [ZaCLINH, )|
A- What 15 the type of hybridization of central atom?
8- What 15 the geometrical shape of complex compound?

L= Whit is the magnetic property of complex compound? Why?

5-10- What are the numbers of single (unpaired) electrons i the following coordination compounds aceording 10
Yalence Bond Theory? What is the value of magnetic moment value { g ) in cach?

INI(HO), 1 5 ININH,) I
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5-12- Suppose that [NiL, [ complex ion contains Ni (11) and L monodentate ligand which is weak. Answer the
following questions according to the complex ion. (, MNi)

I- What is the charge of the ligand?

I

- What is the hvbridization type of the central atom?

3= What is the value of magnetic momentum {(p)?

3-13- Define the following terms:

Coordination compound, ligand, donor atom, coordination number, chelating ligand
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CHEMICAL ANALYSIS CHAPTER-6

ACHIEVEMENTS

After completing this chapter, the student is expected to :
* Leamn different methods of chemical analysis.

* Differentiate qualitative and quantitative analysis.

* Have information about some positive ions.

* Understand the importance of guantitative analysis method in determining the amounts of unknown
compoumnds.

* Leamn steps of quantitative analvsis and how to do it

* Perform necessary calculations in quantitative analysis.

* Understand the importance of volumetric analysis in determining the amount of substance dissolved

and concentration of unknown selution.

* Learn calculation of equivalent mass of different substances and relationship between chemical reactions.

* Learn some laboratory equipments which are used i volumetne analysis.
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6-1 PREFACE

Chemical analysis has wide applications in industry, chemistry, biology, geolo-
oy and in other science felds. For example, while analvzing air pollution, it 18
necessary (o measure the amounts of hydrocarbons, nitrogen oxides and carbon
monoxide from exhaust fumes. To diagnose goiter illness, it is necessary to
find out calcium amount in human blood. The amount of nitrogen from food
we consume gives the amount of protein. In industry, by regular mass analysis,
the strength of iron and its resistance to corrosion can be checked. As it is un-
derstood from those examples, chemical analysis has an important place in life.

The chemical analvsis which is uzed to find out the components {elements or
compounds) which fonm a substance is called as qualitative analysis and the
analysis which is wsed to find out the percentage of the components of a sub-
stance is called as guuntitative anplysis.

6-1 METHODS OF QUALITATIVE ANALYSIS

The aim of qualitative analysis of a sample is to find out what the componentis)
isfare in a mixture or solution and how these components (elements or a group
of elements) are bonded o each other. The substance which is wanted w be
analyzed is usually transformed to a known compound by a substance called
as detector,

For example, a mixture of common positive ions can be analyzed. In this case,
qualitative analysis is a two-step process. In the first step, ions are scparated.
In the second step, through some cenain chemical reactions, 1ons are detected.
To apply gqualitative analysis, the sample is divided into groups. The reaction of
each group against different precipitants is examined. When the right precipi-
tant 15 added to solution, it precipitates the tanget ion and the resulting solid is
extracted from other ions by filtering method.

Common positive 1ons in nature are divided into 5 groups according to the
precipitation factor (Table 6-1). In other words, the ions in the same group
are precipitated with the same substance. The analvsis process starts from the
first group and continees to the last group by addition of precipitant until the
precipitate is formed,

First, dilute hydrochloric acid (HCl) is added to solution and (Ag’, Pb"', Hg,™')
from 1* group 1ons are separated from the solution in the form of chlorides
ol these ions with filter paper. In order to precipitate 2™ group ions

{He* ,Cu* Bi*",Cd” Pb*" 8n*", As™ . 5b*) hvdrogen sulfide gas (H.5) is passed
through the solution. In the remaining solution, upon addition of ammaonium
chloride (NH Cl) and ammonium hydroxide (NH (OH) solution, HLA group
positive ions are precipilated. Separation process goes on like this.

After positive ions are separated aceording to their groups, precipitate of each
group is analyzed to learn the presence of ions.

In the following experiment, the separation of first group ions from other
groups and methods of detection will be given,
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prﬂcjpilaieﬂ

Precipitants lons

Crroup [

Group of positive ions, precipitants and chemical formula of

P |'ﬂ-:i]'|i’r;|tf:~:

I |Dilute Hydrochlorie acid (HC) | Ag’, Hg, ™, Pb** AgCl, Hg,Cl,, PhCl,
e R e
R R L

I
B |01 8y e it 0wy | NI Za™, Co¥, Mn®* | NiS, ZnS, CoS, Mn§
IV [Ncnon s T |CatBe8e CaCo,, BaCO,, SrCO,
V |t wihete eion [ MBS Nat, 15 NI

6-2-1 Separation of Group (I) lons and Detection

As mentioned above, first group positive jons (Ag', Pb*', le__:: ) are separuted
from solution by precipitation as chloride compounds. [n the second step, each
positive wn 15 detected according to the following pranciples.

I, PhOCI, precipitate dissolves in hot water but AgCland Hg Cl, don’t dissolve
in hot water. Dissolved PBCL, 15 separated by Altering from other precipitates
upon addition of hot waler. In order to detect lead, B, O, detector is added Lo
the Gliered substance. IF there 15 lead, vellowish PhCro pn:-::p:!a!-:b aceording
to the followimg equation.

PhCL, + K. CrD, — PCrO, | + 2KCI
vellow precipitate

2. Afier separation of lead chloride, dilute ammonia solution is added to the re-
maining solution (Hg,C1,, AgCl). Silver chlonide AgCl forms a complex com-
pound diamminesilver(l) chlonde [AgiNH 1 JC1 which dissolves in ammonia
solution and passes filter, To detect silver, dilute nitnie acid (HNOL) is added
and a white precipitate forms or potassium iodide (K1) selution is added and a
vellow precipitate forms.

AgCl+ 2NH, — [Ag(NH,).]CI
dEamminesilven 1 chlorde

[Ag{NH,).ICl + ZHNO, — AgCl | + 2NHNO,

while precipitale

[Ag{NH,)ICI + KI — Agl | + KCI + 2ZNH,

yellow precipitate

Attention;

Ph 15 in both groups | and I, be-

cause solubility of lead ion is high

and some may not precipitate when

dilute HCL is added,
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Exercise 6-1

Complete the following reactions.

Hg,* + HCl —

dilune
H|
Bi*+HS —
T diluse
MH T
Al + NH JOH —=
NH,OH
M'I:'i + H ‘-‘. A
‘ NH.CI
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Mercury (1} chlorde (Hg,CL) reacts with ammaonia solution and forms a black
precipitate according to the following equation.
He CL+2NH, — Hg(NH,)C1| + Hg] +NH/CI

white précipatale Black precipitase

Upon addition of king’s water (HNO,+3HCI), a soluble salt HgCl, i
formed. To detect mercury. tin (11} -:hl::nndr, (SnCl,) is added to the SD'IJ'
tion and a precipitate is obtained which is white in the beginning then
turns info black.

2HgCl, + SnCl, — SnCl, + Hg CL. |

white precipitae

Hg.Cl, + $nCl, — SnCl, + 2Hg |

Black precipicais
Example 6-1
How are silver, cadmium and iron (1) ions separated?
Solution:

Silver (Ag' ) ion is in Group I, cadmium (Cd**) is Group 11and iron (1) (Fe'*)
is in Group 111, Therefore, we need to add precipitants in order,

1. When dilute hvdrochloric acid solution is added, only silver ion precipitates
as ApCl, Cadmium and iron jons remain a5 dissolved. We can scparate silver
chloride from other components of solution by filtering.

2. H 5 gas is passed through the solution. As a result, cadmium ions precipitate
as cadmium sulfide and are separated from solution by filtering method.

3. Only iron {111) ions remain in the solution, We can precipitate iron in iron{111)
hydroxide (Fe{OH),} form by adding ammonium hydroxide and ammonium
chloride solutions.

6-3 QUANTITATIVE ANALYSIS

Quanhitative analysis aims to determine the amount of target substance in a
sample. For example, calculation of percentage of iron in a rock 15 an appli-
cation of quantitative analysis. The amount of substance can be expressed as
percentage and also in a ratio of thousand, millien or even billion. Besides, the
amount of substance is expressed as the mass or volume of matter found in a
certain volume of the sample or described as molar ratio,

Cuantitative analysis process is applied through two measurements. The first is
thi amount of the subject sample, and the second 1s the amount of the compo-
nent which we want to measure in the sample. Mass, volume, strength of col-
or, absorption intensity, electric intensity or any physical or chemical property
about the amount of mater can be given as examples to measurements during
analysis. But, in this book, we will cover measurements of number of moles,
equivalent mass, mass and volume which show amount of matter.

iy
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Before applving quantitative analvsis, the following are the steps 1o be made,

|. Exemplifying: It is the method of obtaining the sample which represents the
substance in a right way.

2. Preparing the sample: The sample undergoes a preparation process for
analvsis in laboratory. It includes processes as grinding the solid sample, mix-
ing. making it homogeneous and removing the moisture in it.

3. Measuring the sample: In order to determine the amount of matier cor-
recily, the mass and volume of the sample 1o be analyeed needs (o be known
precisely,

4. Dissolving the sample: Chemical analysis is usually made on solutions.
Therefore, a solution of the sample needs o be prepared. This solution is pre-
pared with a solvent which can dissolve not only the target component in the
sample but all of the components. The solvent normally doesn't change the
amount of the sample,

5 Beparating the mixed substances: There are certain substances which have
physical and chemical properties with which correct measurement processes
can be made in quantitative analysis. In this case, measurements can be es-
timated directly. But in many cases, by measuring one of properties directly,
it may not be possible 1o identily the substance. To make measurements in
quantitative analysis, chemical reactions with the target compound are neces-
sary. Those reactions used in chemical analysis and measured properties may
be common for some elements and compounds in the sample. This situation
affects results of enalyss and some problems may arise in chemical analysis
processes. For this reason, the target substance needs 10 be separated from oth-
er components in the sample which affect analysis. The other elements in the
sample which affect the resulis of the target substance are called as interferents,
Separating those before measurement 1s important for analvsis.

Practically, the person working in quantitative analysis field may apply many
different analvsis methods to get results. In order (o choose the most suitable
methad, many factors need to be considered. The urgency of analysis, suitahil-
ity and degree of correctness, supplying tools and devices, number of samples,
amount of samples and concentration of target substance in sample, cost of
analvsis are some of those factors. Therefore, the success of analysis depends
on choosing the suitable method.

Cruantitative analvsis includes many methods with respect to their uses and
significance. Those are usually considered in two titles:

6-3-1-Quantitative Chemical Analysis
Linder this title, classical analvsis methods are placed. Those are:
| - Gravimetric analvsis methods: depend on measurement of mass,

2- Volumetric analysis methods: depend on measurement of valume.

6-3-2-Instrumental Analysis

Dhflferent instruments are used in analysis. In this chapter, classical analysis
methods will be studied.
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6-4+-GRAVIMETRIC ANALYSIS

In gravimetric analysis, a substance related to another substance with a known
chemical structure is separated and its mass is measurad correctly. Separation
process 15 made from a sample with a known amount, In gravimetric analvsis,
the target substance is usually transtormed into a pure and a chemically stable
compound. This compound has a shape and formula which enables measuring
its weight precisely, After measurement, as the chemical formula of the sub-
stance is known, its mass can be calculated.

In pravimeric analysis, the tarzet substance is separated through differemt
methods. The most imporant of those are:

I - Volatilization method

2- Precipitation method

3- Electrical precipitation method
4- Dther physical methods

6-4- 1 -Volatihzation Methods

These methods depend on removal of the volatile subsiance in the sample. This
process is applied through different methods below:

A-Sample burning method in air at high temperature  Figure (6 - 1}

B- The method in which the sample undergoes reactions with chemical indi-
cators and volatilize its components and tareet substance residues. Afterwards,
volatilized substances are collected in a suitable medium and their mass is cal-
culated, This method is called direct valatilization. In indirect volatilization,
the mass of volatile substance is calculated through the loss in mass of the sam-
ple. For example, we can determine the percentage of crystal water in agqueous
barium chloride

{BaCl, .2H_0)) by direct volatilization method through heating.

Bacl2HO PN po . mpof
Electric oven  volatie subalanca )
Sample l
0. oul
T Catalyst
Q. in

To prevent gas interfer-
to absorb CO  Bason| | ence from outside on
ashestos NaOH asbestos PO+ NaOH

To abzorb water

P1UII|

Figure (6 - 1)
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The vapor is absorbed on & suitable medium and its weight is measured. To
determine crystal water in agqueous barum chionde by indirect volatilization
method, it is heated in open air and this causes water to vaporize. The mass of
residue BaC'l, 18 measured and the mass of erystal water 5 determined by sub-
tructing this mass from the sample’s mass,

In another example, to determine the mass of carbon dioxide CO, in caleium
carbonate sample, hydrochloric acid HC is added to it.

CaCO, + 2HCI — CaCl, + CO, 1 + H.0

valagile subitance

Carbon dioxide gas is passed through a drving substance to remove its mois-
ture, and then it is absorbed by a suitable medium (asbestos immersed in sodi-
um hydroxide solution). The mass of carbon dioxide is calculated through the
mass increase m absorbent mediom.

Example 6-2

1.45]1 g of aqueous batium chloride (BaCl,2H, () sample was analvzed
through indirect volatilization method to determine the mass of crystal water.
The sample wis heated ar 125 °C for some Dime and then it was cooled ina dry
medium. As the mass of solid substance is 1.236 g, what iz the mass percentage
of erystal water in the sample?

Solution:

Maszs of crysial water

Percentage of cryvstal water = N L

Mazs of the sample

The mass of crystal water lost during volatilization is calculated through the
following equation:

bemting
BaCl,2H.O —= BaCl, + 2HO
helare hearing nfter Feaiing wolatile subsance

Mass of crystal water = mass of the sample before heating - mass of the
sample afler heating

m o (E) = M feci, 200 = M fac

muo(g) = 1451 (g) - 1.236(g) =0.215¢

Percentage of erystal water:

m i (g)

|-Lf]‘.‘rﬁ= e A 1
- ] W m--{g}
HOY _E_'T]S .':_g.}__
S = 1451 (g) x 1009 = 14.81%

«_ 169 >




( Chapter - 6 Yoo

Example 6-3

Exercise 6-2 A sample of organic matter was analyzed through direct volatilization meth-
odl 1o determine 11s carbon percentage. 1524 mg sample was bumt n aerobic
conditions amd CO, gas was absorbed on a suitable medivm. As the mass of
carbon dioxide 15 22,36 mg, calculate the percentape of carbon element in the

Alloy containing nickel, chro-
mium and a small amount of car-
bon was analyzed gravimetrically

: compouid.
by volatilization method. 1.4 2 of vl
mixture was burnt in aerobic con-  Splution:
ditions and emitied 'E'f,]_, gAs Wis
collected. As the mass of CC), gas Mass of carbon
: 2 Percentace of carbon = = | (H1%a
is 2.2 mg, find the percentage of niag Mass of the sample
carbon in the Alloy,
(C:12 g/mol, €O 44 g/mol) We can caleulate the mass of carbon from evelved CO, gas. Because this gas

Aiiswer 0.043% was emitted through burning of carbon in the sample.
d i o S

burmilng with sxvgen
S ki Dt ;_g Co,t
My (g'mol)

mg =mep, (mg) < ——————
: Meo (z/mol)

12 {g/mal)
=¥} R L I
m = 22.36 (mg) 34 (g/mal) 6.1 mg
: f.l '
C%= — o 00t =— 8 100, = 40%
ansis [5.24 (mg)

6-5 PRECIPITATION METHODS

Grravimetric analysis method which depends on precipitation reactions Consist
of some steps that need to be made quantiatively (that means in a way without
any increase or decrease in amount of matter).

These steps are as follows:

1- Diissolving a known, accurate mass from the sample in a suitable solvent.
wrighing is done using scales that vary in accuracy from one o another.,

some of them are accurate {sensitive), with an accuracy of four decimal

places tor gram, and one with one decimal place for gram.

2- To precipitate a sample in a solution as in the form of a compound which is
slightly-soluble a precipitate is formed with a known chemical formula,
By using a suitable (chemical reagent) precipitating agent.

Some scales (micro-balances) to
weigh samples

3- Beparating and removing precipitate from a solution by filtering,
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4- Washing the precipitate; The precipitate separated from its solution remains
on the filter paper. To remove the impurities on the precipitate, it needs to be
washed with a suitable solvent. The solvent used for washing needs to have
some properties. These are:

a- It shouldn't affect the solubility of the precipitate; it should only help to
dissolve impuritics.

b= It shouldn’t form a volatile compound with the precipitate.

¢- It should be volatile to be removed from the precipitate easily.

5= Deving the precipitate: This step means that precipitation formula (the chem- . :

ical formula of the formed precipitate) is transformed to a suitable mass for-

mula. This process is done through drving (sometimes at a temperature over Addition of chemical reagent
100 =C) or burning (temperature reaching 10040 *C.) to the sample solution and
Thus, the precipitate is removed from any type of moisture (base water, rfe- formation of the precipitate

tained water, crvstal water)

drying 8
CaC.0,H0 CaC,0, + H0 1

precipiinie fomials nuss formula

drying at 130
AlLO, \.Hﬂ—h— ALG, + xH O 1
presipitale formaly s formula

Buming process causes removal of water from the structure of the precipitme
and also decomposition of the precipitate through thermal reactions.

urmin
CaC.0 HO % o CaC,0,+HO —
T 0.3 - 40y - 30

baimitig dl B340 °C

CaCO+COt —= CaD+CO,t

Removal of substance by pre-
cipitation and then washing

fi= The precipitate is weighed for accurate calculation of its mass through mass with a suitable solvent.
formula, To achieve mass analysis and get accurate results, there are factors
need attention:

I- In order to prevent loss of mass in precipitate, it should have a very slight
solubiliy.

2- The precipitate needs to have some physical properties to be separated from
solution quantitatively and removed from impuritics. The crvstals of the precipitate
miust be at suitahle siees. Thus, impurity possibility is low, the precipitate cannol
pass through the filter paper and the size of the particles isn’t affected from

washing process,

3= The precipitate must be suitable o be dried, bumt or 0 be processed with
suitable chermical reagents in onder to be converted to a pure substance with a
stable chemical formula.
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6-5-1- Separating the precipitate by filtering and purifying

Separating the precipitate principally depends on the particle size of the precip-
itate, The precipitates with bigger particle sizes can be separated fully, quickly
and easily. [T the precipitate has a small particle size, a filler paper with smaller
pores needs to be used For separation. In this case, sepamation takes more lime
und 1t is more difficult. On the other hand, the relationship between particle size
and purity of the precipitate isn't clear. But, generally precipitates with bigger
particle sizes cun be obtamed i a purer form.

6-5-2- The factors affecting the particle size of the precipitate

There are some factors affecting the size of particles of the precipitate during
precipitation process, Some of those depend on the type of the precipitate while
some depend on the conditions under which precipatation is made. 1f the pre-
cipitate is in the form of colloidal form (the volume of the particles in this
precipitate 15 nearly 10X -10* mm. ) this kind of particles cannot be separated
' . by filtering. The other type of precipitate has comparably bigger sized particles.
Drying oven: It is used to dry These particles can be separated from solution ensily, The aim of the precipi-
precipitutes at hight temperature. tation process is to have a crystallized precipitate. This s a preferred property
(I can reach 1O0PC temperature}  for 4 precipitate. The most significant conditions affecting the precipitation are
as follows:

I- The charactenstic and chermical structure of the precipitate: Compounds like
Ba50, dissolve slightly. This kind of substances form crystallized precipitates
when they are comparing with substances as AgCl at the same condition for
precipitation .

2- Bolubility of the precipitate; precipitates with relatively high solubility in the
precipitation environment (relatively much soluble) form crystallized precipitates
and vice versa.

3= Temperature; During precipitation, generally the solubility of most precipi-
tates increases with temperature and a crystallized precipitate forms as a result
of precipitation at high temperatures. Because, by slowing the precipitation
process, necessary time for crystallization is supplied.

4- The concentrations of substances involved in precipitation process: In pre-
cipitation process, dilute solutions {valid for the target component and the sol-
vent} are preferred, During the process, the precipitating agent must be added

slowly and solution must be mixed continuously, Under these conditions, necessary
time for the formation of precipitate crystals is supplied and therelore a erystallized
precipitate is formed.

6-3-3- Chemical structure of precipitate and calculations

in Gravimetric Analysis

After drying and buming steps, the last step in gravimetric analysis is weigh-
Muffte furnace: It is used to bum ing the precipitate correctly. Becanse the resulting substance isn't exactly the
precipitates over 1K0 °C tempera-  subsiance to be measured itself but usually another substance containing it. For
fure, example, in order to measure barivm in a sample by gravimetric analysis, it is
precipitated as BaSO_, At the end of the precipitation process, the precipitate
is weighed as BaS0 after separation, washing and drying processes finished,
imiass formula);
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4 - semanlion and deying
Ba” +580 " ===  BaS0, ——— Bad0,
precipimiing agent precipimting foemls mess Frmla

In the following example, calcium is weighed as calcium oxide:
seqaratinn ool huarnig

Ca¥+CO} == (a0, — = Ca0+CO1t+CO,1

precipimiing agent precipiin mﬁ Tearailsi mass Firmuila

Therefore, at the end of each gravimeiric analysis, after determining the net
weight of mass formula by a micro-balance, some calculations are mecessary
to leam the amount of substance to be measured (sought substance). These
calculations depend basically on equilibrivm reactions {or reaction groups) and
include application of percentage and ratio rules.

Muolar mass of sought substance

 {ammic or molecular) ' Mass of sought substance
Molar mass of gravimetric © Mass of gravimedric formula
formula {mass of precipitate)

= The ratio of molar mass of the sought substance to malar mass of gravimetric
formula is called as Gravimetric factor, G, (G: First letter of word gravimetric
and F: first letter of word factor.) (For the component in mass formula)

= But in both formulas, contain the same number of atoms of the element or
molecules of the companent to be estimated.

G i . M:mll_q,lu subsizince {g-"mul]
I b M s formula {2/mol)

In this formula, a and b shows the lowest numbers for two compounds to have
the same sought substance in numerator and denominator. Below are examples
on how gravimetne factor s calculated.

Example 6-4

Caleulate the gravimetric factor of chloride (sought substance) in AgCl (mass
formula) precipitate. (M, = 143.5 gimol), (M= 35.5 g/mol)

Solution:

In this example, chloride is the sought substance. AgCl is accepted as gravi-
metrie Tormula,

P M tgimoh)

' h Mgt fefmol)

As hoth formulas contain the same number of chloride atoms, a and b are both

equal to |, Therefore, G, which is gravimetnic factor of sibver chloride is caleu-
lated as follows:
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Exercise 6-3

Calculate gravimetric factor of ron
in Fe, O, compound. (M, = 56 g/
mol; Mieo =160 g'mal)

Answer: 0.7
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| 35.5 tp'mol}
O = X - =23
I [ [43.5 fer'moh)

If the result is examined, it is seen that gravimetric formula is a numeric value
and therefore, it doesn't have a unit

Gravimetric factor is used in calculating the mass of the sought component.
This is done practically by the mass of precipitite as shown in the following
formula. For this, gravimetric factor is multiplied by mass of precipitate {mass
formula).

[]] Inm,‘!ln aubiie {g:l = Gr IR ik Farrbika I:g-:l

Or the following equation is used to calculate the percentage of the sought
substance found in sample.

Msnnghl substance (BMol)

(2) Percentage of sought substance % = Ym—rT——0 = (%
If we insert m from Equation | in Equation 2, we get the following:
U * Mimass foemula (E)
Percen of sought substance % = = 100°%

Example 6-5

What is the mass of caleium oxide (CaQ) formed by complete burning of
3164 p of caleium oxalate {CaC 0} 7

Solution:

Firstly, the equilibrium reaction showing the buming 15 written,

hurng

Cal’,0 —=  (al)

dacliali T=lind)

+00, 1+ COT

Then, gravimetric factor of Ca0 (M = 56 g/mol) in caleium oxalate CaC 0O,
(M=128 g'mol) is calculated, a and b is determined as 1. (Because the number
of calcium atoms in both formulas are equal )
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a Mean

GI’ = L —
b Moo
1 56 g/mol

G.= =0.4375

:{ —————
£ 128 gimaol

In order to get the mass of Cal), gravimetric factor is multiplied with mass of
CaC. 0, according to the following equation:

M lg)= Gr S Caoly (g)
The mass of calcium oxide is found as follows:

m (g} =04373 x 3164 g = 1384 8

6-6 VOLUMETRIC ANALYSIS

Volumetric analysis is a quantitative analysis method. 1t 12 based on the volume
measurement of a chemical reagent with unknown concentration with the help
of another solution with known concentration. The selution with known con-
centration is called as standard solution. Therefore, this solution is defined os
fellows: It is a solution which contains a known and certain amount of reagent
in & certain volume. { Equivalent grams, number of moles or grams etc.) Afier
volumetric analysis process 15 finished, from the volume of standard solution,
the amount of sought compenent can be calculated according to chemical va-
lence rules.

In order to obtain standard solutions, direct preparation method of solution is
used. This 15 done through dissolving a certain amount of standard substance
im & certwin volume of solvent (distilled water 15 usually used as solvent. ) The
solution prepared through this method is called as primary standard solution.

On the other hand, most of the time standard solutions are prepared through
standardization method. In this method, it is done through precise measure-
ment of volume of solution which reacts with a certain amount of standard
substance in order (o determine precise concentration of solution, In this case,
standard solution is called as secondary standard solution.

As known, not all chemical substances which are used to prepare solutions arc
standard substances. Standard substances to be used must have the conditions
listed below:

|- need to be stable with high purity.

2-musin’t react or absorb air components {moisture, oxygen, or carbon
dioxide) and are not affected by light.

i- must have a big equivalent mass in order to minimize mistakes which

can occur at weighing process while preparing solution,

Exercise 6-4

120 myg of an organic subsiance
was treated with nitric acid. Then,
n order 1o precipitate the chloride
content of the compound guantita-
tively as silver chlonde, some sil-
ver nitrate was gdded to the result-
ing solution above, As the mass of
the precipitated silver chloride is

I 33 me, caleulaie the percentage
of chloride (Mc1=35.5 g'mol) in
the sample.

(AgCE 1435 gimol)

Answer: 31.5%
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4= need to have the capability of dissolving in the solvent (mostly distilled
water) which is used in analysis,

5- Non-poisonous substances are prefermed.

- Preferably, need to be cheap and found abundantly.

6-6-1 Titration

Figure 6-2 Maostof the time, volumetric analvsis 1s done at laboratory, This 15 done through

A . quantitative volume measurement of one of the solutions (e.g. standard solu-

tion) which is necessary to react with a certain amount of unknown solution.
Then, the concentration of the unknown solution 18 calculated. This process is
performed by sending standard solution drop by drop from a burette to a flask
which containg the unknown solution. (Figure 6-2)

This addition process which continues until the reaction between chemical re-
actant and sought component completes is called as titration. In titration pro-
cess, the point at which the reactions end 15 called as equivalent point. This
point is practically can be observed with naked eve easily through a change in
a property af the solution (e.g. change in the color of solution or formation of
precipitate.) For this purpose, usually chemical substances called as indicators
are added to the solution. Indicators are substances whose colors or one of
B their physical properties change clearly at/near equivalent point although they
don't react in the reaction. Therefore, this point at which change occurs

N \ - and mddition from burette is stopped is called as end point. This point needs
to coincide with equivalent point. But between two points (theoretically and
practically) a small difference can occur. This is a result of an érror in titration.
As titration is the most common and most used process, mostly, instead of the
volumetric analysis term, the ttration analvsis term 15 used. But the volumet-
ric analysis term is more extensive, Because it includes quantitative processes
used in analysis of gases in addition to titration analvsis.

The reactions between standard reagents and compounds to be measured need
to follow some conditions.

il P |- The reactions need to be simple and expressed with balanced chemical equations.

s g represent the reaction of the component to be quantified with the standard reagent.
A) Instruments used in titration

B3} Colorless phenolphthalein turns 2= They need to be one way but not equilibrium reactions,
into pink at pH = 10 point . .
o] P pet 3= The reaction need to be complete and fast. In some cases. o catalyst can be
used to increase the reaction rate,

Attertion: In the fullowing chaprers, 17 Practically, the end point of the reaction needs 1o be determined. This is pos-
we will study the hydrolysis of salis de-  Sible via a change in a property of solution at or near equivalent point.

ived Trom weak aceds and bases, Besades, . 3 o ; - . .
we will siudy what oxidation and redue, According to this, we can divide chemical reactions which have the conditions

tion reactions are and how they ore used in - above and can be used successfully in titration processes into 4.

chemical analysis,
These are:
|-Neutralization Reactions: (reaction of Acides and Bases)
These reactions include titration of a strong base with a standard solution of a
strong acid or the opposite as the ttration of a strong acid solution with a stan-
dard solution of a strong basc. Because hvdrogen ion reacts with hydroxide jon
and water is [ormed.
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2-Oxadation and Reduction Reactions:

This includes the reactions of all substances of which a change occurs in oxi-
dation numbers. The standard solution i these reactions 15 either a reducing or

an oxidizing ageni.
3-Precipitation Reactions:

These reactions include interaction of 1ons (except H™ and OH) w form simple
precipitates, For example, the reaction between silver and chloride ions.

Ag + CI —= Agdl
precipitate

4-The Formation Reactions of Complex lons:

In these reactions, polvatomic anions or cations are bonded to other 1ons or
molecules and they form coordination compounds, These compounds dissolve
in solutions but as shown below, they decompose little,

2CN + Ag® = [Ag(CN,,|
Dissolved complex compound

6-6-2-Methods of Defining Concentrations of Solutions Used
in Titration:

As we have studied before, standard solution 15 a solution formed by dissolving
a certain amount of reagent in a certain volume of solution. There are many

methods which define the concentration of solution. The following are the most
commonly used in volumetric analysis:

Molarity (M);

A solution with | molar concentration 15 formed by dissolving | mole of sub-
stance in 1 liter solution. In other words:

mg)

i » ' )

M (mol /L)~ 2 mol _ nimmoh  M(g/mol
Vi VimL) VL)

The symbals in the equation are: n is number of moles; M is molar mass of
dissolved substance; V is volume of solution.

Normality (N):

You have seen different ways to define the concentration of a dissolved sub-
stance in a solution. Mow you will see a new method called as normality 1o
define concentration. Also there are other terms vou will meet later.

| mormal solution is formed by dissolving 1 equivalent gram of substance in 1
liter of solution.
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Attention: Here, as you can see,
instead of molar mass M, equiva-
lent mass EM (g/eq) is used.
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m (g
N{qulL]_ Eq{fq] .Eq{[llfq.' _ Efod{gll'eq'_l
' Vil VimL) Vil

Eq in the equation is equivalent gram, EM 15 equivalent mass.

As known, the molar mass ol any substance is equal 1o the sum of atomic mass-
e= forming this substance. This amount is constant and shown as gram/maod (g
mol). Equivalent mass of any substance 15 the mass of substance which pro-
duces or consumes | mole of active component (reactant). This amount isn®t
constant. [t can change with respect to the reaction type in which the substance
participates. According to this, a single compound may have more than one
equivalent mass with respect to the reaction type in which it takes place. This
vatue is shown with (2'eq) unit.

Standard concentration (Normality)is usually used to prevent confusion which may
arise as in one mole of substance, one or more moles of active (reactant) substance

is found. Therefore, it is preferred in calculations of quantitative analysis meth-

ods which depend on titration.

6-6-3-Calculation of Equivalent Mass (EM)

Caleulation of equivalent mass of any compound changes with respect to the
reaction tvpe in which the compound participates. These calculations are;

| -Neutralization Reactions:

The equivalent mass of an acid is defined as the mass of acid which has one
male of hydrogen atom (1,008 g hydrogen] that can change {participate) in the
reaction. We can define this mathematically as follows:

Modar mass of acid

Equivalent mass of acid = - — :
Mumber of ionised H* ions

M
EM =

Wumber of onized H ions

a in the equation is the first letter of the word acid.

The equivalent mass of a base 15 defined as the mass of base which has one
mole of hydroxide group (17.0081 g of ionized hydroxide group) that can
change (participate) in the reaction.

M,
EM =
Mumber of wnized OH 1005

b in the equation 15 the first letter of the word base.

When salts obtained from hydrobvsis of weak acids and strong bases or vice
versa participate in this kind of reactions, their equivalent masses can be cal-
culated. For this, a balanced chemical equation of acid-base reaction s writlen.
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The mole number which is equivalent to acid or base is found and this number
is used to calculate equivalent mass as shown in the following example.

Na,CO, + 2HCl ——==  2NaCl + H,0 + €O, 1

Salt ol weak acid

5 Webar s off Na, (0, Malar mas ol Ma, O,
Equivalent mass of Mo, CO, = =
3 " Mol number ol dctive par ol acid 2
b ol moedes of H
Mz co
EM M L, < T

2-Precipitation and Complex Component Reactions

The equivalent mass of a substance which participates a precipitation reaction
is equal o a substance which includes a mole of single positive ion (equivalent
to 1.008 ¢ hvdrogen) or a substance which reacts with it.

Mloslar mass ol substance

Equivalent mass = —
Positive 10m = pumber ol valence

M
En

Positive in = numhber of valence

The equivalent mass of a substance which participates a reaction o form a
complex component (which has electron pairs as active part) shows the mass
ol the substance which donates or takes electron pair.

M
EM =

Mumber of donaled or aken chectrons pairs

3-Oxidation and Reduction Reactions:

The equivalent mass of oxidation or reduction Tactor is the mass of the reagent
which includes or reacts with 1.008 g hyvdrogen or 8.000 g oxygen. For exam-
ple, equivalent masses of potassium permanganate and potassium dichromate
which participate oxidation and reduction reactions can be calculated.

In order to calculate the eguivalent masses of potassium permanganate
(KMn0), ) and potassium dichromate (K Cr ()}, virtual reactions are written to
determine amount of oxveen in each molecule.

2ZKMnQ, K,O + 2ZMnQ + 50
lln'ZIl.':'.r1«‘.’:.’!-5| I{lﬂ ¥ Erzﬂ'; + 30

According to those above, 2 molecules of potassium permanganate yield 5 ox-
yzen atoms, Therefore, the equivalent mass of this substance can be calculated

through the following equation.
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Attention: In order to dif-
ferentiate number of moles

of active part of substance
from number of moles, n {eta)
symbaol is used.

«_180 >
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) ) Molar miass = 1
Equivalent mass of KM, = |
1]

With the same method, the equivalent mass of K Cr 0. is calculated as fol-
lows: s

. . Melodar miss

Equivalent mass of K.Cr (), =————
Tl i

In order 1o simplify the subject, we can calculate the equivalent mass of any

substance which participate oxidation and reduction reactions according to the

following 2 reactions.

Molar maszs

Equivalent mass of oxidation factor =
raumber of taken electrons

Mokar muss

Equivalent mass of reduction factor -
taumber of domied electroms

As stated above, the equivalent mass of a substance is equal 1o the ratio of
molar mass of substance to g (eta) number, This number shows the number of
mides of active part (the part participating reaction) of the substance. There-
fore, number of g ecan be determined while deciding the active part of the sub-
stance {according to the reaction type that substance underpoes). Because this
value is = 1. We can write the general relationship between equivalent mass of
substance with 115 molar mass.

Mg/ mol,

M
EM = = '
rl;_{qumﬂl} n Skl

M .
= — g meq )

n

N = number of positive salt ions replaced amount of charge of

a metallic ion.

Example 6-6

Caleulate equivalent mass of each substance which participate reactions below.

1 PB(NO,),,_ + 2Kl — Pbl, +2K;_ +2NO

(£ 1jmi |mayi LEST

2 HS0,  +INaOH, — 2H,0, +2Na, +SO%

4 (b

3. 5Fe"  +MnO  + BHO —5Fe’ +Mn® +12H0O
]| Hiamgi 377 gl Vg Lyl 2790

4. AgNO,  +2KCN  —[Ag(CNL]L, + 2K + NO

1l I Jinag)
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Solution:

|- In order to calculate equivalent mass of a substance with respect to the type
of the reaction, value of molar mass and n are needed to be known.

M

Phy MO
i ilyg

To calculate molar mass of PNO,),. atomic masses of atoms forming this
substance are summed up.

M |PhEHG3121- 1x207 +[2x1%x141+12x3x16]
=331 g/mol

Then, according to the reaction equation below, value of n is caleulaned.
PNO,),, .+ 2K1 — Pbl, + 2K +2NO;

Haijl
The equation shows that PBINO, ), participated a precipitation reaction as Pbl,
salt was formed, Therefore, the value of i s calculated as follows:

n = valence of positive ion x number of positive jons = 2x1 = 2 eg/maol

- _ My voy, 331 (g/moD)

L =165.5¢g/
N TR 2eq/mob B

With the same method, equivalent mass of KI salt is calculated.

M(KI)=1+39+1x127-166 g /mol
n= valence of positive ion X number of positive ions =1x1=1 eg'mol
M, 166(g / mol)
EM,, - i
n 1(eq / mol)

= 166 g/ eq

2- The following is an acid-base reaction.

H80,  +2NaOH,  —2H0, +2Na  +507
Equivalent mass of sulfuric acid

n. = number hydrogen ions = 2 eg/mol

M, o, _ 98 (g mol)

- =49g/eq
80, n 2 (eq/moD)

EM
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Exercise 6-5

In order to prepare a solution of 2L
volume and 0,12 N concentrations,
how many grams of potassium di-
chromate K:Cr:» is needed ac-
cording to the following oxidation
reduction reaction? (M=294 g/mol)

Ce,0."+ [4H' + oFe" =
2Cr" + TH,O + 6Fe"

Answer: 11.76 g

Exercise 6-6

What is the mass of sodium
hydroxide, NaOH (M= 40 g/maol),
necessary o prepare a solution of

.2 W 500 mLT
Answer: 4 g

Exercise 6-7

Calculate the mass of dissolved sub-
stance in each of the following solu-
{ms.

I- 350 mL, 0,125 M silver nitrate,
AgNO, (M = 170 g/mol)

2- 250 mL, 1.1 M borax,

NaB O 10HO, (M=381 gimol)

solution according 1o the following
reacrion.

B0 4 2H00 4 3HO = 4H: B0
Answer:
1744
234 T6g
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The equivalent mass of sodium hydroxide
M (NaOH)»-1x23 + 1x16 +1x1-40g/ mol
i, = number of hydroxide jons = 1 eq/mol
_ i M _ 400 g/ mol)
Nl H n 1 (eq, mal)

=40 g | eq

3= The following is an oxidation and redection reaction.

SFe*  +Mn0),

Hmgl

RH,0, — SFet + Mn¥ +12HO,

The equivalent mass of F&** ion is{This jon is the reducing agent in this reac-
(RTF

f'-.-'lI= = 56 pimol

n. = number of donated electrons = 1 eg/mol

Mumber of lost electrons is calculated from the difference between oxidation
states (valences) of Fe’” and Fe' ions

M, 56(g/meb
" n 1 ceq mel,

-56g eq

The equivalent mass of Mn(}, ion (This ion is the oxidizing agent in the reac-
tion. )

M (MnO, ~1x55+4x16 119 g/mol

n = number of taken electrons = 5 eq/mol

Mumber of accepted (taken) electrons are ealculated from the difference be-
tween the oxidation states of Mn™ and Mnl

M 119 ¢/ mal
Mot _ B ) _23.8 gleq
5 (eq/ mal,

EM, ., = n

4- The following is a complex ion formation reaction.

AENEIIMI - EH‘EN..._.:._ [.ﬁ.gff]’-.l;!]"m + 2k i T NGO

Siagh

The equivalent mass of silver nitrate AgNO,

M(AgNO,)-1x108+1x14+3x16 - 170 g/mol
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n = number of accepied electron pair = 2 eg/maol

Moo, 170 (g/mol,
n I(El'.lufl}“ﬂ}

The equivalent mass of potassium cyanide KCN

M(KCN, -1x39-1x12+1x14 - 65 g/ mol

EM AgNO, ™ ~-85gleq

-

n. = number of donated electrons= 1x1 = 1 eg/mol

My Scgimah) e oieq
n 1 ceq/mof), ?I‘H’hﬁ‘-
Example 6-7 Volumetric flask

n, value of 0.23 mol/L sulfurc acid s found to be 2 eqg/mol in & neutralization
reaction, Calculate the normality of this scid solution, )

Solution:

If we consider the two mathematical equations about standardization of solu- [
tions and their molarities, with the condition of their molarities and n_(eq/mal)
values are known, it is possible to calculate its standardization (normality) by
the following equation,

N (EL",-'L:. —'I"L{E;q,"IIIHI_} W, M{Iﬂﬂl."l.}

N =2 (eq/moly x 0.23 (mol | L) - 0.46 eq/ L.

6-6-4-Instruments Used in Volumetric Analysis

We should express that liter (L) s a principal unit to measure volumes of solu-
tions used in volumetric analysis processes. Also milliliter which is a thou- i
sandth of liter is used in volumetric analysis. While making sensitive measure- 1
ments with solutions, only some glass instruments are used. These are:

ll-‘r"ﬂll:.lm-t"trlzic thaskz Tt is used to measure the volume of solution during :I
its preparation, i

2. Burette: During ttrahion, it 18 used to measure the volume ol consumed

solution accurately.

’ r ; Pipselies Burette
3- Pipette: It i5 used to transfer a certain volume of solution from one contain- P
er to anather. 5
Figure 6-3
6-6-5-Calculation of Volumetric Analysis Results Laboratory equipment used to

; measure volumes of solution
The aim of any volumetric analysis with ttration method 15 to add chemically

equivalent amount of standard solution on the substance with an unknown
amount. This condition occurs in Gifration process, { Equivalent point iz the
point at which the amount of standard substance becomes eguivalent with the
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amount of substance which is to be puessed in titration process.) Practically,
this point is determined at the end of the reaction (practical equivalent point),
At this point, one of the properties of the solution changes {e.g. color change).

In litration processes, chemists usually use stondard concentration o define
concentrations during preparation of solutions.

Therefore; Az we have mentioned before, standard concentration {normality )
15 hasically used to calculate the equivalent masses of substances in volumetric
analysis calculations.

The following titration expeniment shows the calculations necessary tw find
out the mass of barium hydroxide Ba(OH), (M=171 g/mol) using volumetric
analysis processes. For this, we follow the steps helow:

|- We dissolve the sample in distilled water. Then, we complete the volume of
the solution to 25 mL by adding distilled water in a flask.

2- By a pipetie, 20 mL from sample solution is taken, It is transferred to a
volumetric flask with appropriate volume.

3- A few drops of erganic indicator methyl red is added to the solution. This
substance doesn’t reacte in the reaction. Bue, at the end point of the reac-
tion, as a result of change in the pH value of solution, its color turns red from
yeliow. Therefore, the solution turns red at the end point.

4- With the barium hydroxide solution in the beaker, titration starts against
standard hvdrochloric acid (with 0,098 M or 0098 N concentration) solution.
Faor this, acid solution in the burette is added drop by drop to the sample solu-
tion in the beaker. Meanwhile, the solution in the beaker is swirled continuous-
Iv. At the end, for the color change from vellow to red (at the end poim), 22.4
mL of acid solution is measured to be added.

Fred neading
of vilishe

[kelislie
reading of
“wolimies i
(224 mlL)

Attention: The unit mmolimL is
equivilent of mol/L., Both are molari-
v (M) units,

Sl e -
e il rulirm
i
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5- Calculations: As known, at the end point of the reaction (practically equiv-  Attention:

alent point), the amount of unknown substance (substance to be measured) is In titration process, when relying on the
equal to the amount of standard substance. In order to calculate the amount use of molar concentrations to prepare
(amount of substance is defined with number of moles or equivalent grams etc.) ~Solutions, the balanced chemical equation
of substance dissolved in a solution, the volume of solution (mL) is multiplied ** relied upon to determine the equivalent

. . . . amounts of the standard solution and the
with the concentration of solution (mol/L or eq/L respectively). solution of the component to be estimated.

However, when using the titrant
Amount of substance 8

_ , : (mmol)=V_ . (mL)*xM (mmol/mL) concentration for the same purpose,
dissolved in solution ‘ the following relation ship can be directly
applied at the end point of the reaction
ok without having to write the balanced
O . — chemical equation for the reaction:
meq)=V_ . (mL) x N (meq/mL
dissolved in solution (Meq) =V 1yi0,(ML) usgmL) Nx V=N xV,
Generally, the following relationship can be written when reaction has reached For this reason, it is preferable to use
end point in any titration process the titrant concentration to express
the concentration of the solutions

Amount of unknown substance = Amount of standard substance used in titration processes.
Amount of equivalent grams of unknown substance (meq) = amount of equiv-
alent grams of standard substance(meq) (N * V)yc = (N * V)ga0m),

Nuci * Vel = Npaony, ¥ VBaon),

0.098 (meq/mL) x 22.4 (mL) = Npyom), * 20 (mL)
From this relationship, standard concentration (normality) of Ba(OH), solution .
can be calculated. Exercise 6-8
0.098 (meq/mL) x 22.4 (mL .

Nia(om), = (meq/mL) (mL) _ 0.1097 meq/mL = 0.1097 eq/L Potasm.um permanganate, KMnO4,

2 20 (mL) is a widely used substance in re-

duction-oxidation reactions. What
is the n value of a chemical reaction
in which potassium permanganate
is used to produce MnO,? What is
the normality of the solution with a

In order to calculate the amount of dissolved substance in a certain volume of
solution (25 mL), equivalent mass of barium hydroxide is calculated as fol-
lows:

The reaction is used in titration;

Ba(OH), + 2HCI — BaCl, + 2H,0 molarity of 0.05M?
According to this reaction, n = 2 eq/mol. Therefore, Answer: 3; 0.15 eq/L
MBa(OH) 171 (g/mol)
EM = - = =85.5¢g/
Ba(OH), 2 (eq/mol) g/eq
m (g)
Eq (eq) EM (g/eq)
N (eqlL) = qeq) _ gleq
V(L) V (mL)
1000 (mL/L)

We get the following formula if we re-arrange the equation:
~ N(eq/L) x V(mL) x EM (g/eq)

m (g) 1000 (mL/L)

0.1097 (eq/L) x 25 (mL) x 85.5 (g/eq)
m (g) = 1000 (mL/L)
m(g)=0235¢g
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Exercise 6-9

The amount of nickel was measured
in & sample with titration process ac-
cording to the reaction below.
Wi + 40N — NilCNw™

164 mg of sample was titrated against
0037 N KCN standard soluton. As
383 mL of KON was used when the
end point was reached, calculate the
percentage of NizOy (M = 163 g/mol)
in the sample.

Answer: 6T 5%

Exercise 6-10

0.958 p of a sample conlaining poetic
acid, CHaCOOH, (M = 60 p/mol) was
standardized with titration of 0,225 ™
standard sodium hydroxide solution.
As the volume of solution needed to
reach the end point was 33.6 mL.
calculate the percentage of acetic acid
in the sample,

Answer: 47.34%

«_ 18 W
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Example 6-8

0.1743 g of impure oxalic acid (H_C.0O) (M=90 g/mol} was titrated with sodi-
um hvdroxide solution. 39.82 mL of 0,09 M base solution was used at the end
point. What is the percentage of oxalic acid in the sample?

Solution:
The reaction equation:

INaOH + H,C,0, — Na,C,0, +2H,0

According to the neutralization reaction, | mole of acid reacted with 2 moles of
base. That means, at the end point of the reaction;

I
(mmel}) HC.O, =—— = (mmal) NaOH

F i

The amount {mmaol} of used sodium hydroxide 1= calculated:

{mmol_ . y=V_ __{mL}> M {mmol'mL}

Hal Hi

primol = 3082 (mL) = 00 prumol‘mL )

Wl |

-
rnm-:‘:-l!u"l 3.584 muimol

From the amount of sodium hydroxide, the amount of reacting oxalic acid can
be calculated.
At the end point of the reaction (practically the equivalent point)

Half of the amount of sodium hydroxide = the amount of oxalic acid

the amount of reacting sodium hydroxide

{mmol) H.C O, =

2
m = .79 mmol = 1.79 = 10~ mol
_mig)

From the re-arrangement of the equation, the following formula is obtzined.
mig)=M (molL) = V{L) = M {g/mol)

In this equation, into the result of multiphication of volume and molarnity, the
amoumt of acid defined with number of moles 15 inserted.

mig)=1.79 = I {mol) < M {gmal) =016 g
Then, the percentage of impure oxalic acid in the sample is caleulated socord-
ing to the following relationship,
Mo (8
m-..lrpl-r {gr
(.16 (g)
(1743 (g)

H.C.0 % = 100

H,C.0% = = 100 = 91.8%

J_
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QUESTIONS OF CHAPTER-6

-1- How can we separate common positive ions (cations) from each other?
B-2- Name the positive ions in the second group of the table 6-1. Name the factors causing those to precipi-
tate. How can copper ion and iron ien in the same solution be separated? Explain.

-3~ Complete the following reactions and tell the properties of products.

. K. Cr(}, and boiling water
PCL e s .
. WH, HMNO,
AgCl : 2
. dilute HCJ NH, Roval water SnCl, Snll,
Hg™ - ' g 2
6-4- How is the separation process of Hg' and Hg,™ ions made?
6-3- Fill in the blanks.
I-Crtizoneofl . oiirinienn group of positive tons and it precipitates as .......................form after addition
OF i iiiiivie Bl oot oo s i o prECipitants,
2- Precipitants of IV group positives 1005 @08 .....cocveveeinrsnaias s srrernsasasnssassnrsrererseas S0

3- Molarity of 0.3 N AL{S0,}, solutionis ...
4- Value of n of a solution which is02Mand INis ..o

-6~ In order to precipitate 1.67 g of lead iodate Ph(10,),, how many grams of potassium iodate K10, is needed?
(KIO, = 214 g/mol, PH{I0,), = 557 g/mol)
Answer; 1,283 g

6-7- 14.4 mg of carbon dioxide gas and 2.5 mg of water vapor were produced from burning of an 5.7 mg or-
ganic compound . Calculate the percentages of carbon and hydrogen in the compound.

(C:12 gimol. O:16 g/mol, H:1 g/mol)
Answer: 68.9%; 4.9%

-8~ As 36.7 mL hydrochlone acid solution 15 equivalent to 43.2 mL 0.236 M sodium hydroxide solution, what
15 the molarity of hydrochlorie acid?

Answer; 0,278 M

{-4- 2 L solution of 9.5 g of barium hydroxide i1s prepared to be used in an acid-base reaction. What is the mo-
larity and normality of barium hydroxide Ba(OH),? (Ba(OH),: 171 g/mol)

Answer: 0,027 M; (L0534 eg/'L

G- 1U-1f 15.675 mg of carbon dioxide, CO., gas is released from combustion of 5.7 mg of a hydrocarbon of or-
ganic compound, what is ratio of hydrogen in the compound ? (Mc = 12 g imol, Mo= 32 g/mol)
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i-11- What is the volume of 0.2 M potassium permanganate solution which is necessary to titrate {oxidation
-reduction reaction) 40 mL 0.1 M iron (I1) sulfate in acidic medium 7 Titration reaction equation is given
below, 10FeSO, + 2KMnO, + 8H.50, — 5Fe(50,), + 2MnSO, + K50, + 8H.0

Answer: 4 mL

6-12- Circle the correct answer in the following questions.

I- What 1s the n value of iron (T} sulfate, Fe (SO )., salt used to precipitate lead 1on?
A- 4 eg/mol

B- 5 eg/mol

C- 6 eg'mol

2- How can Cu™ ion be separated from Ca® jon by addition of one of the following?”
A= Dilute HCl acid

B- passing H.S gas in NH OH and NH C1 through solution

C- passing H.5 gas in dilute HCI through solution

3= What percent of (.74 g of impure pesticide C_H_CI, (DDT) is pure which is needed to obtain 0.233 g of
AgCl1?

A-17%
B- 19%
C-21%

4- What 15 the name of the gravimetric method which is used to determine the mass of a volatile component
from mass difference occurring afier a certain amount of sample is heated or burnt in open air?

A~ Direct volatilization method

B- Indirect volatilization method

(- Precipitation Method

5= In gravimetric analysis processes which depend on precipitation reactions,
A- formation of colloidal precipitate is preferred.

B- formation of crystallized precipitate is preferred.

- type of precipitate has no significance.

- What does the ratio of molecular mass of sought substance to molecular mass of gravimetric formula show
{with the condition of both formulas contain the sought element or molecules)?

A- Precipitation formula
B- Molar mass

- Gravimetnie factor

« 188 >




SUS— Chemical Analysis )

7= What 1s the definition of mass of the substance which produces or consumes | mole of active component?

A- Equivalent Mass
B- Molar Mass
- Standard Mass

8- The normality of solution obtained by dissolving 13 g of K Cr O_ in 500 mL of distilled water:
Cr,0~+ 14H' + 6e"— 200" + TH,O
A-0.53 mol/L.

B- 0.53 eg/L
C-3.18 eg/L

fi-13- Calculate the gravimetrie factor of Na PO (M=363 g/mol) m Mg P.O_ (M=222 g/mol}.

30

Answer: 1,11

fi-14- 30 mL HIO (M = 176 g/mol) acid solution was ttrated agamst 0.145 N standard sodium hydroxide
solution. As the volume of the base solution added from burette to reach end point was 458 mL, calculate the
following

A- Normality of HIO., acid

B- According to the following reaction, if the same acid was used to obtain iron, what would be the normality
of the acid? HIQ, + 4FeCl, + SH 0" + 6Cl" — 4FeCl, +I1C1, + 8H.0

Answer: A: 0,13 N; B: 0.52 N ' '

- 13- In order to find the concentration of 25 mL NaOH solution, it was titrated against 0.08 M sulfuric acid,
47.1 mL of acid was added to reach the end point. Calculate the molar concentration of sodium hydroxide
solution, and then find ol the mass of NaDH dissolved in 500 mL of this solution, (NaOH = 40 g/maol),

Answer: 03 M; 6 ¢
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G-16- 0.5 g of impure sodium iodide, Nal, (M = 150 g/mol) salt was dissolved in water. To precipitate 1o-
dide ions, silver nitrate, AgNO , solution was added to the solution. At the end of the reaction, 0.744 g of
silver iodide Agl (M =235 g/'mol) precipitate was obtained. Calculate the percentage of sodium iodide
found in impure salt,

Answer: 95%

t-17- 4.2% g of sodium carbonate crystals Na,CO, xH O is dissolved in pure water then the volume is com-
pleted to 250 mL. 15 mL of 0.2 HCI solution is nEtded to neutralize 25 ml. of the same solution cnrnpletel:,'
What is the number of water molecule (x) in the formula of Na,CO_xH. O (Na: 23 g/mol, C: 12 g/mol, O: 16
g/mol, H: 1 g/maol)

Answer: Na,CO,10H,0

fi-1 8- Potassium 1odide solution was added to 0.3 N 20 mL potassium permanganate (KMn(} ) solution in
acidic conditions. Atthe end ofthe reaction, some iodine (1) was produced. Produced iodine was titrated
with sodium thiosulfate, Na 5.0, (M=138 g/maol).

I: + EHE:S:Q1 == INal + Na:SJDﬁ
To reach the end point, 25 mL of Na 5,0, was consumed. According to this, calculate the following:

A= The normality of Na, 5.0, solution
B- How many grams n:uf'sndrurn thiosulfate 1s needed to prepare | L solution?

Answer: A) .24 N; B)37.92g

6=149=- What is the mass of barium sulfate, Ba50 , (M=233 g/mol) that precipitates completely when a sufficient
amount of barium chloride, BaCl, (M=208 g/mol) is mixed with 100 mL of sulfuric acid solution, H 50,
(M=98 g/mol). 16 mL of 0.10 M NaOH is needed 1o neutralize 20 mL of sulfuric acid.

Answer; 0932 g
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ORGANIC CHEMISTRY FOR CHAPTER-7
SUBSTITUTED HYDROCARBONS

ACHIEVEMENTS

After completing this chapter, the student is expected to :
# Differentiate the class of & compound from its structural formula.
* Apply the IUPAC system to name organic compounds (hydrocarbons),
* Learn the physical and chemical properties and reactions of aromatic hyvdrocarbons.
* Learn methoeds of production of these compounds.
* Scparate alcohols, ketones and aldehydes using analysis methods.

* Learn the significance of these compounds in our daily lives and their usages.

«_ 191 >




H
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Methane

{saturated hydrocarbon)
amgle bond

[ Chapter - 7

7-1 PREFACE

Previously, we have learnt that one of the branches of chemistry is or-
ganic chemistry which studies properties and reactions of some com-
pounds that have carbon as the basic element besides other elements.
Hydrocarbons are considered as the simplest part of organic chemistry as
they consist of carbon and hydrogen elements. Hydrocarbon compounds
are divided into two as ahiphatic hyvdrocarbons and aromatic hvdrocar-
bons. In hydrocarbons, covalent bonds which are formed by electron
sharing exist between carbon atoms. It there is one bond between two

J—

carbon atoms, the compound is called as ALKANE, Alkanes are satu-

HR - H rated aliphatic hydrocarbon compounds, 11 there are two bonds betwesn
f’C:CH carbons, the compound is an ALKENE, if there are three bonds, il is an

H H ALKYNE. Alkenes and alkynes are unsaturated aliphatic hydrocarbons.
They can be either in open-chain structure or in eyclic structure. Ben-
zene and its derivatives form aromatic hydrocarbons, These compounds
have cychc structures.
The compounds which have the same molecular formulas but different
structural formulas are called as isomeric compounds. They have differ-
ent physical properties such as different boiling and melting points, We
have learnt how 1o ditferentiate this kind of compounds.
Example 7-1
Write down the structural formulas of n-butane and 2-methylpropane
(isobutanc) which have the same molecular formula C H .
H

Solution: H-{-H

HHHH H H

001 A . |
H- C-C-C-CH H-C-C-C-H

I L I
H HH H H HH

n-butane 2-methylpropane

k.thylene or ethene
{ Unsaturated hydrocarbon )
double bond

H-C=C—H
Acetylene
tunsaturated hydrocarbon )
triple bond

Bemrene
(aromatic eyvelie, unsaturaied

hydrocarbon)
; As you see, although these two compounds have the same molecular

formula, they have different physical and chemical properties.

Table 7-1 Example 7-2
IUPAC Momenclature of Hydrocarbons Name the following compounds accordmg to [UPAC.
sienher Mamg m | Alkmne Mlkene Alkyne (I:HJ
{oarbarn | Lt e e i " . "
T CH, —CH—CH—CH— CH, ¢H, i,
. ' CH CH,—CH,—C —CH,~ CH—CH,
':-_- eih == ST el ethipiie [ I :| I 2 I
::- i LIRS propene | propie EHJ IEH,-}C _EHj {3} EH!
{:4 | ET1] [T FTITS] [ by e : I i
C-_'. PeTH pevitane | peniene | pereme (3} L':H:-|_ ':H_q
{: hurn =arne hio e e yrw ' :
e = : Solution:
'::. bt Byl hejricne le=piyne
EH el (LR T i igiEiie '-] | J'ﬂh}'l-:-lnﬁmjf|p'€'n[ﬂnﬂ
{:4.. THt TNy nomene | Doy (2} ?_.,414 « l_'I'iI'I'IEEh}'“'IE_'H.i]ﬂL‘.‘
Cha ik devane . | decene | deoyee

(3} Z-methyl-1-butene
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The basic structure of all hydrocarbons consist of carbon and hydrogen. Bui
many hydrocarbon compounds also include oxvgen, nitrogen, halogens, sulfur
and other elements. What are those compounds types? What are their properties? Fxercise 7-1

What are the relationship between those and hydrocarbons?

The presence of clements other than carbon and hydrogen in hydrocarbon com-
pounds give them some distinctive properties. These elements and element
groups which give organic compound distinctive properties are called as func-

Honal groups.

Functional groups are attached to carbon atoms, Table 7-2 shows those func-

tional groups,

Functional Group: They are atoms or atom groups which are bonded to the carbon atom that differentiate organic

compounds and give them different physical and chemical properties,

Write down structural formulas for
CH,, compound with their names.

Table 7-2 Functional Groups
Cieneral . Mame of
Example Formila Buffix Active Group | General structure Com d
CH.Br R-X .
Methyt bromide. | Cotta vl X (X=CLBr 1y | Al Halides
CHEC" H?"DH! CH, 0 al -OH R-OH Alcohols
CHi- 0 -CH;y -OR .
Dimethyl ether a0 tHhes Alkoxy Rl Dibvocs
4 0 o
| I :
B CHO al e R-lé'I-H Aldehydes
Ethanal carhony]
0 0 o
I I |
Chi-C-ocay | D | o s L i
Propanone carbonyl
0 (8] O
I : | Carboxylic
cHy-C-on | GHaho | o -C-0OH R-lll'_l‘-ﬂll acid
Ethanoic acid carboxyl
(&) 0 0
'|| e Alk.ﬂ': 4] "
e co-cr| SO o | ccioor | Lo e fate
Methyl ethanoate Ester
i
Primary R-N-H
H
CHsCH: - NH: . : | !
Fifoy e CH_ N | Amine = NH: oo iare Amines
-
I
Tertiary BN oR
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Exercise 7-2
Mame the following compounds
according o IUPAC,

1 CHs
I
CHi— CH—CH:—C=C—CH:

2}  CHs CH:
I I
CH;—CH—CH=CH—CH—CH,

Al CHs
CHs C —CH;
iCH-

Attention:

Mone = one

Primary = the carbon is attached to
ome other carbon,

Secondary = the carbon atom is at-
tached to two other carbon atoms.
lertinry = the carbon atom 15 attached
to three other carbon atoms.

< _14 >

[ Chapter - 7
T-2 ALKYL HALIDES

By cleavage of one hydrogen atom from an alkane, an alky] group forms.
Table 7-3 shows some alky] groups denved from alkanes.

(R—H)—s R—
alkane alkyl
Table 7-3 ] i i i
Name of group Alkvls Formula Alkane
Methyl CHs — CHa Methane
Ethyl CiHs — C2He Ethane
n-propy! CHs - CH2 -CH:z - CiHe . Propiine
Isopropy! S - CiHi Propanc

When a halogen atom (x-)is bonded to an alkyl group{R-), the resulting
compound is called as an alkyl halide.

These compounds are derivatives of alkanes. The functional groups in
those compounds are ;I; —x or R—X groups.

Here, R represents alkyl glmup- and X represents halogens as 1, Br, CL

H H H
II—I.I'.'—["] II—IZIf—iI."—l'Ir
: ioon

Methyl chloride Ethyl bromide

Alkyl halides are divided into three according to the carbon atom that
halogen is attached to: primary (1°), secondary (2%} and tertiary {37}

Primary carbon atom Secondary carbon atorn Tertiary carbon atom

/ 4 4

;S E—(C—X R—C—X
I I I
H H 4
Primary alkyl halide Secondary alkyl halide Tertiary alkvl halide
(17) (2°) {3%)

While forming alkyl halides, halogen atoms can replace more than one
hydrogen atoms either on the same carbon or different ones.

Cl l l
{"I—'II'—{"I H—{i'—CI H— {_:'—('I
Cl Cl H
Tetrachloromethane trichloromethane dichloromethane

Chlorotorm

J._
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7-2-1 The Nomenclature of Alkyl Halides

Alkyl halides are named according to IUPAC nomenclature system as
follows:

I- The longest carbon chain which has halogen atom is chosen. It is num-
bered starting from the halogen atom.

2~ Firstly, the number of the carbon atom attached to halogen atom is
written. Then, following the (-) hyphen symbal, halogen’s name 15 writ-
ten with —o suffix added (chloro, bromao, iodo). If there are other halo-
gens, first the (-) symbol, then the names of those halogens are written in
the same way. Halogens' names are writlen in alphabetical order i the
compound. For example, bromo, chloro, iedo respectively. You can sce
those orders in Table 7-4,

Table 7-4  Systematic Names of Some Alkyl halides

Compound Systemic name of compound

Cl

'‘CH—'CH— -‘(IQH_lﬂ H 2-chlorobutane

3

Iir
‘EH_.mftf —'CH, 2.2- dibromopropane
Br
Cl Br
| J | 2-bromo-3-chlorobutane
-ICH 1_.'E—:E—ICH1

H,

'‘CH —"CH—"CH —'CH —Br 1-bromo-3-methyibutane

7-2-2 The Synthesis of Alkyl Halides
Alkyl halides are svnthesized through many methods in industry and laborato-
rics. We will explain some of those laboratory methods.

Addition of Hydrogen Halides 1o Alkenes

In case of the reaction of hydrogen halides HX such as (HEr, HCI, HIY
with an alkene, hydrogen atom is attached to one of the carbens around the
double bond, halogen atom is attached to the other carbon and alkyl

halide is obtained. Thiz reaction is called electrophilic addition reaction
(searching for electrons).

I

|
H—C—I

I

1

Truodomethane
lodoform

Br Br

I
H—C—C—H

I

H H
I.2-dibromoethane

Attention:
While writing name of compound,
does niot leave space.

Exercise 7-3

| = Write down the structural formus
las for the following compounds:

a- I, 1= dichloroethane

b-  2-bromo-2-iodohexane

g~ Z-indo-2-methylbutane

2- Write down the svsiematic names
of the following compounds.

al CHCL:

by Br l

I I
CH:—CH— CH;
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Peote
Mechanism of reactions
wherever found for

information only

Attention:

As nucleophile groups are free
glectron-rich {they have twao or
more ¢lectrons), they are named
as nucleus loving, As electrophile
groups have empty orbitals, they
arc named as electron loving, The
steps of this mechanism apply to
all alkenes which are symmetrical
around the double bond. There-
fore, it does not matter which
carbon atom adds hydrogen and
halide. The result 15 always the
same, the same compound 15
oblained.

«_ 1% >
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This kind of reactions occur in compounds which have double or triple bonds
between carbon atoms. The reaction of hvdrogen bromide with ethylene and

2-butene can be given as examples.

CH, =CH_+ HBr — CH, - CH,
2 2 e e
H Br

Ethylene Bromoethane

Br
|

1’.:'HJ -CH=CH -'l'_"I-IJ+ HBr — CH] < CH - 'lf'HJ -I:'H:I
2-butene 2 bromobutans

The mechamism of the reaction 15 a3 [ollows:
[« Hydrogen bromide contains positive proton {H') and negative bromide
{Br*) tons,

H—Br H + Br

Electrophile  Mughoophike

2- Proton { Elesraphite is added to the double bond of ethylen: and carbonivm
ion forms.,

HOIHI=EH!—- CH,~CH,

Corboniom on

3- Negative bromide ion (Nuckophile) adds to positive carbonium ion and forms
ethy] bromide {alky] halide}).

CH~CH, + Br CH CH,~Br

Bromoethane
The steps of this mechanism apply to all alkenes which are symmetrical around
the double bond. Therefore, 1t does not matter which carbon atom adds hydro-
wen and halide. The result is always the same, the same compound is obtained.

oy ol
CH,=CH, + HBr

- BrCH,CH,
~ N
CH,=CH, + HBr CH CH_Br

N -~

But if the groups around the double bond are not symmeinical, the resction
mechanism follows Markovnikoy's rule,

)
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r
A A
— CH —CH—-CH
{,r"'-'_'_“‘\' I‘ I]_
EH}— CH : CH: + HBr ——— 2- bromopropane
"
E- —B—CH]EI{ICHIBr

nonsymmetrical alkene |- bromopropanc

According to Markovnikov’s rule, 2-hromopropane is favored instead of 1 -bro-
MOPropane.

Vladimir Markovnikov assigned the tollowing rule after so many experiments.
When a2 compound is added to a double bonded compound with asvmmetric
groups, the positive ion of the compound adds to the carbon with greater num-
ber of hydrogen atoms around the double bend. Negative ion adds to the other
carbon {with less hydrogen) of the double bond.

Tertiary (37) carbonium ion the most stable among the secondary (2°) and poi-
mary {17} carbonium ions, whereas secondary carbonium is more stable than
the primary one.

Im the example above, Compound A is more stable therefore it 1s formed more
than Compound B.

H-Br—H"+Br -
— CH,~CH—CH,

more stable carbonium (27)

_r"il . k.
CH,~CH=>CH, +H

— CH,CH,CH,

less stable carbonium
]Eir

CH,—CH—CH,

2- bromopropane

(1%)

CH,~CH—CH, + Br

secondary carbonium ion

Example 7-3
Prepare the compounds below;

| 1 ethy] chlonde {chloroethane) from ethylene

2} 2-indopropane from propene

Solution:
[VCH, = ['H: + HC — L’H_.l - {.'H:.- Cl
Ethvlene Chioroethane

2} CH, -CH=CH, + Hl +CH, - CH - CH
. ! |
[

T-indopropane

L

Propene

Exercise 7-4

Write down the reactions of the
following with HCL

a- |-butene

b= 2-butene

Exercise 7-5

Write down the chemical formu-
las for the following reactions:

| - Prepare 2-bromobutane using
proper alkene

2- Add HCI to 2-methyl- propene
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7-2-3-Properties of Alkyl Halides
I- Physical Properties
Alkyl halides like CH,CH,CI. CH,Br, CH,Cl are in gas form al room tempera-

- -

ture, Alkyl halides up to C are in liquid form and colorless, Alkyl halides that
have more than 18 carbons are colorless and solid. They do not dissolve in

water but dissolve in organic solvents. The reason for their water-insolubility is
that they cannot form hydrogen bonds with water.

2- Chemical Properties

Cin the carbon which halogen is attached, the bond between carbon and hydro-
pen atoms is polarized as the halogen of alky] halides has more electrons than
carbon, The poles of this bond vary according to the type of halogen atom, For
example, in alky] iodide, the polarization is very low. The carbon which has the
halogen atom becomes a good target for addition by the nucleophile group,
The most significant reactions of alky] halides are nucleophific substitution

reactions.
i i
Nu; + R—C=x" R—C—Nu + X:
HH""__JI WA excluded group
nucleophile H
alkyl halide produc

For this type of reactions, the following can be given as examples:

A- The reaction of alkyl haldes with agueous potassium hvdroxide
(KOH) solution

;.- ae inat ey | In this reaction, as shown in the following equation, halogen atom substitutes
‘over fire, But due to the pollu- with hydroxyl group (-OH ) and alcohol is formed.

tion they cause, they are used i

hﬂmwa&rlhahdmr CH[| + KOH ——= CHOH + KI

are also used as pesticides, e.g lodomethane Methanaol

becmuse they are dungriuus: CHCHBr + KOH ——= CHCHOH + KBr

“ _,.f”‘T E ,;,f'_'x,& = Bromoethane Ethanol

& % ll.'_l'

%L—""Iﬂ—ﬂl:—ﬂ e H- The reaction of .|||1.:'.| halides with alcohalic polassiwm |II1.-.‘|I-.H-..-.|1..'

cl (KOH)
00T

When an alky] halide reacts with aleoholic KOH, an alkene is obrained. In this
reaction, HX molecule iz lost from alky] halide. This is a method of production
of alkenes. For example:

H Br
o i
c:[-‘ij?-cuj ¢ KOH ——" . CH,=CH, + KBr + HO

Bromoethane “ Fthylene
10
CH,CH.CH.Br + KOH ——= CH,CH=CH, + KBr+H,0
I-bramapropans propene
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(- The reaction of alkvl halide with magnesium metal in dry ether Exercise 7-6
Alky] halides react with Mg metal in dry ether { free from moisture) Write down chemical equations for
to produce Grignard reagent to form methyl magnesium iodide the following reactions:
telectrophile). from which alkanes are prepared. 1= The rebetion of 2-ehloro-2-medth:
For example: vipropane with aqueous KOH solu-
tion
dry ciher B .
CHJl + Mg —— CH Mgl 2- The reaction af
lodomethane Methyl magnesium iodide I -brommo-3-¢thy lpentane with KOH
in aleohol

Et’lrlgnard reagent)

dry ethes
CHCH.Br + Mg ———— CH.CH MgBr
Bromomethane Ethyl magnesium bromide Functional group
(Grignard reagent)
: L/
T7-3 ALCOHOLS —C —0H
Alcohals are hydrocarbon mmp&mads which have hydroxyl group bonded to sat- |
urated carbon atom, {-0OH) is defined as the functional group in these compounds,
Their general formula s R-OH or (C H, O},
o,
CH,~C —OH
CH,— {FI-I— CH, CH,
ﬁHJG‘H 1:"'1-'-:{": H.'UH OH 21- methyl 2 propanol

methanol ¢thanol 2- propanol

Alcohals are classified according to the hydroxy] group that is attached to carbon
atom. If the carbon atom with hydroxyl group is attached to another carbon atom,
it is a primary { 1%) aleohol; if the carbon with the hydroxyl group is attached to
two carbon atoms, iU a secondary (271 aleohol; iF the carbon with the hvdroxyvl
group is attached to three carbon atoms, it is called as a tertiory (27} aleohol,

Primary carbon atom Secondary carbon atomn Tertlary carbon atom
H R R
R— ¢ on R— C—OH R— C— OH
Il[ H F'.
Primary alcohal Secondary aleahol Tertiary alcohol
(1% (27) (37

« 19 »




Do vou know that?

Alcohols alzo inclede compounds
that have 2 hydroxyl groups such
as ethylene glyeol or three hy-
droxyl groups such as glycerine.
These compounds are called as
polyalcohols,

CH,—OH
CH,—OH
Ethelene glycol
Ih=hsdresnle
CH,—OH
|
CH -OH
|
CH,—OH
Gilvecering
Tri-hidroxide

Exercise 7-7
M- Name the following compounds
svstematically:

Iy OH
I
CH; — CH—CH—CH:;—CH;
I

CHs

2y CHi — CH— CH;
|
H

1) CH:

I
CH; C {H

CHs
B- Write down the structural for-
miilas for the compounds below:
|} Z-methy]-2-hexanol
2} 2. 2-dimethyl-1-butanol
3} 3-methy|-3-pentanol
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7-3-1 Nomenclature of Alcohols

Aldcohiols are named according to IUPALC svatem as follows:

1= The longest chain which has the hvdroxy] group is chosen. The carban with
the hvdroxyl group 1= given the lowest nuimber.,

2- Naiming 15 done according to the number of carbons. The - of suffix is added
to the end of the corresponding alkane.

3= The number and place of the alkyl groups on the chain is mentioned.

CH,OH CH,
| ] |
CH,-CH,-CH,-OH CH,-C~ CH --CH-CH,
1- propanol |
CH,
2,2 4-trimethyl-3-pentanol
CH,
|
CH, -CH -OH Cl-CH,-CH,- CH,-COH
2- propanal 3-chloro-1- propanol

7-3-2 Synthesis of Alcohols

Alcohols can be synthesized through many methods m industry and laborato-
ries. Here we will explain one of the laboratory methods.

Additon of Water 1o Alkenes

Addition of water to alkenes 15 achieved via hot concentrated sulfuric acid used
as o catalyst, Alkene reacts first to produce alky] sulfonic acid (Markovnikov's
rulep, This compound reacts with water and forms alcohol and sulfuric acid

again, OH

H_ 508,
CH,-CH=CH, + H-OH — CH,-CH-CH,
I -propens 2= propanaol

According to reaction mechanizm;

p— a 0sO,H
CH,-CH=CH, + HOSOH CH,—CH—CH,
1- prop —concentrated propylhydrosul fate

e =

_;-—~f{‘| 4 i -

CH —CH-CH, + *0-H —— CH-CH-CH, + H30,
2- propanol dilute

Example 7-4

What are the probable structural formulas for alcohols that have a molecular
weight of 74 g/maol?
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Solution: Attention:

General formula for aleobols (C H, () OH group replaces OSO H: in transi-
CH, 0=(nx12)+[2n+2)=1]+ (] = 16) tion compound because OH- is more
CH, O=12n+2n+2+ 16 =74 g/mol basic and concentrated than OSO.H-
n="T4- 8= n=4 Thiz method is uwsed in preparation of

aleohols in industry,

Molecular formula s CH O

CH, .
| Exercise 7-8
CH, - CH. - CH, - CH, -OH CH,-CH - CH, - OH P
. 1 i 2 P are the probable Tormulas for
_i butanol = '"'_ﬂh}l 1- propancol alcohols with a molar mass of 88 g/
Primary aleohol Primary alcohol mol?
OH M
| |
CH,-CH, -CH-CH, CH,-C - CH,
2- butanol |
Secondary aleohal LH, Exercise 7-9
E-Illrgﬁft!lfﬁl-i-lpl'tlh_ll-‘%:-ﬂﬂl Prepare the following compounds:
erhiary alcoho | ) 2-butanol from 1-butene

21 ethanol from ethylene
7-3-3 Properties of Alcohols

|- Physical Properties

Alcohols have got low molecular weights, They are colorless and poisonous and they have
sharp odors, They have strong intermolecular bonds. Therefore, their boiling points are

much higher than of corresponding alkanes (Figure 7-1). Besides, alcohols can form

hydrogen bonds between their molecules and with water molecules. Therefore,

alcehols between (C -C)) dissolve in water very well, Figure 7-1

4

; B & B B 5 A} hydrogen bonds between alco-
H=—0 -H-0 H—.[lj. H—(%l --H-“{‘T'p- ----- H—{l‘l hol molecules
B) hydrogen bonds between water
R ]R‘ H and aleohol molecules

H

(A) (B

2- Chemical Properties

Alcohols are compounds that tend o react. They react with polarized or ionic
compounds. Some important reactions of aleohols are given below:

A) Aleohols react with sodium or potassium metals (o produce Alkoxides and

hydrogen gas

3CH, - CH,- OH+ 2ZNa ——= 2CH,-CH,- O Na'+H,
Ethanol Sodium ethoxide

«_ 201 >




( Chapter - 7 ) P——

B) They react with phosphorous trichloride (PCL ) or phosphorous pen-
tachloride (PCL ) and form alky] halides.
prriding
CH,-CH,-OH + PCl, — = CH,-CH,-Cl+ POCL, +HCl
Fflaany Chloroethane
pvnilime
ICH,- OH + PCl, —— 3CH,-Cl+ H,PO,
Methanol Chloromethane

) Reactions of Aleohols with thydrogenhalide) Acids

Alcohols react with acid halides (HX) and form alkyl halides,

OH Cl
| Lal’l, I
CH,-CH-CH, + HCl ——= CH,-CH-CH, +H,0
2-propanol 2- chloropropane

This reaction occurs fast with tertiary alcohols especially when concentrated
hvdrochionic acid is used. But with primary and secondary alcohols, it is quite
slow. And the reaction rate also depends on the type of acid.

H1 = HBr = HCl

In the reaction, solution of zinc chloride in hydrochlonic actd 15 used. This mix-
Allenlion: As alcohols cannot
donate hydrosyl OH 1on to the
solution, they are not accepted as and tertiary alcohols. Tertiary alcohols readily react with this cation end fom

strong bases. alky! halides which does not dissolve in the solution. While secondary alcohols

resct with Lucas’ reagent after 5 minutes, primary alcohols do no react with it

ture 15 called as Lucas’ reagent. 1t is used to differentiate primary, secondary

gl room lemperature.

Example 7-5

Differentiate |-propanol, 2-propanol and 2-methyl-2-propanol chemically,
Solution:

We can differentiate those compounds using dry ZnClL/HUT Luces™ reagent,
In this process, it s mixed with Z-propanol (secondary alcohal) and 5 minutes
later, a layver of 2- chloropropane forms. While it reacts with 2-methv]-2-pro-
panol (tertiary alcohol) readily, [-propanol (primary alcohel) does not react

with Lucas’ reagent al room temperagure.
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],
1) CH, - CH, - CH, -OH + HCl ——= NR

| -propanaol
CH, CH,
! InCl, !
1 CH,-CH-0H + HCl —== CH,-CH-Cl +H,0
2-propanol 2- chloropropane
CH, CH,
| Enl, |
WCH-C-0H + HCl ——= CH-C-Cl +HO
| |
CH, CH,
2-methyl-2-propanol 2-chloro-2-methylpropane

This way we can differentiate primary, secondary and tertiary alcohols using
Lucas’ reagent.

| - For primary alcohols (0 react with Lucas’ reagent, high temperature is neces-
sury and they do not react at room temperature. Therefore, no turbidity 18 visible
in solution,

1- In secondary alcohols, mrbidity appears 2-5 minutes later.

3- Through reaction of tertiary alcohol with Lucas® reagent, slightly water solu-
ble alky] halide forms and it causes wrbidity in solution.

[} Dehydration of Alcohols
Ethyl alcohol reacts with concentrated sulfuric acid at 170 “C and ethyiene

[orms.
IIZIH{.I.-::-:-.J.
CH,-CH,-0OH ——= CH,=CH, + H,O
] 2 {1 2 2 2
Ethanol Ethylene

Mechanism:
The mechanism of the reaction above follows the following steps:

| - Addition of proton to alcohol molecule:

L i
CH~CH,-0—-H + H CH,~CH,—O0—H
H

2- The cleavage of water molecule from the compound above and formation of
more stable carbonium fon:

H

. &
CH,—CH,~O—H CH~CH, +H0

H carbomium lon
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Exercise 7-10

When water molecule is removed
from 2-butanol, why 2-butenc is
formed instead of | -butene?

Exercise 7-11

Write the oxidation resction of fol-
lowing compounds.

I3 1= butanol

23 2- butanol

1) 2= methyl -2- propano

Exercise 7-12

An organic compound which has 4
carbon atoms responses with Lucas’
reagent. As a result of oxidation,

a ketone compound forms, Write
down the reaction equation. Guess
the organic compound.

«_204 P
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- The cleavage of proton from carbomum ion and formation of double bond
and cation:

H H li' H
I | 8
H-C-C= H-C=C-H + H

S
A H

According to Saytzeti™s mule, The positive lon{H*)is withdrawn from the

carrier carbon atom the smallest number of hydrogenr atom that adjacent
to the carbon atom from which the negative ion {OH) is withdrawn.

E) Oxidotion

The structure of products which form when alcohols are oxidized depends on
the type of alcohol and reaction conditions. Substances widely used in oxida-
tiom reactions are K,Cr.0. /H 50, or KMnO / H 50, mixtures, This reaction is
a method used to differentiate alcohols,

Primary alcohols {17} oxidize first to aldehydes then to carboxvlic acids,

i} O
(] ' Q] i
RCHOH —— R-C-H—— R-C-0OH
Primury aboohol Aldehyde carsiaytic seid
(8 )

EArfl'H J [ |
'.'."HJEH_IJH — CH,-C-H— CH, -C-0OH

Ethnnal [thanal Ethanpic ncid

Secondary aleohols (27) oxidize to ketones,

OH 0
' K Croul
CH-CH-CH, —— CH,-C-CH,
2epropanod o propanones { dcebone )
Secondary aleohal

Tertiary alcohols (37) do not oxidize as the carbon atom which carries the
OH group does not have any hydrogen atoms.

OH
' ELr i
CH ,-'l%f -CH, —— N.K (N means no reaction.)
CH,

Tameetiyy -2 propanil
Tertinry abcohol

J-—n-n—n-
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7-4 ETHERS

Ethers are shown as R'-0-R. Although they have a general formula as (C H, ()
that is similar to that of aleohols, ethers have twa alky] groups and an’ m:.gen
atom. If alkyl groups are the same (R=R'), they are called as symmetric ethers, if
alkyl groups are different (R=R'), they are called as Asvmmetric ethers. The func-
tional group of ether is C-0-C,

Functional group

in ethers is

C-0-C
symmetric ether Asymmetric ether
CH,- 0-CH, CH,- - CH,CH,
Methoxy methane Meythoxy ethane

7-4-1 Nomenclature of Ethers

Ethers {alkoxy alkenes) are named according to IUPAC system as shown in the
following steps:

|« From alky] groups which are bonded to oxygen atom, one with the longer
cham iz chosen and accepted as the main chain,

2- Main chain 15 numbered starting from the closest carbon to oxygen with the
lowest number,

1= The —oxy suffix is added to name of the main chain.

4- Other alkyl groups are written with their numbers and place mentioned.

s ; ; number of carbon atoms | name of the nmaf&:ﬂkmaumspnnﬂ'm;
Number of branches + name of the brunch + bonded to RO group + Hﬂm 4o the fiigest ik

You can see the names of some —oxy (RO-} groups below; Exercise 7-13

1) Methoxy CH.O- A) Write down systematic names for
2) Ethoxy '[?HﬁHrﬂ- the following compounds.
Y Propoxy CH,CH, CH,O- ' CHs— O — CH;
41 Iy -propoxy IIZH, 2) CH,
CH—CHO~ I
CHy —0—C— CHs)
Example 7-6 :
Write down systematic names for the fellowing compounds: CH:
solution: . ;
A— B Write down structural formulas
c OCH, OCH,CH, for the following compounds.
! : R A b
CH-0-CH-CH-CH, 'CH,-'CH-'CH, 'CH,-CH-'CH,-'CH, s
:-I.'l"l|LII"IH.‘||-\:l|L-:I.:‘i._'.F|m1:|_"'II1I.' 3-:1|¢1|'m::.:.|.1r:r|'.ulle " ﬂlﬂl:l."- biitane =) <-chloro-Z-mel YIpropoxypen-

tane
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Exercise 7-14
1) Write the svnthesis reaction of
ethoxybutane from ethanol.

21 Write the produce of the following

reaction.
Cll_‘{'l I_J.TI I:~I3r i Cll.;DN::

Bromopropane Sodium methoxide

MNoie:

Through reaction of ethers with
oxyeen in air, epoxides are formed.
While distillation ethers, peroxides
accumulate soimewhere and at the
end of the process, this causes
explosions with elevated tem-
peratures. Theretore, Ethers must
naot be distilled to the point of
dehydration (dryness).

«__206 W
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7-4-2 Synthesis of Ethers

Ethers can be synthesized through many methods in industry and laboratories,
W will explain one of the laboratory methods here.

Williamson Method

Ethers are prepared by the method which took the name of the scientist Wil-
liamson. In this method, sodium alkoxide forms from mixing of sodium mei-
al with a suitable alcohol.

ROH +Na — RONa + 1/2H,

sodiumalkoxide
Then alkyl halide and sodium alkoxide reacts and target ether is obtained.
R-ONa + R -X e R-O-B+MNaX
Sodium alkoxide  alkyl holide ether

In order to synthesice methoxyethane and ethoxyethane, sodium reacts with
methanol and ethanol. Formed sodium methoxide and sodium ethoxide react
with bromoethane and following ethers are produced:

CH-(Na + CH,-Br —— CH-0-CH, +Nabr
Sodiom methoxide  bromosthane methoxyethane

C,H-ONa + CH,-Br » C.H-0-CH, + NaBr
Sodium ethoxide  bromoethane ethoxyethane
In these reactions, always primary alcohols are used, Secondary and tertiary
aleohols cause formation of unwanted compounds.

7-4-3 Properties of Ethers

1-Physical Properties

Methoxymethane and methoxyethane are in gas form at room temperaure.
Most of the other ethers are volutile liguids, lgnition and boiling points are
too fow. Therefore, they vaporize readily at room temperature , They are
colorless and they have pleasant odors.  As they don’t have hydrogen bonds
between their molecules, they have lower boiling points than alcohols. Ethers
do not dissolve in water as they cannot form hydrogen bonds with water. But
those with small alkyl groups dissolve partially in water,

R. R R\L o R'H.,“ F R‘-.._. . R"\. '
:t:ii[Jt :EHJ 0 0 i O H,’F!
=
- . i H
Alkanes Etheis Wenhinls

Thew do um have hydropes

Thesy dor tiee. barve byebrozen omd
bl befwwen e ool

bemeren et modeoules. They Bave

Thiey huve lydroges bend
bertreen dheir moleoles. They

forw Bariling podint They e doww Tl lirga o Berw: lrigh Bnilmege pomats
R
\ 0 R 0 0
CH, “E B N R s/
R H H 0-H H fu H H
R H
ATkanes «misalible mowatar Frhess Fll.flhl"'r'ﬁn]lll'\j-r Alcotiols solulsls m wnia

1IN W

J__
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2- Chemical Properties

Ethers are stable compounds, thus they don’t react with bases and active met-
als, they don't undergo oxidation reactions, Ethers can only undergo following
reactions;

Exercise 7-15

How can you differentiate
methoxyvmethane and ethane?
Tip: Consider the reaction of
ethers with water in presence of
concentrated sulfuric acid.

A- They form alcohols when they are heated with dilute sulfurie acid

H.50,
CH,CH-O-CH,CH, + H,O T-- 2CH,CH.OH
Ethoxyethane ' Ethanol

But when they react with concentrated sulfuric acid or HC, ethers donate a pair
of electrons to hyvdrogen jon and form oxonium salts which can dissolve in acid-
ic solutions, Ethers can be obtained again when oxonium salts are mixed with
water. This reaction is used to differentiate alkanes and cthers as alkanes don™t
react with concentrated acids. For example:

H
. cold 1

CH~CH,~0—CH,—CH, + 1,580, CH ~CH,~0~CH,~CH,| HSO,

L)

Al W el .
Ethoxy ethane oopomiun salt of ethoxyethane

[3- Reaction with PCI
Ethers react with phosphorus pentachloride and form alky| chloride.
R-O-R* + PCl, -2, R-Cl+R-CH+POCI,
CH,CH-O-CHCH, + PCl, - Ay 2CH CH.-C1 + POCI
Ethoxvethane Ethvl ¢hlaride

i

T-5SALDEHYDES AND KETONES
Aldehydes and ketones have the same functional group. Its name 15 carbonyl

group. This group 15 formed by oxygen atom attached with a double bond to

carbon atom. Compounds which include this ¥ functional group are called

a5 carbony| compounds. Their general formulais C H, (). In aldehydes, the car- Do vou know that
bon of carbonyl is bonded to a hydrogen and an alkyl group, whereas in ketones, The substance which is used in aulop-

sy and to preserve bodies is the sim-

plest form of aldehvdes that 15 form-
aldehyde?

carhon of carbonyvl group is bonded to the same or different two alkyl groups,
() ()
I I
R-C-H R-C-R’

General formula of aldehydes  General formula of ketones
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Do vou know that

The organic compound used o re-
move mil polish is the simplest form
of Ketones that is acetone {propa-
none)?

Exercise 7-16

[- Write down svsiemalic names
for the following compounds:
a) 0
[l
CH;-CH-CH:-C-H

l
by CHs
0 CH;

I
CH,—C—CH—CH;

2 Write down formulas for the

following compounds.
i) J-methvibutanal
b 2-hexanone
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7-5-1 Nomenclature of Aldehydes and Ketones
Aldehydes and ketones are named according to [UPAC nomenclature system as
in the Tollowing steps:

A) Nomenclature of Aldehydes

1- The longest carbom chain is chosen. The carbon atom of carbonyl group is
numbered with 1,

2- -ul swffix is added to the end of the name of the corresponding alkane.

A= Alkyl groups are mentioned with their numbers.

As numbering starts from the side of carbonyl group, the number of carbonyl
group doesn’t need to be mentioned. For example:

¥ 0 Cl 0 0
| | |l |
CH;-C-H H-C-H CH;-CH-C-H CH;-CH, .- C-H
Ethanal Methanal 2-chloropropanal Propanal

B) Nomenclature of Ketones
Apply the steps in nomenclature of aldehydes.
|- choose the longest carbon chain and stant numbering from the closest
carbon to the carbony] group.
2- add —one suffix to the end of the corresponding alkane.
- If there is branching, alkyl groups are mentioned with their numbers,

0 0 CH, O

I I | |
CH:-CH - C-CH;
J-methyl-2-butanone

CHy-CHz-C-CHz- CHa

J-pentanone

CHy - CH:-C-CH,

2-butanone

7-5-2 Preparation of Aldehydes and Ketones
Aldebwdes and ketores are synthesized through many methods in indusiey and
laboratories. Here, we will explain one of the laboratory methods,

Oxidation of Alcohols

Aldehydes and ketones are prepared by oxidation of primary {17} and secondary
(27) aleohols with acidic solution of potassium dichromate (K,Cr,0, ) or potas-
sium permanganate (KMn(), ).

Primary alcohols form aldehydes as shown in the following equation.

H H
Ele o |
R C'-”WR- C=0+HD
| /|
H
Prirmary aleabol Aldzhydie
]

LR R ||

CHCHOH —» CH,-C-H+HO
rherol 1 Etkannl

)
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The aldchyde remaining in the reaction mixture above is readily oxidized and it
forms carboxylic acid.

Therefore, oxidation reaction must be controlled.

H 0
KLl Lﬁ E.Ce XM .

|
H

Primary alcohol Aldchyde Carboxylic acid

Ketones are prepared through oxidation of secondary (2') aleohols.

H K
Eazil Wl |
B—{—0—H —= BE—C=0
| ]
B
Secomdary aleakal koo
For example;

T |

CH,-CH-CH, —» CH,-C-CH,
. 0]
Zepropancd Propaname
Tertiary alcohols cannot be oxidized.
Example7-7
Write down oxidation products of the following compounds.

Iy I=propanol
21 Z=pentanol

Solution:

1 U h}

L KL

Attention

when placing chemical reagents

to conduct chemical reactions
above the arrow in the chemical
equation, this means that the
equation can be written regardiess

of the halance,

[}o you know that

Some aldehydes and ketones are ob-
fained from plans.

Benraldehyde is obtamed from al-
momds and some Ketomes are oblained
froam cinnarmaon,

[Lel}
CH, - CH, - CH-OH —s CH,-CH,-C-HH+H0 — CH,-CH,-C-0-H

|-propancl propunal

2) H
(f EATAL ?
CH,-CH, - CH,- CH-CH, e CH, -CH,- CH- C-CH,
2-pentanc] I J-pentanone

proprEnic acid

Exercise 7-17

Prepare the following compounds
using suitable alcohols,

[ 1 ethanal

11 2-hutanane
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7-3-3 Properties of Aldehydes and Ketones

|- Physical Properties

All aldehydes and ketones are in liquid form at room lemperature excepl matha-
nal (formaldehyde, in gas form).

Although ketones have pleasant odors, aldehydes have unplaeasant odors.
Drensities of ketones are lower than that of water. Owing to the polar property
of carbonyl group, these compounds are accepted as polarized. They can dis-
solve in water and organic solvents like ether. Boiling points of aldehydes and
ketones are higher than these of alkanes, but lewer than alcohols which have
the same molecular weight with them. For example:

7

CH, - CH, H-C-H CH, - OH
Ethane Formaldehyde Methyl alcohol
Aldehydes can dissolve in water M= 30, bp = -39 °C M= 30, bp=-21°C M= 32, bp=64.5 °C
because of hydrogen ion in their
molecules, which form hydrogen [I_‘H_ (|] OH
] : % ! I
bonds with water. CH, - CH- CH, CH, - - CH, CH. - CH- CH,
|sobutane Acetone lsopropy| alcohal
M= 58 bp=-12°C M=58& bp=56°C M= 60, bp =825 "C

{M = molecular weight and b.p = boiling point)
2- Chemical Properties

The carbonyl group in aldehvdes and ketones has high ionization property as

shown helow:
N N = & 8
.y v i

Carbon in the carbony] group is positive charged, as nucleophile approaches it,
electrophile approaches to negative charged oxvegen.

oxveen react with

carbom react with :
electrophile

nucleaphile

Aldehydes and ketones can undergo two-step nucleophilic reactions. These are:

A} 15t step: Nucleophile (Nu:)l approaches carbon of carbonyl group and
forms a new bond. This bond breaks double bond between oxvgen and carbon
and pushes a pair of electrons to oxygen atom.

«_ 20 >
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N Exercise 7-18
£ R N\ -

& == Complete following equations:
Nu:. + C, =ﬂ': - C —q(). a) 'D
e - d ¥ [ Red]
& i CaHs- 'l'." CHi—
HzPr
B} 2nd step: approach of an electrophile such as H ion: by
0
Nu Nu | [Red]
< 2 . % i C:Hs-C-H—
d’ ]

Resctions of Aldehydes arid Kelones:

i) Reduction with hydrogen

Aldchydes are reduced to primary alcohols and ketones are reduced to second-
ary aleohols when they react with H, with Ni and Pt as catalysis.

O
] Ni
CH;-C-H + H:—Iy CH:- CH:-0OH
Ethanal fRed] Ethanol
0 H
] bl |
CHs-C-CHs +H,— s CH;- CH-CHs
= [Red|
Propanone 2-propanal

{Red means reduction )

B Redoction o Alkanes

Aldehydes and ketones are reduced to alkanes via Clemmensen reduction

method, In this method, solution of zine and mercury in hydrochloric acid is
used as catalyst.

&)

. _ fn'Hg )
R-C-R — R-CH:-R
HI

D
'tz )
CHs- {: 2H: —% {H:- CH:-C-Hs
HCl
2-butanone butane

{J

£n'H
RCH%HLH::

]

! In'Hg
CH:-C-H —_Is- CHi- CH;s
Ethanal He Ethane
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Exercise 7-19
| - Prepare propune from propanal.

2- Write down the reaction of
propanal with hydrazine.

o you know that

The sccumulation of silver on test
tube as a resull of the reaction of
aldehydes with Tollens” Reagent
enabled chemists to produce many
tvpes of mimors -

( Chapter - 7 )

¢) Reaction with Hvdrazme
Aldehydes and ketones react with hydrazine (H.N-NH., ) and produce
hydrozone which is known as Schiff base,

Iil H
CH,—C=:1 4 EI,'NaNH:i- CH—C=N-NH, + HO
- "H;dmrin: Acetaldehyvde hydrieone
1fE'11 CH,
CH—C=I0 « HN-NH, —2» CH—C=N-NH, + H0
Acctone Hydrazine acetone hypdrazone

This reaction 15 used to examine the presence of carbonyl group in aldehydes
and ketones, Hydrazone (orange or yellow color) shows the presence of the

carbonvl group.

d ¥ Crcidation

Presence of hydrogen bonded to carbonyl group in aldehydes causes some re-
actions different from those of ketones, The most important reactions of alde-
hvies and ketones are oxidation reactions.

Aldehydes are oxidized mto carboxylic acids by the help of some oxidizing
agents. But in ketones, this does not occur. We can differentiate aldehydes and
ketones using following reactions:

I-Tollens” Reagent

In order to differentiate aldehydes, silver ammaonium hydroxide is used. In this
reaction, silver ion is reduced in solution and silver metal covers the tube’s sur-
fuce as mirror showing the presence of aldehyde. This reaction is shown below:

> 2
R-C-H+2Ag(NH::0OH - R-C- O NHs" +  ZAg| + H:0 + 3NH;

aldeliyds sllver aniisii by diodile sl of caibsalhic scH
Rilver marrod

< 212 >
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¢} Reaction with Fehling's Solution

Fehling's solution is a solution of copper sulfate (11} salt. Its basic and dark blue,
it contains negative roots such as citrate and tartrate to prevent the formation
of a copper hydroxide precipitate because it always forms stable complexes,

It iz used in oxidation of aldehydes. In this reaction, copper (1) ions transfoms
into red copper (1) oxide. This red copper (1) oxide precipitate shows presence

of aldehvde in mixture. As shown below, ketones do not react with this reagent.

Fehling's Solution

0 0
R-C-H+2Cu" + 50H —R-C-0° + Cu0]+3H:0 Exercise 7-20
akdabyde in & comples et How can you differentiate
IS v propanal and propanone com-
R - IL’- R+ 20w + 50H — NR pn:-un!:l.s us!,':g the following
practically?
Kot i @ comphes
7-6 CARBOXYLIC ACIDS W Eima Aoy
The Tunctional group of all carboxvlic acids is carboxyl group (<COOH) or it i
o
[ = - 0OH). This group consists of hydroxyl and carbonyl groups.
0

The structural formula of carboxvlic acids is R - C - OH. {R) represents alkyl
group or hydrogen atom, Their general formula is (C H, O

7-6-1 Nomenclature of Carboxylic Acids

Carboxylic acids are named according to IUPAC system as shown in the fol-
fowing sieps:

1- The longest carbon chain that includes carboxyvl group 15 chosen and num-
bered, Carboxyl group is given number [,

2« Branched groups are writien in alphabetical order and with their numbers
mentioned.

Ethanoic acid

o {vinegari
- The word “acid™ s added.
4- The name of the alkane which cormesponds 1o the longest carbon chain s
written and suffix (-0ic) is added in the end. Exercise 7-11
I 1 Write the name of the following
Br compound,
| CloO
CH,COCH HCOOH ‘CH,-CH-"COOH -
Ethampic acid Meshannic acid Z:bromapropandic acid CHa - CH:- C -C-OH
CHs
CH, CH, 20 Write the structure Formula of

il : i the following compounds.
CH,-CH,-"CH-'CH ~“CH-'COOH a) 2- methylbutanoic acid

Lid=limethyhexamole el |"J- .-"r-fllll:ll"l'.‘lpl.'ll':lp-ﬂj‘.ll.'hil.‘ actd
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1-6-2 Preparation of Carboxylic Acids
Carboxylic acids are prepared through many methods. As we have mentioned
before, they are prepared by oxidation of primary {17} alcohols or aldehydes.
We will explain preparation of carboxylic acids using Grignard reagent. In this
reaction, firstly, alkyl halide 15 used then CO,. As shown below, in order to pre-
pare wanted carboxvlic acid, hydrolvsis {reaction with water} in acidic medium
is realized,
citric acid — =" —
R-X +Mp —RMgX

Grignard reagent

Lemons eontain citrie acid
which is a carboxylic acid

U 8
} How' ]
RMgX + €O, = H- 'I:' O-MgX —»R-C-0-H
intermediate compound carboxvlic acid
_ 0 0
Exercise 7-12 HOH
FI'E:PEI'E' PI'D]]Etl'l{J'iL'- acid from CHMgBr+ C0, —— CH-C-0-MgBr —— CH - f 0-H
. Methy] bromide magnesium ::ﬂmm:rl:: acid
the following: :
1 ethyl bromide The carboxylic acid prepared through this method has one extra carbon than
2) pmpana1 the alkyl group of Grignard reagent.,

7-fi-3-General Properties of Carboxylic Acids

I-Physical Properties:

The carboxylic acids with low molecular mass (lower than C_ |} are liquids
with pungent and unpleazant odors. As their molecular mass increase, their
boiling points also go up and the boiling points are higher than thase of alco-
hols with the same number of carbons, The reason is that carbonyl and hydrox-
¥l group in acid molecule ionize at a high rate and hydrolysis occurs (more than
aleohols) between acid molecules, forming hydrogen bonds,

E-_ R
s 0 OH_
" s R—C C—R
R—C— Qn NQH o) 7
8 HE®
. Carboxylic acids with low molecular mass are highlv-soluble in water, As

% .ﬁ ? their molecular miass increase, their solubilities decrease.
. vl ﬁ ; . .

.ii:'.“ o :'u:" 2-Chemical Properties:

A LAcidity of Carboxylic Acids

Hydrogen bond Carboxylic acids assume acid property by carboxyl group’s donation of proton,
Therefore, they react with bases readily and form water and salt.

0 0

i
R-C-0-H#+NaOH —— R-C-0O Na+HO
Carboxvlic acid Salt of Carboxylic acid
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B Reactions of carboxyhic acid with corbonaies and bicarbonates Exercise 7-23

When carboxylic acids react with carbonates and bicarbonates, CO, gas is Write down the reaction

formed. This reacticn is one of the impomant reactions o differentiate carbonyl equation of acetic acid

eroup in carboxylic acids. with sodium bicarhonate,
(NaHCO,),

RCOOH + NaHCO, —» RCOONa + €O, + H,0

L} Reaction of carbaxylic acid with alcohols {estenfication reaction)
Carboxylic acids react with alcohols along with HC or H 50, catalysts and
form esters. This reaction is reversible as seen below and cailed as esterifica-

tion.
) LR
H
R-C-0-H+H-0OR'== R-C-0-R" +HD
Carboxylic acid Ester
[ 0
. . H
CH-C-0-H+H-0CH, == CH-C-0-CH_+H0
Acetic s Ethancl Ethyl ethanoate

3 Beduction of € i1=|:-|=-!-._'. lie Aceids
Carboxyvlic acids are reduced by reducing agents such as lithium aluminum hy-
dride (LiAlH ) and form primary aleohols. But they cannot be reduced with

HL/Ni.
0
) L LialF, .
CH-C-OH ——» CH,-CH-OH
Acetic acid Ethanol 30 yvou know that

Aspirin which has been used as
Example -"r‘f'_ ) ) pain killer anticoagulant for
Prepare propanoic acid starting from ethanal. patients with heart disease,

0 O is one of the most importent
CH-C-H —» CH-CH f .OH drug that contain carboxylic
: S acid.
Solution: COOH
The equations of the reactions are as follows: 0
0 I
R-C-H+H,—"» R-CH-0H "4 R-CH-X -~ O0-C-CH,

R-CH-MgX " » R-CH-COOMgX — = R-CH-COOH +MgX,

l. step
i
CH,-C-H+H,—» CH-CH-OH
Ethanal Ethanol
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Exercise 7-24
Prepare butanoie acid starting from
propanal.

Exercise 7-15
Prepare butanoic acid starting from
1-butanol,

Vitamin C is found m many

fruits.

«_ 216 W
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2. step

3CH - CH-OH + PCl, ——= 3CH,- CH-Cl + H, PO,
Ethanol Ethyl chloride

3, slep

CH- CH-CI +Mg ™% CH - CH -MgCl

Ethyl chloride Grigmard reagent

4. step

CH,- CH-MgCl +C0,—» CH. CH-COOMgC
Intermediate compound
3. slep
CH,- CH,-COOMgCl + HCl ——» CH- CH,-COOH + MgCl,
Propanoic acid
Example 7-9
Prepare propanoic acid starting from ethy] chloride.

Solution:

In this method, a carboxylic acid is obtained with one more extra carbon than
the number of carbons of the starting alkyl,

CH,- CH-Cl +Mg="™% CH- CH,-MgC|

Ethyl chloride Girignard reagent

CH,- CH,-MgCl + (0, —» CH,- CH,-COOMgC)
Intermediate compound

CH.- CH -COOMgCl + HCl —— CH.- CH -COOH + MgCl,
Propancic acid

(Vitamin C ), which is known as ascorbic acid is a carboxvlic acid which is
found in eitrus froits most. It has an important place in our lives. Vitamin C
helps improving defense of body by strengthening immune system. [t is given
as pills to patients,

7-7T ESTERS
Esters have got the same functional group with carboxylic acids. They both

L] 4]
have (p ¢ oy molecule. The structural formula of esters is p o o

and general formulais C H, O, Here R™=R or R'#R.
Besides, R can never be a hydrogen atom as in carboxvlic acids.

S o\

i !
Methy] buimnonie Ethy] propanoate
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7-7-1 Nomenclature of Esters Do vou know that

0 ) = Esters which are found in fruits
Aseslers g £ o-g  are made up ol two groups, one is from carboxylic acid anid vegetahles have pleasant odors
and therefore they are used as
sweetener in foods, perfumes and
kids' foods .

and the other iz from alcohol H_é _oH .50 they are named afier they are di-
vided into two groups as follows:

| - The first name of ester belongs to the alky] group bonded 1o the oxveen atom
in alcohol grop.

2« The remaining name is written by adding —oae suffix to the alkane part of

the carboxyhic acid. y
¥ Exercise 7-26

o Y I- Write down systematic names
CH,-3CH - '€ -0+ CH, *CH, - 'C- 0= CH, of the following compounds.
Ethyl 2-chloropropansil Methyl ethancsare A 0

; £ CH; -CH=-C - O=C:H:
7-7-2-Preparation of Esters 1

Esters can be synthesized through many methods such as the reaction of alco- CH;
hols and carboxylic, Besides from the reaction of carboxylic acid chloride with B) 0
alcohaol in the presence of pyridine used to remove the HC acid that produce, i
eslers are prepared. H-C- O-CH;
L (1
2- Write strue fi
R-C -€1+H-0R' 2, R_C.0-R'+HCI Yxike dgven staetyral Dermila
for the following compound.
o 0 Propyl 2,3-dimethylhexanoaie
CH-C-Cl + CHOH ™5 CH-C-0-CH.+HCI
Acety] chioride  Methanol Methyl ethanoate
7-7-3 General Properties
|- Physical Properties of Esters
Eslers can ionize. [ts shows apolar characteristic in its molecules, but its effect
on the molecule decreases with the inerease of non-polar hydrocarbon part - 5
They don't fom hydrogen bonds between their molecules. 0O
Therefore, their boiling points are lower than those of carboxvlic acids with the _
same number of carbons. Most esters don’t dissolve in water but dissolve in a IH &
many arganic solvents, Besides, these substances are used as good solvents for R = C - 'U' "*-..t +
many organic compounds. B R b

2- Chemical Properties of Esters

Esters undergo following reactions,

a) Resction of Esters with Water in Acidic Medium

This reaction is the opposite of esterification reaction which is synthesis of
esters from alcohols and carboxylic acids. Here H .50, and HCI are used as
catalysts. Esters react with water and form carboxylic a-::u:ls. and aleohols.

('.l L]
H

H{-ﬁH*HUrHL OH + R -0OH

Ester Carboxvlic ackd  Alcohol

(§] ]
b

CH,-C-0-CH,CH, +}If.'J| = CH-C-OH+CH,CH, -0OH

L.th_'.-'l ethunoate I.Ihanlm. ncid Ethanol
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Apples ond beeswax conlains esters.

Exercise 7-17
|- Prepare ethyl methanoate starting
from methanol.

I- Prepare methyl propanoate starting
from ethanol.

3- Prepare ethyl ethanocate starting
from acetyl ¢hloride.

Exercise 7-28

Write down the reactions of ethyl
methanoste with water i acidie and
hasic medium.

H
H—N—H

ammaonia

ammonia

«_ 28 >
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1} Reaction of Esters with Water in Bosic Medium

Esters react with water molecules in basic medium such as NaOH. At the end
of the reaction, sodium salt of carboxylic acid and alcohol are formed. This
reaclion is very important &s it iz used in scap production. Therefore, it is also
known as sapomfication reaction. Besides, it 15 used o differentiale esters as
ghown in the following reaction:

0 O

CH,-C-0-CH,CH,  NsOH — > CH-C-0Na+CH,CH, - OH
T-'.1:I13| ethanmaie Sodum ethanoate Ethanal

T-8 AMINES

Amines are compounds which are formed by substitution of hydrogen atoms
in ammoenia NH, by one or more alky] groups. Therefore, amines are named
according to the number of alkyl groups they contain. [Fan alky! group replaces
one hydrogen of ammonia, it is called as a primary amine RNH, ; if two alkyl
groups replace two hydrogen atoms, it is called as a secondary amine R NH : if
three alky] groups replace three hyvdrogen atoms, it is called as a tertiary amine
R M. For example:

H R R
| | |
R— N—H E— N—H R—N—R’
Primary amine Secondary amine lertiary amine
(1%) (2%) (3)
H CH, CH,
| |
CH—N-H CH-N-H CH-N-CH
methyl amine dimethyl amine methyl amine
H H R !
E—s—H E—M—HN |.-_-F:..._|.-"
(1°, primary amine (2" ysecondary aming 3", terliary amine
methyl amine dimethyl amine trimethyl amine

T-8-1-Nomenclature of Amines

a) Special (Common) Nomenclature
|- In this method, firstly, the alkyl group bonded to nitrogen atom is written
then the word amine.

) ——
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For example:
CH, - NH, CH, CH,- NH, CH,CH,CH, - NH,
Methy] amine Ethyl amine n-propy| amine

- If there are two or three alkyl proups bonded to nitrogen atom, di- or tri- pre-
fixes are added to the word amine.

CH, CH,
LHi-M-H CHs-W-LH;y
dimethy| amine tmimethyl amine

i- [f the alkyl groups are different, they are written in alphabetical order,

Amines cause ador of rotlen fish,

H CH,
CH;-N-CH-: -CH; CH; - CH:-N - CH (CHs),
cthyl methyl aming ethyl sopropy] methyl amine

b) Amines are named accordmg to IUPAC system as i the
following steps:

|- The longest carbon chain which carries the amine {-NH,) group is chosen
and numbered. Amine group acts as the functional group,

2- Previows rules are valid in naming amines.

CH, NH, MH, CH,
CH; -C-CHs CH; - CH - COOH CHz < CHz-CH «CHz- CH-CH;
WNH- 2-pmnopropanonc acid S-amino-5-methy hexane

2-amime- 2-methy | propane

7-8-2 Preparation of Amines
There are many methods to prepare amines. We will explain only two of them

bere.

1- Reaction of Ammonia and Alkyl Halide

Using aminonia, we can prépare the thres types of amines,

For this, as in the example below, alcoholic ammonia solution and afkyl halide
are mixed in asealed test tube.

CH,1+NH, —» CH-NH,1— % CH-NH, + Nal +HO

Mlethy] iodics (171 methyl amine

This 15 nol o successful Iaboratory method as a mixture of primary, secondary
and tertiary amines which are difficult to separate are prepared. We only prepare
primary amines with this method.
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Exercise 7-29
Prepare ethyl amine using suitable
alkyl halides.

H
. |
- H-0: —H-N'—H-
'i} ﬁ ||1 R Illi
< Woowoow
".fk H-N: H-N - H-N
4. L
Fhwdger, Rand
Figure 7-2
a- Hydrogen bonds between water
and amine malecules.

b- Hyvdrogen bonds between
amime molecules

Exercise 7-30
Prepare propyl amine using suitable

aleahnl.

R—PJ»I—H
R

Amine g 0 hage,
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2- Ammonia-Alcohol Reactions
Primary amines are prepared when ammonia and alcohol vapor passage over

aluminum oxide as jcatalvst at 400°C. In this reaction, just like the reaction above,
a mixture of primary, secondary and tertiary amines 15 obtained. But when a great

amount of ammonia is used, we get mainly primary amine.

CHOH+HNH, —— CH-NH, +HO
B e ¥, Al ; L -
Methanol  ammonia " (17 methyl amine

7-2-3-(ieneral Properties
1- Physical Properties
Molecular mass of amines are small and their odors are like ammonia’s, They

arein gas and ligpueicl form at room temperature. These compounds form hvdrogen

bonds due 1o their ionization property. Therefore, their boiling points are high-
er than those of compounds which cannot ionize, Figure 7-2

Amines can dissolve in water as thev can form hydrogen bonds with water
molecules, Besides, they can dissolve in organic solvents such as benzene and
ciher.

2- Chemical Properties

Ammnes are considered as bases because nitrogen atom has a pair of
electrons which can make bond with protons or Lewis acids. This indicates
its ability to react with acids such as HC] as below :

R-NJI: +HCOl] ——= [{-NI]J'CI'
Aamine amine salt

This salt can be transformed into amine again when it reacts with a strong base,

PealiH

RNH,'CT — = R-NH, + NaCl +H,0

Besides, amines form compounds known as amides when they react with acid
chlondes.

0 H 0O H
CH-C-iCl + H-N-CH, —= CH-C-N-CH,+HC|
Acetyl chloride  Methyl amine Nemethylacetamide
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QUESTIONS OF CHAPTER-T

T-1- There are two colorless liguids in two different test tubes, One is hexane, the other is 1-hexanol, How can you dif-
ferentiate these two hiquids?

72« Write down the preparation processes of the following compounds from the starting substances.

a) 1-propanol from I-chloropropane b) ethancl from ethene
¢} ethanal from ethanol d) sodium ethanoate from methy| ethanoate

7=3= We have 1-chlorobutane and 1-butene compounds in laboratory, Which one do vou use to prepare 1-butanol?

T-4- Supply names for the following organic compounds according to [LPAC system,

1) i) 3) CH:CH-CH:CH:CH=Br i) O
| |
CHH{CH:): C-0H 4) CHsCH-CH-CH-NH- CHyCH:CH:CCHSCH:
2 CHj 5) 0 7) 0
. I I
CH:CH; C - CH:OH CHa(CHzp: € - OCH; CH«{CH:: C-H
Ly ()
CH: If

CHW{CH:): C - CHy

T-3- Supply structural formulas for the following organic compounds.

1) 2,5-dimethyThexanoic acid 23 buty] butanpate 3) F-ethyl-1-heptanol
4) F-methyl-4-heptanone §) 2-methy]-2-pentanal 6) 3-ethyl-2-aminohexane
7) I-chlorohexane ) Z-amino-2-methy|butane 9} butoxybutane

10) 3-methylpentanoic acid

=0 Write the eguations showing the following reactions,

1) Preparation of ethanoic acid starting from methanal.
2) Preparation of ethanol starting from methanol
3} Preparation of propanoic acid starting from | -bromopropane.

7-7= An organic compound which has general formula C H, O with melar mass of 60 g‘/mol does not react with Lucas
reagent, But it undergoes oxidation completely. Write the mobecular and structural formulas of the compound. A fter that
write its reactions and then write general formulas and names of its products,
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T=8= Circle the correct answers,
|- Which compound is obtained by heating ethanol and sulfuric acid?
o

a)CH,-C-H b) CH, = CH, ¢} CH,CO0H d) CH -CH,

Z- What is the compound obtained from oxidation of 2-propanoel with the help of K,Cr,0, in acudic conditions?
a} proguanal b} propamone ) propene i) propanoic acid

1- The compound obtained from reduction of propanal by addition of Ni and H,

a) propanoic acid b) 1-propanol ¢} 2-propanol  d) propane

4- The gas obtuned from the reaction of ethanol with sodium metal:

WCO, b0, OC0  dH,

5- Addition of amalgam {mercury-zinc) in the presence of HC] and ethanal:

a) Primary alcohols b) Secondary alcohols ¢) Tertary aleohols dj Alkame

- The gas obtained from the reaction of ethanoic acid with sodium hydrogen carbonate:

a) H, b} CO, ¢} 0, d) CO

7- For which of the following is Lucas” reagent (HCIZnCl, ) used to differentiate?

a) primary, secondary and tertiary alcohols  b) aldehydes and ketones ¢ primary and secondary amines

8- The number of structural formulas of C,H _Br, compound:

a2 b3 )4 d)s

9- In order o form silver mirmor, with which of the following should silver ammonium hydroxide react?

a) ketone b) aldehyvde ¢} tertiary alcohol i) alkane
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[0~ Which ol the following compounds reacts with Fehling's solution?
) r L L}
Il Il [ I
a) CHx:- C-0CH;: byCH.- C-H ey CH - C-0H d) CHy- C-CH;

I 1- What is the reaction which transforms propanone to 2-propanol”

ayoxidation  b) cleavage ¢) reduction  d) substitution

T-9- Write down the svithesis equation of butanoic acid from suitable alky] halide with Grignard reagent.

T-10- Write down the names of organic compounds from A to E in the chain reactions starting with ethylene
(CH.=CH.).

CH:=CH:;+ HCl —» A

Hz
A+KOH ——= B

K0 c Kalrnm

= -

[+ NﬂH{_'I:J_, — = E+ L'I'J: + H,0
7-11- How can vou differentiate the following compound pairs experimentally?

1) propanal and propanonc 2} 1-pentanol and pentane
3) butanul and butanoic acid 4) 2-methyl-2-propanol and | -propanol

5) ethanol and ethanoic acid &) ethylamine and ethane

7=-12- Explain the following changes via chemical equations:

a) CH: CHs
I I
CH;-C-CHs — = CH3-C-CH;
| I
il OH
h) O

|
CHy-C- CHy —— CH3- CH = CH:

e} I-butene — 2-butanol
« 23 >
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-13- The following compounds are formed from result of oxidation reactions of alcohels. Write down their reactions and
structural formulas and names of alcohols,

a) Ethanal b} 2-methylpropanal  ¢) 2-butanone

T-14- Smudy the following equations and answer the guestions,

O KaCrath

CiHuBr » C4HoOH
A

Fuhling's Soluli
> CHi) ———————w N,

) Write down the structural formulas of A, B and C.

b) Write down the names of A, B and C,

¢) Which of B and C has higher boiling point?

d} Write down other structural formulas of compound B which doesn’t oxidize with K., Cr,0, in acidic conditions.

T<15- Two of the following compounds were mixed in acidic conditions. At the end of the reaction, pleasani-smelling
C HO. compound formed. Find oul those two compounds and write down the equation:

CH:CH:, CHLCHOH, CH:CHO, CH:COOH, CH:CHrOCH:

J=1i= Write down the symthesis equations of the following compounds ssarting from ethanal,
a) ethanoic acid CH,COOH  b) ethy] ethanoate CH, COOCH.CH,

¢} chloroethane CH CH,C1 d) ethyl magnesium chloride CH .CH Mg(l

J<17-Chbeain the following compeunds starting from ethylene {CH=CH:). Write down the equations,
a) ethanal b) ethyl magnesium chloride e ethyl hexanoate

T<18- Aq A has three carbon atoms, write down the formulas of the following A, B, C, D, E organic compounds in the
following equation chain.

HCl Mg . CO, HCI
dry ether

T-19- A is an organic compound which has 3 carbon atoms. It forms compound B when it is oxidized. This substance
doesn’t react with Fehling s solution. When sodium metal reacts with compound A, compound C 5 obtained. But when

B is reduced, it vields compound A.
a) Write down the structural formulas of A, B, and C.

by Write down the formation equations of compounds A, B and €.
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BIOCHEMISTRY CHAPTER-8

ACHIEVEMENTS
After completing this chapter, the student is expected to :

* Differentiate different types of carbohydrates.

* Leamn tvpes of sugars and their ditferences,

* Differentiate starch.

* Learn lipids.

* Learn how soap is produced and the ingredients used in soap production.
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8-1 PREFACE

Biochemistry is the branch of science which studics chemistry of hiosynthe.
sig in living beings. This brunch of science explains biodogical phenomena in
bodies of living beings in terms of chemistry by studying chemical changes in
human Body and in other creatures, In this chapier, we will study the properties
and reactions of two mmportant chemical substances which we take inlo our
bodies from foods. These are carbohydrates and proteins,

8-2 CARBOHYDRATES

Have vou ever theoght about carbohydrates which make up of most of our food
a5 bread and rice?

Do vou know why honey, hanana, apple, grapes and some other fruits are
sweel?

In the structure of these foods, chemical substances as carbohydrates, starch,
sugar are found,

What are carbohydrates? What are their properties and how many kinds of
carbohvdrates are there?

8=2-1- Structure of Carbohydrates
Carbonhydrates starch and sugar are If we examine the structures of the foods mentioned above, we see that they
fundemental foods for humans, are made up of oxyvgen, hvdrogen and carbon. But the mtio of oxygen is high-
er than others. In the structural formula of most carbohydrates, carbon atom
fortng bonds with atoms of water molecule, These are (CH,O) and C (H,0)
Therefore, this kind of molecules are called as carbohydrates as they originate
from hydrate (water} and carbon,
Carbohydrates are divided inte two groups as complex and simple carbohy-
drates. They can be m long carbon chains which can rotate plane polarized light
foplically active) or in oyvelic structure, Both struciures are stable,

8-2-2-Classification of Carbohydrates

Carbohydrates are classified as follows:

I-Monosaccharides: e.g, Glucose and fructose

2-Disaccharides: e.g. sucrose, maltose and lactose

S-Polysaccharides: e.g. Starch and cellulose

We will mention some important properties of each group,
I-Monosaccharides:

Thev are the simplest form of carbohydrates. as exampies, glucose and fructose

) Clueose (Lirape sugar):

Glucose iz found in grapes and blood in nature. It is especially important as
a nutrient for patients who canniot be fied through mouth and also in surgical
operations. s molecular formula is CH O, or C, {H 0} The molecular strue-
ture and geometrical shape of glucoze are given below,
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H—C—O8 p—a
(L] EI =H — :ilﬂ:“ i —_—
H—=L—0H =";"11;'_:. o
H—r.:'—-:m i i
HL,
oH
H-C=0
H—C—0OH
| CH,OH
Hﬂ . " H H_- .-__.-"'“ Y H
H-C~OH € )
H-,~08 R I
H 0H
H—(i'l—'ﬂH
H

-In evelic structure, it is an ether containing hydroxy! groups,

-In open structure. it is an aldehyde containing hydroxyvl groups.

We can explain the properties of glucose with respect to itz molecular siructure,

The molecular structure also helps us understand its reactions. most of reactions
occur in aqueous solution, Glucose has a crystalline structure, lis boiling

point is high. It dissolves in water. When we study the structural formula of

glucose, we can see thot hydrosen bonds form between hydroxy] groups and

hydrogen atoms and glicose molecules. These hivdrozen bonds canse boiling

point elevation.

When we examine the open structural formula of glucose, we see that it is

formed from an aldehyde group and many hydroxyl groups. Therefore, it has

some properiies similar to these of alcohols and aldehydes, Therefore, they are

oxidized in Tollens” Reagent and Fehling’s Solution,

b) Fructose | From sugar)
Fructose is found in honey and most [ruits. Its molecular formula is CH O,
and it is same as the molecular formula of glucose, But their slmn:ndml fiormiu-

las are different. In Figurel A Yand (B jthese formulas are shown ¢ _% _ FoAsis
structure is simitar 1o that of glucose, their physical properties are also similar,
They both contain hydroxy] groups (-0H) and corbonyl groups. In their open
tormulas. In cyelic structure, they have (-OH) and | —(I.. l]—::— y roups which

raise both boiling point and water solubility,

In epen structural formula, there are numbers of hydroxyl groups in addition

to carbonyl ketones which gives similar properties and inter similer reaction
te those for Alcohols and ketones. Therefore, fructose can be oxidized.

o etruchure formula of glocoss

In open structure formula glucose
modecule, functional groups are
uttached o long carbon chain.

EE}

A1 Cyelie formula of fructose
B Open formula of fructose

Contrary (o ketones, fructose 18 oxidieed with Tollens Reagent and Fehling's Solution.

Therefore, although frctose is a ketone, it is accepted a5 among reducing sugars,
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1) Dhsacchandes
Amalecule of this type consists of two identical or different monosaccharide

after losing a water molecule, the most example of this:

SUCTOSE

Sucrose and sugar cane are examples. Sucrose is sweet [t is produced from
sugar cane. Afler refining, purification and crystallization, we get white sugar.
Its molecular formula is C H, 0 . In sucrose molecule, through cleavage of
one water molecule from one glucose und fructose molecule, glycoside bonds
are formed between them, But this bond dissolves during digestion in our bod-
ics.

Sucrose —  Fructose + Glucose

CIF
"
kl_ 4 |.1|:|1~
WL N e AN
o H S HO .
‘I-"tl- I-f-llll-l rT% I
H I—ll_ ”_'-, :— CH
H H -LlJH H {H
Glucose Fructose
'E'-H - - 1= -
H _‘T.f hl;r.'-.md.-lmllw_u‘mm
C—0 d o
oo AL N (M
C ‘-I]H |i| . m{':..f{:\.i! HEIJ;;I_- + HA
| i
H I_LI I | L.!:]
H OH OH H oH
Suctose

1) Polysaccharides
— They are lange molecules (polymers) formed through bonding of many
Yo monosaccharides together. Starch and cellulose are examples.

41 Starch

When we consume potato, we gel carbohvdrvtes formed from small glucose
units. This substance iz o polymer called as storch, 1is basic unit is glucose,
which are connected through the decoding of the carbonyl double bond.
Foods containing this type of carbohydrate are called (starches)due to the
presence of starch in them inalarge amount.

b) Cellulose

Cellulose 15 a large molecule {polymer) formed from glucose, Although basic

units of cellulose and starch are the same, they have different shapes and prop-

erties depending on The aumber of glucase unils that make op each of them and the
difference in their bonding with each other, The main source of cellulose 15 wood fibers
and besides peel of some fruis os date palm have cellulose.

Some enzymes or some acid sofutions dissolve those big molecules. A similar event
tor this cecurs in digestive svslem m our bodies,

White sugar 15 disacchanide that s
SCTOEE.
Enzymes or
actd snlitinn
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8-2-3- Detection of Starch

[1- 151 et e
Starch molecules form bonds with iedine molecules in iodine solution and pro- % ML:fa
duce a compound with blue colour. The iodine solution is obtained by iy m*“ | ._‘.h
dissolving iodine crystal in potassium iodide with blue colour solution. g H""H"ﬂ--ﬁ {ﬂ. e
Thus, 10 detection of starch, a few drops of todine solution in potassium iodide « “.,.,.. - eyt
i3 added o starch solutwon, 11 blue color is observed, that shows the presence Eat ﬁ-_ __:'" #

of sturch. Cellulose
8-3 PROTEINS

The Greek origin of the  word protein, the first syllable (pro-Jmeans the (primary},
and the second syllable (-teins} means importance or basis,

It is the main bailding Block of owr bodies, It is found in all living beings,

It carries great importence as it is the biggest source of amino acids which are
necessary for growing of living beings.

What are the chemical structures of these substunces? What are the simlanitics

and differences between molecules?

What are the shupes of their molecules? Can we prepare them in laboratory?

Starch

The main source of any protein is living bodies, but one area of the body may contain multiple types of proteins
that must be separated from each other. Due to the similarity of its chemical compuosition and its physical and
chemical properties, it is difhcult to separate it by simple chemical methode.

%-3-1 The constituent elements of protein molecules
As a result of many experiments, it is shown that protein is containsof carbon,

hydrogen oxyeen and nitrogen elements. [n addition to those elements, ST ey g
prodein may contain sulfur and phosphorus, .\ H © /
§-3-2 Amino acids - |

They are the most impartant units in protein structure, They are shown with the HoN—C—C—08
Toemula below: da

Examine general structural formula for amine acids and answer the questions. "

I-What is the functional group common in 2ll amino acids? J;l' R
2-What are the chemical effects of each functional group on the properties of sty S

aming acid 7

All differences between amino scids depend on alky] R groups.

#-3-3-Formation of Proteins

Protein is formed from bonding of many amine acids (after lossing H,O molecule)
when the bond is formed with peptide (amide) bonds.

These bonds make long chains (polymer) with big molecular mass containing

from 40,000 1o 40,000,000 molecules,

RO RO
|

HN-C—C-OHEH-N-C-C-0H —
H H

Epg is source of protein.

peptide bond {amide bond)
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Protein has a carboxyl group on one side and an amine group on the other side,

B = There are amide groups al the place where the bond 13 formed, 0

£ = H

b R , 27 | I

b R E e : : 3

- Wgmpd 1§ H-—H—(- C—OH
. C§d T 1

"

5 amide bond arride bond

¥-3-4-Significant Reactions of Proteins

The most significant reactions of proteins oceur in cells of hiving beings. A1 the
end of most reactions, prodein decomposes o o oF mate aming acid unitz,

In laboratories, proteins can be decomposed to amino acids forming them by
addition of inorganic acid (HCIL These reactions occur by the breaking of am-
ide bond as in digestion, Besides, by addition of inorganic base (NaQH), pro-
leins can be decomposed to amino acids salts .

Proteins show some differences with respect to the type of amine acids they
contam and also with the numbers ind order of those gmeno scids. There are
e than 20 amine acids in natire, The fusetions of protein in body depend
on the amino acid and its sequence. Therefore, scientists have tried to produce
aming acids in laboratories in order 1o make use for living beings when neces-
sary and learn their sequence.

Proteing play a vital role in lives of living beings. They have many different
types which have the same chemical formula and same bonds but due to their
sizes, they have different fimctions.

Ejjay @

g gkl

For example:

* those in fibrows shape as keratin in han and woaol,

* those in semi spherical zhape as in cgg.

Proteins assume mmporiant roles in bodies of Tiving beings with respect to their
shapes. Any  effect changing the shapes of proteins interrupts their functions
and afTects the life of the living being. The most imporiant protemns in our bod-
ies are enzymes, hormaones and hemaoglobin in bood.

LPY

B-4-ENZYMES

They are some kind of proteins. They are found in all cells of living beings.

They function independently. They play vital roles in events like digestion and
Metabolism and Breathing.

Enzymes are produced in bodies of Tiving beings, They are constantly renewed

Structure of protein during vital reactions as they lose their effects by time. They function at a cer-

tain pH value. High temperatures disrupts their structures and prevents their
functions.

i Eneymes supply the necessary energy for reactions.

E“]ju“ -1 ; P ; There are nvpc?r'iwﬁ nl"enz}'n{ea: .

]I:"]"I}I"EIHE show either ]:rlﬂﬁiﬂ or acid- |- Internal enzymes: They enable oxidation reactions inside cells and thev

IC property ia'f‘FhME""]" Seythe  gon'y pet out of cell membrane, such as oxidative enzymes.

reasons for this, 2- External enzymes: They perform their duties out of cells after they are se-

creted as digestive enzymes.

DTS
(TR

SN pajijEasag
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8-53-LIPIDS

There are plenty of lipids in nature. Vegetable pils are found in cores of plants
as cotton, corm, and fruis like olive and coconul. Animal fus are found in all
cells of animals. They are stored for energy 1o be used when necessary, In
digestion and oxidation reactions, plenty of energy 15 obtained. Lipids repre-
sent energy potential in living beings. They are very important in soap, paint
and candle industries. Lipids don’t dizsolve in water. They dissolve in organic
aolvents like ether and chloroform. Animal fats are solid at room temperature
whereas vegetable oils are in liguid form.

Lipids are formed through esterification reaction of fativ acids with giveerol,
They are also called as trighyeerides and formed from long hydrocarbon chains

-
“-ra)

g
z
£

_FATTY ACID 1

I:l.’.'I:-['_,I] with carbosy] proup at one side.

Ester bond
L
H . P ~ i
HL—OH :ﬁr LI: H:r_l'—ana—L'—i:
HO-CH ¢ R—C—0OH — F—(—0—CH -;l'lr + 3HO
|
i )
HL—OH i Hi —O—C—*
H—C—H
glyeeral fatty acid triglyceride

8-6-50APS

Soap production is the oldest industry that humans have been doing. Soap is
sodium or potassium salt of fatty acuds. Seap 15 oblained by addition of strong
bases a5 sodium or potassium hydroxide followed by adding sodium chloride
solution and finally by precipitating a thick layer on a cloth. The reaction oc-
curs here is called as saponification reaction. At the final step, it is washed with

water to remove sait,
0

I

CH,—0-C—~ (CH,},.CH,

| 'ﬁ' CHy- OH r.l.l

CH —0-C~(CHLCH, +3NaOH —= (H- OH =+3CH|CH ), —C—0ONa
1 CH- OH  Sodium palmitate

]
CH,—0—C—(CH,),,.CH,
glyceryl tripalmitate

Shape and guality of soaps depend on the type of base and oil used in sapon-
ification, When sodium hvdroxide is used as base, we gel soap bdrs we use in
daily life. If we use potassium hydroxide, we get soft soaps as liquid soaps and
shaving foams,

Similarly, quality of soap depends on the type of oil used,

Steps of soap |'|rn:|1:u.'|m|1

Exercise §-2

Why aren’t calcium or magnesium
hydroxides used instead of sodium
and potassium hydroxides in soap
production?
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QUESTIONS OF CHAPTER-8
%-1- Circle the correct answer in the following questions,
1) Which of the following isn't a protein?
a) A compound which is made up of carbon, oxypgen, hydrogen and sulfur.
b) A compound whose molecules are made up of carbon, hydrogen and nitrogen.
¢) A compound which reacts with acids and bases.
1) Sucrose molecule consists of units, These are:
a) glucose b} fructose ¢) glucose and frectose
3) Which of the following elements isn’t found in amino acids?
a) nitrogen b) phosphorus  ¢) oxygen d} carbon
4) Which polymers are formed by fatty acids?
a) profeins b} carbohyvdrares e} oils {Lipids)
#-2- Tell reasons for the following:
a) Fructose is assumed as a reducing sugar,
b} Proteins react with acids and bases,

¢} Separation of proteins with simple methods isn't casy,

#-3- How can yvou differentiate starch and glucose?

%-4- Complete the following table:

Subject of comparison Glucose | Fructose

hlolecular formulae

Crpen Formula
Functional group in open formula
Functicnal group in cyvelic tormula
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SI Units and Conversion Factors  Jseadll Jalse g Slaa gl

(1) Jyaadi

Jabll (Length)

SI Unit:

(m) sl

meter

Flind] _“?__.umm_ SI Unit: _n._.—nmu.......ﬂu _‘.__nm.

1 kilometer{km) HEE.EEAH:”_
1 mile = 1.61 Kilometer .“__n_._....u
1 meter{m =100 centimeter {cm)

1 kilogram =1000 grams (1 kg = 1000 g)
1amuf 354) = Le6=10— kg

amu {2, 155 Saay)

~
el (Time) SI Unit: second (s)
1 hour {h) = &0 minutes {min)
paadl (Volume) SI Unit: cubic meter —aSali{m?®) 3l 1 hour (h)= 3600 seconds (s)
1liter {L) = 107 meter! (m") Gl {Energy) SI Unit : Joule(])
1 liter(L) =1000 milliliter{mL)
m.. 1 liter{L)= 1000 centimeter’ {cm’} kijous Pl =tags v/ (o)
m 1 milliliter {mL) =lcentimeter’ {cm’) S e e
M ka2l (Pressure)  SI Unit: Pascal (Pa)
1 atmosphere (atm) = 101.325 Pascal (Pa)
1 atmosphere{atm) =760 mm Hg = 760 Torr
5yl yadl da g (Temperature) 51 Unit: Kelvin (K) L s =1 Tort
T Kebvin(K) =t Celsius (C} +273
T Fahrenheit = M x 1 Celsius (€) +32
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Biochemistry
ATOMIC NUMBER: | HNAME SYMBOL [ RELATIVE ATOMIC GROUP FERIOL
MASS
1 Hyvdrogpen H 100754 1/IA |
2 Helium He 4002602 B8 S WILLA 1
3 Lithium Li G4l Py EA 2
4 Beryllinm B 9.0 21a2 2/ 1IA 2
5 Boron B 10811 i3 IA 2
L] Carbun L% 120007 L4 ! TVA 2
7 Mitrogen M 140067 i/ WA 2
| E}x_]-';H,En L) 15,9940 16 VEA £
7 Fluoring F 189984032 I7 ! WIIA z
Lk Neon M 20,1797 LR WILEA 3
11 sodium [ Matrium) it 2198576928 1{IA 3
12 Magnesium Mg 24,3050 27 1A 3
13 Aluringum { Alami- | Al 26,981 5386 13/ 1A 3
FInim |
14 Sillicon 5 280855 14/ IVA k]
15 !"I'H1HJ’.||'II:II’I’.L'£ 1] B W 15 ) VWA 3
I Sulfur 5 31065 L6 WIA 3
17 Chlorine l 35.453 7! VIIA 3
14 Ao Ar 39,945 I WITIA 3
19 Potasslum { Kaliwm] K 39,0983 LilA 4
i Cabeiaim {a A0LO7E 2ITA 4
21 Scandium 5S¢ 44,9555 2 IFIm 4
3 Titaninm Ti 47867 i/ IVE i |
13 Vanadinm L 309415 3/ VH 4
24 Cheamiuim £ 51.9496] 6/ VIH 4
25 Manganese M 54,9305 TIVIR 4
26 Irom { Ferrum) Fe 55845 8y 4
L Cobale Lo SEMATLS B 11| 4
4 Mickel INi SE69M Lo VI 4
29 Copper {Cuprum) Cu 63546 L1/ IE 4
3} finc £n 63, 35 12! 118 4
3l Crlb Ga 65723 13/ Il 4
32 Caermaniiim {2 7264 bd VA 4
33 Arsenic Az T4, 9215 B3 VA 4
M Selenium La 7896 6! VIA q
33 Broming Br THA04 i7 I VILA 4
£l Krypton Kr 83,798 L& WITEA 4
37 Hubidium Rl RS 46TH I I 3
38 Strontiwm Sr A7.62 27 A 5
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Yitriom Y BH. 90585 B 1 5
i)
) Firconium I 91233 41/ IVE 2
41 Mioblum Nk G906 34 5/VHE 8
42 Maolybdenum Mo G594 G4 VIR )
41 Technetium i i 47 9071~ FIVIIB B
4 Futhenium B 101.07 ¥l b
45 Fhodium H 102,903 5i) R ] 3
4 Palladinm P ik 4.k 10/ VI a5
47 Stiver { Argentim) AR 107 B6R2 1118 5
] Cadrmium Cd 112411 1X7 1B 5
44 [mdium In L14.ELE 13 FIITA 5
0 Tin {Stannum) an 118710 1 F 1WA -]
51 Antimony (Stbiom) | 5h 121.760 15/ VA 5
Bl Telhariam i £ 127.60 16/ VLA i
a3k [ondine I 126,904 47 17 VIIA i
Bdq Xenon X 131,293 187 VIIA o
55 Cassim (Cesium) s 132905451 % 171 f
56 Barium Ba 137327 21/1A B
57 Lanthanum La 138.90547 ]
58 Cerium Ce 140116 f
59 Praseodymium PPr 14090765 &
£l Mendymtivm Pk 144,242 &
fil Promethiwm Frin 144,917 i
il Samarim S 15036 B
63 Hurapiom Fu 150964 f
il Cradolinium G 57,25 i
5 Terbium Th 15892535 £
fifs [Mvsprosium [y 162 50H) B
67 Haolmium Hix 164,930 32 i
i1 Erbrluim Er 167 250 &
] Thullm Tm 1a8.93421 )
iy Yiterbiom Yh 173.04 &
7l Lutetium Lu 174967 R 01 i
7l Hafnium Hf 178.49 471IVH f
73 Tantalum Ta 180,94 7HS 5/ ¥B f
74 Tungsten (Wolfram) | W 153,54 6/ YIE 6
75 [ gL Tee 186.207 FIVIR 4]
Fi smium (s 191,23 HiYIN f
) Iricinm Ir 192217 8 Y i
7 Platinurm Pt 195.084 10/ v f
7y Crodd { Aurum) Au 196, 966565 11/ 18 i
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Biochemistry
Bl Mercury {Hydrargy- Hi )59 12/ 1R &
rom )
gl Thallitm T M 3833 [3 7 IITA &
B2 Lead (Phambrm) Ph 207.2 14 1 TV &
L Bismuth Bi iR GRO4D 15/ WA [
E | Poloniwm Pa 28, Sh24 1a ) VIA &
Bh Astatine Al (/3. 5871* 174 VIIA L
B Radn En 2220178 18/ VIILA [+
LT Framiiam Fr ZL1AAN8T" 1414 i
B8 Radium Ra 26254 21 11A 7
) Actindiim Ae 227 AT - 7
o Tharium Th ZILAGE0G* - 7
o1 Protactindurm Pa 231 045881 - 7
o3 Urandum LI T3HA2ET] i
53 Meptunwm Np 237 82" - 7
G Pl Pu T4 ma4 2 7
95 Americium Am 245014 - 7
06 Curieim Cim 247 A0 T
or Rerkelham ik 247 .0703% 7
o8 Caliborndum CE 251407964 - 7
Lhg Einslernmm Ex 252 0300 i
Lk Fermim Fm FAER =l - i
1] Mendeleviem Mid A58 ka4 - |
10z Mo licm M 154910100 - 7
[ LHE] Lawrencium Lr Ae2. 1097 ERRII:] 7
[LIE] Eritherfordizm kF 261, 088" 4 1VH r
105 Dubmium ¥ 262 5/VB 7
L seaborgium Sg dah &/ VIH 7
17 Fohrinm ik 264 74 VB 7
L0d Hassium Hs xr BRIV 7
Lt Meitnerim Ll 268 41 VI 7
L1k Drarmistadtiom D 71 1% Y 7
11 Resenrgemivem }-‘.& 372 11418 7
i3 Ununbium Ll 285 12/ 1B 7
I3 Ununtriom Lt 184 13/ 1A 7
i4 Ununguadium Lliig 289 141 I¥A i
115 Ununpentium Uup 244 L5/ VA 7
s Lrienhexiuin Lliih 9 157 V1A 7
17 Linunsegtinm s 17 ¢ WILA il
P18 Ununoctiam Ll iets g 18/ VIA ¥

*Relative atomic mass of the isolope of the element wath the longest known half=lile.
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Types of Ligands Slas gl
lldall sxe | 4c g 2SI A AN
pdeall g tbal g8 CHL.O00" Acelato Sa
pall gl g8 NHs. Ammine R
el ] —ipia H,0 Aqua 150
ldall g ila iy Ny Azido Sl
el g tla e Br Bromo By
il AL T Coy* carbonato el s
pihealt g dlal Ty o Carbonyl el g 18
piliall 2 Sl A Cr Chlofo S
lball ol Y CN Cyano e
SR T dmg’ Dimethylglyoximato Flapis L AL
il | il g8 | NH:CH;CH:NH; Ethylenediamine B (el i i
epllicadl | peilaes S8 EDTA Ethylenediaminetetrapcetic acid = @k Jwal A b
St sl
lall gl et F Fluero 3
TR T NHaNH: Hydrazine e
il il g MH-NH; Hydrazinium b 3 kel
lhal gala e OH Hydroxido it g st
{ o g il )
idnal! gl ki I [odo Sapdl
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