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Total M"th
Q.1 Encircle the correct option. (1x S.[]

() Londondispersion forces are the only forces present among:
A. molecules of water in liquid state
B. atoms of helium in gaseous state at high temperature
C. molecules of solid iodine
D. molecules of hydrogen chloride gas
(1) Identify equation which Is used to determine the molar mass of a gas.
A.PV=nRT B.nV=RT C.pv=KT D.E=mc?
(i) When water freezes at 0 °C, Its density decreases due to:
A. cublc structure of ice B. empty spaces present in the structure of ice
C. decrease in volume D. decrease in viscosity
(lv) Which of following Is the correct sequence of Increasing AHy values of substances mentioned?
A.H,0>NHy >Fy B. F2>NHy>H,0 C.NH,>H,0>F, D. H,0>F, > NH,
(v) Which type of Intermolecular force is present in all types of molecule regardless of their polarity?
A. Dipole-dipole forces B. Hydrogen bonds C. London dispersion forces D. lon-dipole forces
(vi) Which of the following is a crystalline solid?
A.Glass B. Plastic C.Quartz * D. Wax
Q.2 Write short answers of the following questions. (2x8= 1§)
(I}  Why food cooking is difficult In the areas with high altitudes? ~
(i) What is meant by habit of a crystal? :
(i)  Discuss how hydrogen bonding is responsible for the relatively high surface tension of water.
(iv) Differentiate between crystalline and amorphous sollds.
(v) One feels sense of cooling under the fan after bath,
(vl) Define vapour pressure and surface tenslon.
(vil) How does the heat of vaporization affect particle movement?
(viil) What are liquid crystals? Give two of their uses.
Q.3 Extensive Questions. (2x 4_=_li

(a) Whatare London dispersion forces? Give examples, and discuss the factors affecting these forces,
(b) A sample of an unknown gas has a mass of 0.560 g. It occuples a volume of 2.87 x 10™* m? at;
temperature of 300 K and a pressure of 1.01 x 10° Pa. Calculate the,molar mass of the gas. (Gi. constant,

R=8.3LK'mol")
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Student Learning Outlcomes

After studyling this chapter, students will be able to:
o Describe those chemical reactions are accompanied by enthalpy changes and these changes can be

exothermic (AH® is negative or endothermic AH® is positive). (Understanding)

« Interpret a reaction pathway diagram, In terms of the reaction and of the activation energy.
{Understanding)

« Define terms such as standard conditlons, enthalpy change, reaction, formation, combustion and
neutralization, (Understanding)

« Explain that energy transfer occurs during chemlcal reactions because of the breaking and making
of bonds. (Understanding)

« Calculate the bond energles for the enthalpy change of reaction AH®. (Understanding)

» Describe that some bond energies are exact and some bond energles are approximate.
(Understanding)

o Calculate enthalpy changes from approximate experimental results, Including the use of the
relationships q=mcdT and AH® =-mcdT/n. (Application)

« Define terms such as enthalpy change of atomization, lattice energy, AH®, first electron affinity, EA.
(Knowledge)

» Use terms such as enthalpy change of atomization, lattice energy, first electron affinity,
(Application)

¢  Construct Born Haber's Cycles for ionic solids. (Application)

¢  Perform calculations involving Born- Haber cycles. (Understanding)

o Explain the effect of lonic charge and lonlc radius on the numerical magnitude of lattice energy.
(Understanding)

«  Apply enthalpy change with reference to hydration and solution, (Application)

«  Construct an energy cycle involving enthalpy change of solutlons and enthalpy change of hydration.
(Application)

s  Perform calculations Involving energy cycles. (Application)

« Explain the effect of lonic charge and lonic radius on the numerical magnitude of an enthalpy
change of hydration, (Understanding)

s Define the term entropy, S, as the number of possible arrangements of the particles and thelr
energy In a given system. (Understanding)

«  Explain the sign of entropy changes that occur durlng a change In state, temperature change and a
reaction In which there Is a change In the number of gaseous molecules. (Understanding)

s Calculate the entropy change for a reaction, AS®, given the standard entroples, S, of the reactants
and the products. (Application)

*  Explain the concept of heat as a form of energy. (Understanding)

o Explain the relationship between temperature and kinetlc energy of particles. (Understanding)

e  State that total energy Is conserved In chemical reactlons. (Understanding)
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. Explain the concept of standard conditions and standard states in measuring energym
(Understanding)
*  Explain Hess's Law. (Understanding)
*  Apply Hess's Law to calculate enthalpy changes in a reaction carried out in multiple steps. fﬁppilca!lnn}
. Explain the relationship between bond formation energy and bond breaking energy. [Understandlnﬂ
. Explain Gibbs free energy. (Understanding)
. Apply the concept of Gibbs free energy to solve problems. {Application)
. Outline how enthalpy change relates to the calorie concept of the food we eat. (Application)
. Explain factors affecting the electron affinities of elements. (Understanding)
S Thermochemistry

Thermochemistry Is the study of the quantity of heat energy absorbed or evolved during physical or d“!mka
changes. That Is why it is also called energetics and is largely based on the first law of thermodynamics.

Hess's law, a special case of 1" law of thermodynamics, is a remarkable tool in a chemist’s hand and fing;
numerous applications in analytical chemistry. Moreover, thermodynamics allows us to predict whether,
particular reaction can occur under specified conditions Le., it discusses the spontaneity of a reaction,

ENTHALPY CHANGE

The energy possessed by a substance due to its structure (types of
bonds) and physical state is called its heat content or enthalpy
denoted by H. Every substance possesses a characteristic amount of

enthalpy. This is the reason that the total enthalpy of products (H,) Is | 1 Whatsa thermochemical equation? reactants. reactants.
never equal to that of reactants (Hx). Hence during a chemical
reaction, when reactants are converted into products, there occurs a change in enthalpy denoted as AH, |y T Resctants 3, Products
other words, enthalpy change is the net energy, which is either evolved or absorbed in the form of heat, T [ Less stominatpy ] a....n.m':»iw
Mathematically, Increasing ”‘:.':':l‘ﬂ'::":m Increasing AH Is positive
enthalpy J ,+H, it AH®=H, - H, = sve
OH = (Heat content of products, H,) - (Heat content of reactants, H,) Products " " “Reactants
S Exothermic Process Vs Endothermic Process |-
There are two cases: 3. AHis negative. 3. AHIs positive.
I.  Hr < Ha: such reactions involve a lowering of enthalpy and 4. The Number of bonds formed is greater than the | 4. The number of bond breakage is greater than the
always take place with the evolution of heat which is equal to @ Rack Your Mind! bonds breakage during a reaction. bonds formation during a reaction.
H, = H, and AH carries negative sign. 2. Which  of the following Is ap 5. The temperature of the system rises and eventually | 5. The temperature of the system falls and eventually
“A chemical reaction or a physical change in which heat Is | cndothermicreaction? heat flows from system to surroundings. heat flows from surroundings to system.
evolved from the system to surroundings Is called exothermic (A) 2Hyy+ O = 24,01 6. The most spontaneous reactions are|6. The most non-spontanecus reactions are
process." (B) Ny, + 0y, =+ 2NO,, exothermic. endothermic.
For example, combustion of carbon in oxygen is an exothermic (€) NaOHy + HChug > NaClyy) +H,0;, Bample: Examples:
reaction. (D) C:H,OH,y + 305, =»2C0y, +3H,0, Cin+ Oz —> COxp  AH=-393.7 k) mol™! Nagg + O30 —> NOi _ AH = 180 ki mol™!

e —
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[?J Interesting Informationt

The d lution of chloride (NH,C?) Inwater
is an endothermic reaction. This reaction Is used in cold
packs (or lce packs) to treat Internal Injuries. When the
pack Is kneaded, water and NM,C¢ crystals mix and

energy s absorbed from the surroundings, producing a
cooling sensation.

@ Rack Your Mind!

3 Wiw In exothermic reactions
heat Is released from the
wtlam?

Following Figure shows the enthalpy diagram of exothermic and endothermic reactions

reaclant
Hy =

. H. Y HD
“ AH = negalive
Enthalpy
Hp y products

e ——

Progress of Reaction
(a)

producls
H,

A

| Hl.<H,

T .. AH = positive
Enthalpy

HL e aclanls

Progress of Reacton
(b)

Figure: Enthalpy diagram of (a) Exothermlc Reactlon and (b) Endothermlic Reactlon

—

Exothermic reaction

Endothermic reaction

1. The reaction in which heat is evolved from the
system is called exothermic reaction,

1

The reaction in which heat is absorbed by the
system is called endothermic reaction.

2. The heat contents of product is less than that of

. The heat contents of products is more than that of

Coy Oy —>C0y,)  AH=-393.7 I mol™
Hp > Ha: such reactions involve an increase in enthalpy and always take place by the absorption of heat
which is equal to H, — H, and BH carries positive sign.

"A chemlcal reactlon or a physical change In which heat Is absorbed by the system from surroundings Is
known as endothermic process."

For example, The dissolution of ammonlum chloride (NH,C{) In water Is an endothermic process.
NH,Cl,) — U 5NH; (+C0,  BH=+162 kI mol™

ENERGY PROFILE DIAGRAM

9 Energy of Activation

All chemical reactions Involve the breaking of bonds in the
reactant molecules before the formation of new bonds. This can
be achleved only If the reactant molecules colllde with sufficlent
amount of energy to overcome an energy barrler. This minimum
amount of energy required by the reactant molecules just to
cross that energy barrler Is called energy of actlvation denoted

by E,.

@ Rack Your Mind!

4. In a reaction pathway dlagram, the
peak represents to:
A) Reactants B) Products
C) Activation energy D) Heat released
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The energy profile dlagram of exothermic and endothermic reactlonsare given In Figure.
H i Hoboooo o\, products
freaclants]™™™" :
EnlhalpyI AH Enlhalpyl E'E &H
] products '[rear.lanls
Progress of Reaction Progress of Reaclion
- Hgure: Eﬂerﬂ_pmnle diagram ntermsof AHandEs _ __ _ _ _
l“-“-_-_—_— “‘h

LI_] QUICK CHECK 6.1

Enthalpy

1.

3.
4,

Draw the energy profile dlagrams for the followling reactions:

AH =-890.3 kI mol™

Reactants start at higher energy than products (exothermic)
Energy barrier represents activation energy

Vertical drop shows the large heat release (~890.3 k)/mol)
Liquid water product Is at lower energy than gaseous reactants

The downward slope shows this Is highly exothermic, typlcal of combustion reactions. The exact
activation energy isn't specified here, but the diagram shows there must be some energy input to

initiate the reaction.
CaCO,{'J _-)CaO{I) +COI{')

Enthalpy
CaCo,

AH=+572 k) mol™

eemmsssmsage=s

Ca0 +CO,

Lathcsnssnhanshacssssns
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EY Reactants (CaCO,) startata lower energy Tevel than pr products (Ca0 + CO,).
2. Encrgy absorbed: The reaction requires +572 kJ/mol (endothermic), shown as an upward arrow.
3. Activation energy (E.): Not specified, but Implied by the curve's peak (not drawn here for simplicity).
* Endothermic reactions always show products at a higher energy level than reactants.

*_ The +8Hva value confirms energy Is absorbed (e.g., thermal decomposition of Iimcstone]
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STANDARD ENTHALPY CHANGES

The enthalpy of a substance not only depends upon Its physical state
put also on the pressure and temperature, Hence, we must specify
{hese conditions while writing an equatlon. Therefore, when making
accurate comparlsons of enthalpy changes for various reactlons, AH
Is determined under certaln standard conditions, which are
summarized below:

a) Temperature: 25°C or 298K

b) Pressure:1atm or 101 kPa

5 Enthalpy Change of Reaction (aH’)

The standard enthalpy of a reaction s the enthalpy change
involved when stoichlometric amounts of reactants In thelr
staridard states react together completely to form products under standard conditions.

example: Consider the reaction between hydrogen and oxygen gases to form 1 mole of water:

OH’ =-286 kI mol™?

[1- Did You Know?

The standard state of an element I3 Its most
stable form at 298 K and 1 atm pressure

For example, the standard state of C Is
;uphl!e ml diamond. By definition, the
| halpy change of formation of any
element In Its standard state Is zero.

@ Rack Your Mind!
5. What h'mnnt by atomlzation energy?

1
) * 300 —H0

» Enthalpy Change of Combustion (aH?)
The standard enthalpy change of combustion of a substance Is the enthalpy change involved when one
mole of the substance Is completely burnt in excess of oxygen, under standard conditions.
It Is always exothermic.
Example: Standard enthalpy of combustion AH® C of ethanol is 1368 kI mol™.
C;H,OH,) +30,,) —>2C0, ) +3H,0,,) AH =-1368 kI mol™
Enthalpy change of combustion is useful In calculating calorie content of foods and fuels.
9 Enthalpy Change of Formation (aH?) i
Standard enthalpy change of formation of a compound is the enthalpy change involved when one mole of
the compound Is formed from its elements under standard conditions.
It can be exothermic or endothermic.
Example: AH] for methane Is given below.
Cp)+2Hy()—>CH,(,)  BH; ==74.8 ki mol™*
9 Enthalpy Change of Atomization (aH},

*The standard enthalpy change of atomlzation of an element Is the enthalpy change Involved when one
mole of gaseous atoms Is formed from the element, under standard conditions."”
Example:

Hy—>2H, Ey,., =+436 kI mol™
1!2“:{'] _PH(') ﬂH:l =+218 kJ mol'l

9 Enthalpy Change of Neutralization (AHj)
The standard enthalpy change of neutralization Is the enthalpy change involved when one mole of water is
formed by the reaction of an acld with an alkall under standard conditions. It s always exothermic.
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Example: The enthalpy of neutralization of NaOH by HCL Is ~57.1 ki mol '

When these solutions are mixed together during the process of neutralization, the only change thay o

is the formation of water molecules leaving Na* and C/” as free fons In solution. Thus, the enthaj,

neutralization is merely the heat of formation of one mole of liquid water from its lonic 1:t)|'|'||:|one|-.t,'r

the actual neutralization reaction is: 4
Hua + O —H,0, AK =-57.1 ki mol™

For all strong acid-base reactions aH° Is always near -57.1 ki mol ™.

S - Electron Affinity (AHg,)

The first electron affinity Is the enthalpy change Involved when
1 mole of electrons is added to 1 mole of gaseous atoms to form
1 mole of gaseous uni-negative lons under standard conditions.
Example: Electron affinity of chlorine atom.

Cly+e —>CC  BH=-348.8 K mol™

Since, energy is released, so first electron affinity carries negative sign.
Note: A detailed discussion of electron affinity s given In chapter 1.

@ Rack Your Mind|

6. Why Is It necessary to mentlop ™
physical states of reactants and pr,
In a thermo chemical reaction? Ay
Hess's law Lo Justify your answer,

- — — —- — — i —— i —
—
-

' QUICK CHECK 6.2

! a)  Write equations, Including state symbols, that represent the enthalpy change of atomization of:
I (i) Oxygen (1) Barium (1i1) Bromine

1 Ans. (i) Oxygen (0,)

| 1

5010 =0y aH,  =+249K)/ mol

(i1) Barium (Ba)
B2, ——B3,, AH, =+180K/mol
(iii) Bromine (Bry)

-;—Br,m-—bBrm AH,, =+112kJ/mol
Classify the enthalpy change In each of the followlng reactlons:
cuﬂwu} + o!{n) " col{:) ¥
Ans. Enthalpy Change of Formation (AHY)
i) HCL () +NH, () —NH,CL,
Ans. Enthalpy Change of Combustion (AH?)
) Hy)+1/20,) —>H,0,

1 Ans. Enthalpy Change of Reaction (aH,)

BOND ENERGY (BOND DISSOCIATION ENERGY) AND ENTHALPY CHANGES

Chemical reactions involve the breaking and making of chemical bonds. When a bond Is formed between two

atoms, energy is releasetl. The same amount of energy is absorbed when the bond is broken to form neutrl
atoms; we call this, bond dissociation energy.

9 Bond Energy
It is defined as, "The average amount of energy required to break (dissoclate) one mole of a particuly
bond In a substance."
It may be denoted as E. If we are determining bond energy of a particular bond in a particular substance, we al
this exact bond energy.
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This is to be noted that bonds between the same pair of atoms
usually have different bond energy (B.E.) values, in all of their
compounds. Actually, bond energy Is affected by other atoms in a

@ Rack Your Mind!
r [neri'f Is absorbed when:

molecule. For example, C—C bonds usually have bond energy values A) Bonds are formed
of 3ppf0!|matEIY 350to 380 kJ!mnI 8) Bonds are broken

" i . - -1 C) Reaction Is exothermic
» Inethane: [H,C~CH,]; E. =376 K mol o srn

+ Inpropane: [H,C~CH, -CH,]; E,.. =356 k) mol’
« Inbutane: [H,C~CH, -CH,-CH,];  E. =352k mol”
In these examples, E._.for ethane is exact bond energy. Similarly for propane and butane, E._. are exact
bond energles, When we take average of all E_. In different molecules, we obtain average C~C bond
energy. Practically, average bond energy Is used Instead of exact bond energies. Average bond energles of
some bonds are given In Table.

Table: Average Bond Energles of Some Important Bonds (kJ mol™)

H-| C-|C=|Ca | N-|N=|Ns|O-|O=| F |Cl=] Br=]| I-

H | 436 | 413 391 463

C | 413 | 348 | 615 | 812 | 292 | 615 | 891 | 351 | 728

N | 391 | 292 | 615 | 891 | 161 | 418 | 945 | 222 | 607

O | 463 | 351 | 728 222 | 607 139 | 498

S | 339|259 | 477 347 327|251 | 213

F | 563 | 441 270 185 159 | 255
cl| 432|328 | 200 203 243 | 218+| 209
Br | 366 | 276 192 | 180
| | 299 | 240 201 151

ENTHALPY CHANGE OF REACTION (AH,) AND CHEMICAL BONDS

-A_r,_hemlcal reaction Is defined as a process during which old bonds are broken and new bonds are formed.
Therefore, the enthalpy change (AH,) in a chemical reaction actually comes from the breaking and forming of
chemical bonds.

A chemical bond represents a form of energy known as chemical energy (which, like the others, is interconvertible
into all forms of energy). Bond breaking absorbs energy (AH=-+ve) while bond formation reléases it (AH=-ve)
and their difference will decide the overall sign of AH. That is whether a reaction is exothermic or endothermic
Isdetermined by the net change.

Overall reaction is exothermic if the energy released in making of new bonds Is greater than that absorbed in
bond breaking. The reverse is true for an endothermic reaction.

Example:

Formatlon of Water: *

In the formation of water, energy Is needed to break the H—H bonds (of hydrogen molecules) and the 0=0
bonds (of oxygen molecules) while energy is released in the making of the H-0 bonds (of water). However, the
net reaction is exothermic because more energy is released in forming the H-0 bonds than Is absorbed in
breaking the H-H and 0=0 bonds (Figure 6.5). Thus,

ZHI{I) + o’(l) —DZHIOM ﬁH' ==ve

Sample Problem 6.1
With the help of the following bond energy data; calculate the enthalpy change of the following reaction:
E,y =436 kdmol™; E,_, = 495 ki mol™ and E,,_, =463 kimol™

H,(., +1/ 20:{:) -—vH,Om
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MEASUREMENT OF ENTHALPY CHANGE OF A REACTION

—
@ Rack Your Mind!

8 Mg« r;\: AT, what does 'c’ represen;)

The amaunt of heat evolved or absorbed during a physical or chemical
change can be measured by an insttument called calorimeter, which
generally measures the change In temperature during the process. At
its stmplest, a calonmeter consists of an insulated vessel a stireer and a

A} Concentration
thermometer. There are various types of calorimeters but here we will 8 Speific heat capacity
describa only "Glass Calorimeter” €1 Constant

0) Speed

Calorimetry relies on the fact that it takes 4.18 ) of energy to Increase
temperature of 1 g of the water by 1°C. The amount of heat energy required 1o ralse the temperature of

substance of mass 1Ag through 1K (or 1°C) is known as specific heat capacity, ¢, of the liquid. So the specific hen
capacity of wateris 418 Jg " K Yor (1g ''c")

The energy Is translerred as heat and is shown by relationship

q-oxma Al
Where,
q = heat transterred in Joules
m = mass of water/solution In grams
€ = specific heat of water= 4 184)/g °C
AT is the temperature change in °C
Here,
(AT=Ti=T)

O Glass Calorimotor
A glass calorimeter is suitable for measunng heat-flow for reactions In solutions,
Construction:
It consists of a beaker, a stirrer, a thermometer and a loose-fitting lid to keep the contents at atmosphen
pressure as shown In Figure 6 3. The outside walls of the calorimeter (beaker) are Insulated using cotton
wool to minimize the exchange of heat with the surrounding air.

.
Process: s"""',\ “'/m"
The reaction Is carried out Inside the beaker and the heat  Hydiochlonc iy
evolved or absorbed Is measured by the temperature change “;":;';i’g:“‘ =

Since the pressure Inside the calorimeter Is constant, the =

temperature measurement makes it possible to calculate the .

enthalpy change AH during the reaction ‘:

Calculatlon of AH: g

AH Is calculated as follows:

As all the heat evolved during the reaction remains within the Bonkers Catton wod

Flgure: Glass calorimeter to measuré

calorimeter and absorbed by water, so enthalpy change of reactions "
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1) q=m_,, ~¢,,. ~aT

i) Convertinto K by dividing with 1000
ill) Calculate AH for the reaction using relation
The solutions we are using here are so dilute that almost all of their mass consists of water, therefore, we
can simply use specific heat capacity of water Such a calorimeter could be used to measure the heat of
neutralization (AH])
Limitatlon of glass calorimeter it cannot be used for reactions involving gases which would escape from
the vessel, nor it would be appropriate for reactions in which the products reach high temperatures
sample Problem 6.2
Neutralization of 100 cm’ of 0.5 mol dm™ NaOH at 25°C with 100cm’ of 0.5 mol dm™ HCL at 25°C raised
the temperature of the reactlon mixture to 28.5°C. Find the enthalpy of neutralization. Specific heat of water
= 4207 K
solution:
pensity of H,0 1s around 1 gem ', o total volume of solution which is 200 em’ =200 g Rise in temperature,
= 285-250=35C=35K
.- Amount of total heat evolved, q=mxcxAT
=200x42x35=2940)
=294K
o Calculation of n (No. of moles of H:0 formed)

Using mole = Concentration (mol/dm’)«Volume(dm')
Mucry = Msow =05x100/1000 005 mol
Using equation, Number of moles of water formed, Myyy,0) = 0.05 mol
Heat evolved In the formation of 0 05 mole of water, q=-2.94 kJ
OH; = q/n=-294 /005 mol
so, Enthalpy ol neutralization, K = -58.8 K mol™*

e — e — i — i — - — —— - — — — — - — — —

: QUICK CHECK 63 i

I Calculate AH; of the reaction of 50¢m’ of HNO, with 50cm’ of 1.5mol/dm® of NaOH. The change in '

; temperature Is 4°C.

l Glven Data:
Volume of HNO;: 50 cm? (0.050 dm')
Volume of NaOH: 50 cm’ (0.050 dm")
Concentration of NaOH: 1.5 mol/dm?
Temperature change (AT): +4°C
Assumptlons:
* HNO, Is a strong acid (fully dissociates)
*  NaOH Is a strong base (fully dissociates)
*  The density of the solution = 1 g/cm” (so total mass = 100 g)
= Speclfic heat capacity () of the solution = 4.18 J/g°C (same as water).
Step 1: Determine Limiting Reagent (Moles of H* and OH")

* Both HNO, and NaOH are monoprotic, so moles of H* = moles of OH".

e Moles of NaOH (and thus OH"):

nNNaOH = Cx V=15 mol/dm’ x 0.050 dm’ = 0.075 moles

Step 2: Calculate Heat Released (q)

q=mxcxAT
» Total mass (m): 50 ecm’+50 ecm’ =100 ¢
* €:418)/g°C
« AT:4°C

- —— —— —— ————————————

Q=100gx4.18)/g°Cx4°C=1672)=1.672k

T — S — e — e — e — S — e — . — e —
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1
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| Step 3: Calculate AH, (per mole of H,0 formed)
«  Molesof H;0 formed = moles of OH" reacted = 0.075 mol
e AH, Is heat released per mole

- 1672k
AR e =2 27 L 22,20 /mol
n 0075mol /

— e e e W SRS S e

ENTHALPY CHANGE AND CALORIE CONTENT OF FOOD

We will discuss foods as fuels. When food is digested, the chemical energy stored in the food (also called Calori
content) is released as heat energy. In other words, digestion of food releases same amount of energy as is
burned outside the body, So, the overall enthalpy of combustion Is the same as the heat of combustion, wihich
can be determined in a calorimeter (typically in a bomb calorimeter)
Calorle Content: The calorie content of food Is a measure of the energy 'released' when the food Is complem’
consumed In the body.
Unlt: This energy is typically expressed in units of kilocalories (k cal) or joules (J).
9 Rolation botweon Enthalpy Change and Calorle Contont
The enthalpy of combustion of a food (aH,) Is the calorie content of that food when It Is translateqd o,
converted into kilocalories per gram.
Look at the energy provided from glucose,
CeHiOy( +60y,) —>6C0, ) +6H,0(,)  AH"=-2803K mol™*
The calorie content of glucose can be calculated as follows: First, we find AH per gram of glucose. Moj,,
mass of glucose Is 180 g mol™*. Above equation shows that;
mol(180.0 g) of glucose burns to produce energy =2803 k)
2803k)/g
180 g /mol
= 1557k/g

1.0 g of Glucose =

Using the relation,
AH(KJ/g) = -4.184x calorle content

Calorie content = —M-
4.184( ki /keal)
1557 k/g
2 '3 __ 2372 keal
4.184( K/ keal) /e
Energy Expenditure '

Encrgy Inlake

Calonies

. /\

Negaltive Energy Balance
Remember, the calorle content we take from food must be balanced by working,
exerclsing and doing positive activitles. Otherwise, our bodles will have Imbalanced
growth and maintenance
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e HESS'S LAW OF HEAT SUMMATION

’.._-__
E""’;;Eg_nnd explaln Hess' law. Give Its two applicatlons.

W{hermodvnamlcs Is actually a manifestation of law of conservation of energy, which states, "Energy
can nelther be created nor destroyed, but can be converted from one form to another.”

Germain Henrl Hess applied the law of conservation of energy to enthalpy changes There are many fi actions,
(or which AH cannot be measured directly by calorimetric method For example, tetrachlorometnane CC/,
cannot be prepared directly by combining carbon and chlorine. Hess's Law helps us calculating the enthalpy
changes for such reactions or processes.

galemem:

»The total enthalpy change In a chemical reaction Is Independent of the

route by which the chemical reaction takes place as long as the Initlal and
final conditions are the same."

gxplanation:
Hess's law can be illustrated by drawing enthalpy cycles, often called

[Exercise LQ3)

Cirect rade :
energy cycles or Hess cycles. Let A be converted to ' B * directly In a single Tehiiaa i,
step, which s the direct route; or in a series of two or three steps AH s ronad o A AM
designated as indirect route 1 and Indirect route 2 respectively as shown in Senen piiet
figure. The products formed in these routes (M, N and X, Y, 2) are called (K )y (Y + 2)
reaction intermediates. ' L] o, —

Then according to Hess' law, Flgure: Hess' cycle
for the indirect route 1, we can write: AH, = AH, +4H,

for the Indirect route 2, we can write: AH, = AH, +AH, + aH,
gelow are few examples of it.

(i) Calculating Enthalpy of Formation (AHj) using Enthalpy of Combustion (AH?)

Sample Problem 6.3

Calculate the enthalpy change of formation of CO using Hess cycle with the help of following combustion data.
Solution:

Cieraphng + 01[,) '—"'CO;“) AH=-393.5 kJ mol™*
€O +%o,m—>co,m AH, =-283 V' mol™!

Cltﬂohllt] + %D}('] — COm ﬁHI =7

e N

C+0, co

solution: Applying Hess's law, we can write wm AH,
AH = AH, +4H, W
OH, =-393.5-(-283)
. ==110.5 k) mol™

(i) Calculating Enthalpy Change of Reaction (AH°) using Enthalples of formation (AHS)
Sample Problem 6.4
Calculate the enthalpy change of reaction of
CH, +HCL—— C,H,CL + AH,
Using Hess cycle with the help of following combustion data,
Solutlon:

AH; of CH, = +52.2KI mol™
AH; of HCL = 92.3K mol™
AK of CH,CL = ~109K) mol™
= -109-[+52.2+(-923)]
= -68.9K mol*

+522 923
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QUICK CHECK 6.4 N

Calculate the standard enthalpy change for the formation of methane (aH; ):

|

AH; =7 :

Sl:m +3H?{t} — C‘H‘{'} § = a i

The standard enthalples of combustion of C)H,, are -394kmol™,~286kImol™ and enthalp, ol

1 formation of CH ) -3267kImol™ respectively, !
1 Given Data: |
| Combustion reactions and enthalples: I|
i *  Cyy+0y, = COy, AH=-394 K'mol™ (per mole of c) \
i * Hyy+ 1/204,-H,0, AK2=-286 K mol™* (per mole ofH;) !
! o CHg+15/20y, —>6C0y, +3H,0,,  AH=-3267K mol™* (per mole of C;H;) |
| Target formation reaction: :
' |
| 6Cy +3Hy, = CHgg  AH=? |
1 Step 1: Apply Hess’s Law !
! The enthalpy of formation (AH})of benzene can be calculated using the combustion enthalples of the |
| reactants and products: 2 1
' AH}= T AH; (reactants) - TAH (products) !
! Here: |
| * Reactants: 6C, +3Hy, i
i +  Product: CiHg, "
[ Su: !
! arg=[oxar(c)+3xar(w,)]-[1xare(c) |
| Step 2: Plug In the Values i
i AH;={6(-394) + 3(-286)) ~[-3267) |
, AH=[-2364 -858)+ 3267 l
| AH; =-3222+3267 i
! AH=+45 kimol™ I

in)

Calculating Enthalpy Change of Formatlon of a substance (aH{) using Enthalpy of Combustion
and Enthalples of Formation of other substances
Sample Problem 6.5
Propane {C,H,m) burns in oxygen according to the equation:

C,H.m + 50,m —3C0 o am,om
When 14.64 g of propane' is burned in an excess of oxygen In a calorimeter at 25°C and 1 atm pressur,
678.6 k) of heat is evolved. Calculate the standard enthalpy of formation of propane. The standarg
enthalples of formation of CO,(,, and H,0,,) are -393.51kJ mol™ and —241.82 kJ mol™ respectively.
Solution:
The first step is to find the enthalpy change when one mole of propane is burned.
Molar mass of propane, CH, =3(12.011)+8(1.0079) =36.033+8.0632 =44.096
No. of moles of propane =14.64 /44.096 =0.3320 mol
So, 0.3320 mol propane evolves heat =678.6 kJ
1.0 mol propane evolves heat =678.6/0.3320 k) mol™! =-2044 kJ mol™

gCHOLAR W CHEMISTRY (11%) .
According to Hess's law:

oK, = [3xaH;(co,) +4x0H; (H,0) | <[ 1204 (CH4, ) + 5x0H; (0,) | -2044 W
= [3x(-393.51) + 4x(-241 82)]-[1<6H; (C,H,)+ 54(0)
Taking the heat of combustion of O,m 1o be zero and solving this equation for AH;(C,H,) gives,
AH{(C,H,) = =104 kI mol™

e e 0 B S e 4 i 5 e i | 1 e e i e A i o e 5
| QUICK CHECK 6.5 ;
| praw enthalpy cycle of sample problem 6.5 according to Hess's law to validate above calculation. !
! golution:
[ AH, !
' 3c1n'4Hu. C;H-.. I
! .
| +50,, +50,, |
I
I| AH, !
| |
f ]
I |
i 3C0,,, +4H.0, i
e i 5 i i o o i i e

!];}. -E;Iculatlng Enthalpy Change of Reactions (AH;) using Bond Energies
A special case of Hess's law involves the use of bond energles to estimate heats of reaction for gas-
phase reactions.
First Step:
In the first step, the bonds in all the reactant molecules are broken to give free atoms in the gas phase. The
enthalpy change for this step can be calculated by adding the bond enthalpies from Table.
Second Step:
In the second step, the product molecules are formed. The enthalpy change for this step can be estimated
from the bond enthalpies of Table, which must now be taken with minus sign because the bonds are being
formed Instead of broken. In general, the heat of reaction for any gaseous chemical reaction can be
calculated from average B.E.'s by use of the following version of Hess's law:

AH!,
Reactanls ——————> Products
Erm =
Aloms ?

. Figure: Hess Cycle; showing the relationship between B.E.'s and AH,.= Z nE, - E nE,
Sample problem 6.6
In the case of formation of HCZ(,, from H, ) and Cly,), use B.E. data from Table 6.1 to estimate AH for the
reaction:
I-I,m +Cly—>2HCL
And finally calculate the heat of formation of HCL

We replace this reaction by a hypothetlcal two-step process. The bonds in all the reactant molecules are first
broken, and then the atoms are combined to make the products.
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First Step: B
2H & 2CtL
Hﬂﬂ 'C‘:m —pIH *-Zcfm Q . . . olomg
. E“LT ey AN, #|+070K
= K
€ { - ol] ‘-[l molx 242-'1?6—'] aM, =l-8624
= 436 k+242 -0 -0
=478 K H, & Ct, moloculos
Second Step: AHL =184 H
! -9

ZHM *2C(“) ——szcf“}

Epi.ce =431 K mol™
E, =22 molx431 kI mol™ =862 kI
The standard enthalpy change In the reaction is obtained by the following formula:
AW = EEI = ZE!
AK =678 -862
BH =-184 kI( for2 mol of HC()

HM * CLmll

Hess's Cycle; showing the relaliomhlp bﬂw'::"'“
0.E.'s and AH.

2HCL,,

2H,, + 2CL,,;
Enthalpy of formation of HC(=~-184 /2 k)= -92 ki mol*

—-—-— O e e S — - —
—

(] Quick cHECK 6.6
The resdtion for the Haber process Is: Ny() +3Hy () = 2NH,

I
l
i The relevant bond energles are: E,_, =945kimol™, E,_, =436kmol™, E,.,, =391kimol™

' Calculate the enthalpy change of the nhnve reaction.

| Solution:

i To calculate the enthalpy change (4H) for the Haber process reaction:

1 Nig + 3Ha) = 2NHyg

| We'll use bond enthalples (bond energles) to determine the energy changes assoclated with breaking
i and forming bonds.

. Step 1: Identify Bonds Broken and Formed
| Bonds Broken (Endothermic, +AH):

L]

|

L

|

(]

|

* 1N=N triple bond (In N;):
e 3 H-H single bonds (In Hy):

AH=+945 k) mol™

3xAH=3x(+436 k) mol™*) =+1308 k mol !
Bonds Formed (Exothermic, -AH):

! * 6 N-H single bonds (In 2NHj, since each NH; has 3 N-H bonds):

| 6xAH=6x(-391 kI mol™*)=~2346 ki mol"*

i Step 2: Galculate Total Enthalpy Change

' AH,,q0n=Energy absorbed (bonds broken) + Energyreleased(bonds formed)

| AH,,, 5, =(+945+1308) +(-2346)

i AH ppen ¥2253-2346 ;

]

!

AH (00 ==93 kI mol™ (For 2 moles of NH, )and For 1 mole= M =-46 kimol™

-—-—-———uo—--———-—--—un———-—.-—-—-—-—-——-———--—-—-—

i
|
1
|
1
!
:
|
1
|
1
!
!
|
1
|
1
|
1
|
[}
|
)
|
'
|
1
|
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| ) caicul.-m.- the enthalpy ‘hﬂnsc for the f fnllowlng reaction
f C, ‘0"{0 +30,{‘) -» ZCD,{') + SH}O“I
! The bond energles of varlous bonds (In kimol™ ) are glven below:
| Ec.c =+347,E.,, =+410, E._, = 4336, E,, o = +496, E o = 4805, E,_,, = +465
lawcn Data:
| | The enthalpy change (&H) for the combustion of ethanol (C;HyOH), we use bond energies:
step 1 ponds Broken (Reactants)
| . C3HsOH (Liquld Ethanol):
» 1C-C:347 kJ/mol
« 5C-H:5%410= 2050 kJ/mol
= 1C-0:336 ki/mol
= 10-H:465 k)/mol
Total for C;HsOH = 347 + 2050 + 336 + 465 = 3198 kJ/mol
2. 3 0;(Gasecous Oxygen):
* 30=0:3x496 = 1488 kJ/mol
Total Bonds Broken = 3198 + 1488 = 4686 kJ)/mol
step 2: Bonds Formed (Products)
1. 2CO;(Gaseous):
= A4C=0:4x805=3220 ki/mol
2. 3 Hy0 (Liquid):
*» B60=H:6x465=2790 kJ/mol
Total Bonds Formed = 3220 + 2790 = 6010 kJ/mol
Step 3: Calculate AH
AH = Energy Absorbed (Bonds Broken)-Energy Released (Bonds Formed)
al-l = 4686~ 6010 = ~1324kJ/mol _

——

!
|
|
|
|
|
|
!
|
;

ENERGETICS OF SOLUTION

?h_e_process of dissolving a solute In a solvent Is called dissolution. It Is assumed that the formation of a
solutlon, takes place In three steps.

I.  Overcoming the Intermolecular forces In the solvent to make room for the solute (expanding the solvent).

Il. Breaking up the solute Into Individual components (expanding the solute).

lil. Allowing the solute and solvent to Interact to form the solution

In this process heat is either given out or taken In. Standard enthalpy change of solution Is used to describe it.
» Standard enthalpy Change of Solution (aHZ,)

“The standard enthalpy of solutlon Is the amount of heat absorbed or evolved when one mole of a

substance Is dissolved In a solvent to give an Infinitely dilute solution.”

ItIs denoted by AHY,,. It may be exothermic or endothermic. The enthalpy changes of solution of sodium

carbonate and ammonlum chlorlde are described by the equations below:

' Na,COy ) +aq—32Na(, +CO0} ()  OHy ==25 ki mol™!

NH,CE(,) +aq——NH] () +CL, AHY, =+16.2 k) mol™
In Table are given values of heats of solution of different ionic sollds in water at Infinite dilution. The
magnitude of heat of solution gives Information regarding the strength of Intermolecular forces of
attraction between components which mix to form a solution.
An lonic compound conslsts of oppositely charged lons, held together by strong electrostatic forces.

» Factors Governing Process of Dilution:
Two factors govern the process of dissolution



V-

" Chapter 6 2 Chemlcy| Ene, e

188
Table: Heats of solutlon of some Important lonlc sollds (kImol 1 )
Substance | Heat of Solutlon

NaCl 4.98

KCL 17.8

Kbr 19.9

Kl 214

NH,C¢ 16.2

NH,NO, 260

I, Hydration energy (accounts for the attraction of solute lons with water molecules)
Il. Lattice energy (controls the breaking of the lonic compounds)

Hydration

When lonlc compounds are dissolved In water, they are
dissoclated Into lons, which are then surrounded by
water molecules. "Tho process In which water
molecules surround and Interact with the solute lons Is
called hydration." The forces are created between
water molecules and the ions which are called lon
dipole forces as shown In Figure.

And as a result, all the lons In aqueous solution are said
to be hydrated. The energy of attraction due to an ion-
dipole force is known as enthalpy of hydration, defined
as follows:

Enthalpy of Hydratlon:

"The enthalpy change Involved when one mole of a solute Is dissolved In excess of water to maly
Infinitely dilute solutlon under standard conditions Is called enthalpy of hydration."

Itis denoted by AH, . This energy Is always released as it is formation of lon-dipole bond.

Factors Affecting the magnitude of Hydratlon Energy

The heat of hydration depends on following factors:

. Charge on the lon I, Size of the ion

We usually use a combined term for these two factors ie.,
"charge density" which Is defined as charge per unit area. If
greater cherge Is present on smaller ion, the charge density is
large and vice versa. And large value of charge density means

() <® <0
that lons are strongly attracted by water molecules during the . @ @
process of hydration, thereby Increasing the hydration energy

values. For example, enthalpies of hydration of the given ions are in the order:
On the same basis we can explain the hydration energy of anions

Figure: Dissolution of an lonlc compound throug
the process of hydration. *

(Exercise LQU

What Is lattice energy? How does Born-Haber cycle help to calculate the lattice energy of NaCL?

Lattico Energy (aH;,)
“The lattice energy of an lonle crystal Is the enthalpy change Involved when one mole of the lonk
compound Is formed from gaseous lons under stondard conditions.”

Naj,) +Clgy —NaCl,) 8K, ==787 ki mol™*

Factors Affecting the magnitude of Lattice Energy
The lattice energy depends on following factors:
l. Charge on the ion II. Size of the ion

gCHOLAR <@ CHEMISTRY (11") 189

Lattice energy and size of the lons

7 Figure show the values of lattice energies of alkali metal T
halides. It Is clear from the data that lattice energy decreases )
with the Increase In the size of the cationfanion. With the ve
increase In the size of either cations or anions, the packing of . s
opposlitely charged ions become less and less tight. B e O
5 Lattlce Energy and Charge on the lons 29007
Lattlce energles Is directly proportional to the charges on & .
the lons l.e., greater the magnitude of the charge on an ion, % =800~ n:
greater Is Its [attice energy and vice versa, 5 3
» Explanation 4 -700- \

Let us try to understand this fact by comparing lithlum

fluoride, LIF, with magnesium oxide, MgO. 5004

These compounds have the same arrangement of lons In %

thelr lattice structure and comparative sizes of cations and 0- @ @ @ o

anlons are same In both compounds,

The major physical difference between LIF and MgO Is the Figure: Loltico anergles of alkolh mota! holides

ionlc charge, which affects the lattice energy.

Magneslum oxide AH.n[Mcﬂ] =-3923 ki mol™* Is a greater than lithlum fluoride AH,, ., =—1049 kI mol™.

The doubly-charged Mg’* and O’ lons In MgO attract each other more strongly than the singly-charged

ions of the same size in LiF. For ions of similar size, the greater the lonic charge, the higher the charge

density. This results In stronger lonic bonds being formed.
% Solubllity Trends of Group Il Hydroxides and Sulphates

AH;, depends on both lattice energy and hydration enthalpy.

« Look at the solubility trends of group Il metal hydroxides. Both hydration energy and lattice enthalpy
decreases down the group due to decrease in charge density of group 2 cations. But it is observed that
the lattice energy decreases more rapidly in the series Mg(OH),,Ca(OH),,Sr(OH), and Ba(OH), than
does the energy of hydration in ions

+ Mg'*,Ca',s** and Ba'*, For this reason, the lattice energy factor dominates this solubllity trend.
AH;, becomes more exothermic so solubility increase.

+ The solubllity trends of group Il metal sulphates: As the SO}* Is much larger than the OH", the
decrease In lattice energy going through the series of sulphates from MgSO, to BaSO, s less, but the
energy of hydration of the cation decreases by a greater amount. Now the energy of hydration
domlnates the solubllity trend, and the solubility decreases from MgSO, to BaSO,. AH;, becomes
more endothermic so solubllity increase.

5 Calculating Enthalpy Change of Solution (AHZ.)

We can calculate the enthalpy change of solution or the enthalpy change of hydration by constructing an
enthalpy cycle and using Hess's Iaw (Figure).

mesasanms lafice energy £mTmmoomes

l'mm ,-—»' lonke solid  §

e

enthalpy change
of solulion
e,

Flgure: Energy cycle of formation of an :queuus solullon of an lonle solld using Hess’s law
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We can see from this enthalpy oycle that
AFC, A, =arl,
We can use this energy cycle to calculate

Sample Problem 6.6
Determine the enthalpy change of solution (AH., of sodium flucride NaF) using the following data:

Lattice energy of sodium fMuoride (NaF) = -902kmol™
Heat of hydration of sodlum lons (Na*)=—206kImol™
Heat of hydration of fluoride lons (F")=-506kJmol™
Solution:

Step 1: Draw the enthalpy cycle

Step 2: Rearrange the equation and substitute the values 1o Find A
AN, - AN, - A,
AH], = —208) = (-50s) - (-202)
AR, [Nar]
BORN-HABER CYCLE

-10 U met

* Itis impossible to determine the Lttce energy of 3 compound by 2 sngle direct eaxpenment

*  Wecan, however, calculate the value for AN using several expenmental data and an energy oo

calied the Born-Haber cycle
= Born-Haber cyche is am sppication of =ess s w
»  Calculation of Lattice Enargy of NaCL:
Cons-der calculat»on of uthce energy of socium C‘~ '\.‘e usng Hess's bw and Borm-Maber oycle

‘Na, ~ %G

\ /H._

- ..-........ ...._-.-.
\ \

-—-—-—_—-.A

Figure: Enthaisy cycie of sodium chionde

---.-.----—.

where,
AH; : Standard enthalpy of formation of NaCl can be measured conveniently in a calorimeter.
4H, : Total energy involed in changing sodwm and chiorime from their standard physical smu-.
gaseous ions. Applying Hess's law on the above energy Oycle, we can write

A R
The above energy triangle has been extended 1o show the varous stages imvohed in finding al'l. Te
complete energy cycle is called the Born-Haber oycie and 1 15 presented in Figure

-—
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Nag 0™+ 2,

[
S, o Tl g™ » 127 o™

]

- A Y= - M5 L o
e
:ﬂ#‘\ﬁ..' .4 Lo T_\" ._:-."
NG -2 0,
o e 0 e
(Lamce Energy of NalL)
Ny 12T o
Aot NATL e it ot
Nrcy | AL

Figure: Bom Maber cycle of sodium chioride (not according to scale)

= Calculation of AH,

From above Cycle we have, &M - &ﬂ_ - Al

) ¢ S * '”‘q..-:\ .AHN(.'!':'I
A - 8H,

Using. &,
K =-T8Tumol?
Sample Problem 6.7
Gilculate the heat of formation of sodium fluonde, which aystliizes in the sodium chionde Bttice. The heat of
stomization of Na,, s kJ/mol, half the bond energy of F,, i 79K/ mol, the ionization energy of sodium ators
is 4341/ mol, the electron affinity of fluorine atoms s ~328KJ / mol , and the lattice energy is ~3391 /mal.
Solution: Values are gven for all the quantities in the Sorm-Haber cycle, 50 we can 2pply Ness's aw
A = A 0, M, A ) A
=(-539-109-332 - 79328 )Y mol?
A = -535 I mol

. QUICK CHECK 6.7

L]

|

a) Draw Born-Haber cycle for sample problem 6.7. a
Ams. |
Nay + e+ F, i

A otF e e i - i i

Ny s eerTE - L - i

AM ofNals « &t U o L NS i

Nag 12 R, i

AM ofNag = « 18w o i

Na, +12E, AH NS, = -8 i

AN oINSF L Y mai i

L

' l

L]

1

Vo o o o0 e o S S S S . T . R T S T WD G R S e —
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Calculate the heat of formation of lithium fluoride. The heat of atomization of U, Is 161 k}m
the bond energy of Fy,, Is 79 ki/mol, the lonlzation energy of lithium atoms Is 520 k)/mol, the!

electron affinity of fluorine atoms Is ~328 kJ/mol, and the lattice energy Is 1107 kJ/mol.
. Given Data:
1. Heat of atomization of Li(s):

U, =L, AH,,.., =+161kJ/mol
Half the bond energy of Fayt
1/2F,, = Fy  AHy =+79K/mol

(Full bond energy of Fy = 158 kJ/mol, but we
use half since the cycle requires 1 F atom.)
lonization energy (IE) of Liy:

U, =L, +e”  1E=+520k)/mol
Electron affinity (EA) of Fy,):
Fp+e —F, EA=-328kl/mol
Lattice energy (U) of LiFyy:

Lig,) =R =L, AH,, ==1107k)/mol
Enthalpy of Formation:

Uy + 1/ 2R, —> LR,  AH7 =?
We know that AH,, = AH] — AHx
8H,=4H, +AH +AH, +AH,

AH, =161+ 520+79-328

=432kImol™

AH; = 8K, +AH,

The Bom-Haber Cycle for LF

2, U +F,
l—mu

'y
+50 K

U+ F,

W*Fe ¢

3. +TT KR

l.t,* 1:‘2F~ -

+161 kJ =107 kdimol

L, + 12 Fy, =

5. -675 kl/mol

lf-

=1107+432=-675 kJ/mol

ENTROPY

Entropy Is a measure of the number of ways energy can be distributed within a system at a specific tempemur;—

>

=)

Important Points:

When the energy is distributed In more ways, a system is more stable.

Entropy is a measure of the randomness or disorder of a system.

The higher the randomness or disorder, the greater the entropy of the system.
The system becomes energetically more stable when it becomes more disordered.

Ent;ogg, Diffusion and Number of Ways of Arrangement

We can show that the molecules In a vapour diffuse partiion

by chance by thinking about the probability of ® @'

finding them at one place at any one time. Consider [:_ @ ]
the simplified model shown in Figure below. gasjarA gasjorB

Flgure: Diffuslon and number of possible arrangements
There are 8 different ways for these molecules to arrange themselves in two Jars by diffusion from JarAte
jar B thatis:
This is calculated as under
Number of moleculesinA=3
Number of Jars = 2
Number of possible arrangements =2=8

-—
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! gxplaln the difference in the entropy of each of the following pairs of substances In terms of their states

1 'ﬂd

I,

'
Ans.
) Given: S5°[Bra(l)] = 151.6 J K™ mol*!

|
|

]

:

!

1

I

|

]

!

1

f

!

!

|

]
-
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gimilarly, If there were 5 molecules initially in jar A, the possible ways of arrangement will be 271 ¢ 32
And if there were 100 molecules, the probability villbe 2" A general formula x* can be wntten for the
calculation of probability, where x is the number of places and y is the number of particles to be arranzed
piffusion happens because there is a large number of ways of arranging the molecules The concer! ¢ f the
aumber of ways’ of arrangement either particles or the energy within these particles helps predict
«hether it can happen or not

comparison of Entropy Values

entropies of different substances can be compared based on the number of particles, physical proge

and state
small number of particles means low entropy and vice versa, for example CaCO, has higher slar dard

hes,

entropy (92.9JK " mol™) than Ca0(39.7JK " mol ™). This is because the number of possible arrangements
is lower when the number of particles is smaller

The entropy of substances having similar chemical nature is
dictated by their hardness Harder substances have lower
entropy than softer ones. Diamond has lower entropy than
graphite because it Is much harder. Stronger forces result in
limited vibrations in harder substances which decrease the
probability of disorder. A substance has lower entropy in solid
state than in liquid and gaseous states. The entropy of ice near
its melting point 1s JAB80JK 'mol, for i

69.9JK ' mol™"; whereas water vapour just above the boiling
point Is 188.7JK 'mol™.

Dissolution of sugar In tea Increases the
entropy of both the solute and solvent

waler, 5

QUICK CHECK 6.8

structures.
ar,ms° =151.6 JK™* mol™ and ’:(.)50 =116.8JK mol™*

The difference in entropy (45) between Br,(1) and I(s) can be calculated and explained as follows

5°(1x(s)] = 116.8 J K™ mol”'
Entropy Difference Calculation:
AS = S°[Bry(1)) =57 [1a(s))
=151.6-1168
=+34.8) K™ mol™
Explanation of the Difference:
1, State Effect (Major Contribution):
= Bryl) is a liquid —» molecules have translational and rotational freedom
= l(s) is a solid — molecules are fixed in a crystal lattice
Liquids always have higher entropy than solids for the same substance
2. Molecular Mass Effect (Minor Contribution):
= 1,(254 g/mol) is heavier than Br; (160 g/mol) —» would normally give I; higher entropy
= However, the state difference (liquid vs solid) dominates here
Structural Considerations:
= Both are simple diatomic molecules
= Bri(l) has weaker London dispersion forces than Iy(s)
= Less energy needed to disrupt order In Bra(l)
In short, The +34.8 J K™ mol* difference shows that Bry(l) is significantly more disordered than ' (s), |
primarily because liquids have greater molecular freedom than solids, outweighing iodine's greter !

3.

- — e — — — i — — — A — e — — - —
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! i Hy,S® =130.6JK mol™ and CH,,s° =186.2)K mol™ \
| Ans. The standard molar entropy (S") values are: |
«  Hylg): 130.6 ) K mol \

» CHalg): 186.2 ) K" mol”! ‘l
CHa(g) has higher entropy due to. |

1. Molecular Complexity !
* Hilg)h I

= Simple diatomic molecule (2 atoms). '

*  Only translational and rotational motion contribute to entropy. [

«  CHalg): . :

= Tetrahedral structure (S atoms). J

* More vibrational modes and rotational freedom — higher entropy. |

2. Degrees of Freedom |
* Halg): |

* 3 translational + 2 rotational = 5 degrees of freedom. f

= CHalg): I

= 3 translauonal + 3 rotational + 9 vibrational = 15 degrees of freedom. !

3. Mass & Size |
* CHi(M=16g/mol)is heawer than H; IM 2 g/mol), leading to more energy states and higher |
entropy. i
Calculation of Entropy Difference |

5= $*(CHa) - 5*(Hy) = 186.2-130.6 = 55.6) K™'mol™ [

Conclusion |
CHa(g) has higher entropy because: :

= More atoms —» more vibrational/rotational modes. 1

= Larger mass — more microstates. |

il 1
|

J

R —————— e e el T E

Ans. Substances:

Explanation:

HE()S° =76.00JK™ mol™ and Na, s° =51.201K™ mol™*

» Hg(l) (liquid mercury), S* = 76.00 J-K™"mol"*
* Na(s) (solid sodium), $* = 51.20 J.K""mol™

Entropy (5°) is a measure of disorder or randomness in a system. The higher the entropy, the me,

disordered the system.

= Hgll) is a liquid, meaning its atoms are more free 10 move and have greater positional and kinetic
randomness than in 3 solid.

+ Nals) is a solid, where atoms are arranged in a fixed, orderly lattice with limited movement, hence
lower entropy.

50y, S° =248.1JK " mol™ and 50, 5° =95.60)K™ mol™

Given Data:

s 5°0f SOy = 248.1 JK™ mol™

* 5°0f SOy = 95.60 JK™' mol™

Entropy Difference (AS):

05 = 5%(SO3g) - S%(SOx0) |

45 =248.1 JK' mol™ - 95.60 J K mol™ 1

AS = +152.5 ) K mol™ |

Positive AS confirms SOy has higher disorder than SOy,

Reasons:

. I.iquids have stronger mlermo!ecular forces, reducing molecular randomness.
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« Gaseous 50; has more translational/rotational freedom than liquid 50;. i
L]

|
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In a chemical reaction, if we compare the entropies of the reactants and products, we can try to explain

the magnitude of the entropy change and whether or not it increases or decreases.

Rules about change in Entropy of Reaction;

The following rules must be followed to know sbout the change in entropy of a reaction

« When a solid is converted to a liquid or a gas in the product, the entropy chiange Is positive

« Il no.of moles in the products are more the entropy change is positive

« If there 15 a change in the number of gaseous molecules in a reaction, due to high values of ertropy are
associated with gases

« The more gas molecules, there are, the greater is the number of ways of arranging them and the
higher the entropy.

For example:

€aco,,, —»Ca0,, +€O,,,

There is an increase in entropy of the above system because the gas is being produced (high entropy) but
the reactant, calcium carbonale, is a solid (low entropy). Such reactions are “pontaneous
Also, consider the reaction:

2N,0(,) —>4NO, + 0,

Wwe should expect an increase of entropy of the system because there are a greater number of maoles of gas
molecules in the products (5 molecules) than in the reactants (2 molecules) This is also a spontanecus process.
The sign of Entropy Change and Spontaneity of a Process:

The entropy of a substance is always posnln.re. however, when the entropy changes it may have positive or
negative value

A positive entropy change value (45° =+ve) means a spontanecus process

A negative entropy change value (45° = —ve) implies more ordered molecules and a decrease in disorder
For some reactions, however, the entropy change fails to tell about the spontaneity of the reaction and we
need another quantity called free energy.

Calculating the Entropy Change of the System (Reaction)

In order to calculate the entropy, change of the wslen’i we use the relationship:
=

o °
asnrhm Su sdury reattanty

Let us calculate the entropy change of the system for the reaction:

2Ca, +0,.,, —>2Ca0,

The standard entropy values are:

sfum] = 4140JK™ mol™

(o) = 41:401K°" mol™?

{aa(e)) = 20500k mor™

Stesots)] = 39.70J K™ mol™

As B, puem = Stesucss = Stesctsans
e |2 *Sicun) * slwriu]!r

= 2x39.70 - |(241.40) +205.0}
= 79.40-287 8

| ——— —
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The negative value for the entropy change shows that the entropy of the system has decreas:m
however, that calcium reacts spontaneously with oxygen. So the entropy of the surroundings myg, aly,
play a part because the total entropy change must be positive for the reaction to be feasible. %

2 Total Entropy Change, AS°iow
AS°ow Is sum of standard entropy change of system and standard entropy change of surrounding, 5gs i

system can be found out by subtracting the standard entropies of reactants from the standard entrap[:r '
products (Similar to the way you obtained AH®). Yot
AS®matem = IS° (prodocts) — £ SCjreacann)

Where, respective no. of moles of reactants and products in balanced chemical equation are myy;
with entropy of reactants and products. Pheg
AS? for surrounding is calculated using following equation:

asoluﬁmm = :—Téi
Where, ' "

* Thevalue of AH is in kJ/mol so must be multiplied with 1000. This is because entropy changes are
measured in J/K mol. ;
= The negative sign is part of equation and not the sign of AH,
AS® o is calculated using followlng equation:
AS® joumt = AS? system + AS® surcunding

-4
5% producu) = £5° (resctanty) + [ TH:]

AS® o =

It is useful 1o be able to predict about spontaneity of reaction using the sign of A5
s AS°qum is +ve = entropy increases = reactlon is spontaneous
e AS® i is —ve = entropy decreases = reaction is nonspontaneous
Sample Problem 6.8
Calculate the entropy change of the system AS® system for the reaction:

2Cayy) + Oz —» 2Ca0y,
The standard entropy values are: 5%, = 41.40 JK™ mol™
S°lougn = 205.0JK! mol™?
S%lcaci = 39.70 K mol™?
As AS%stem = IS%(produes) = ES%(rescisnts)

2 % S%caois)) = {2 % S°jcaisn + S0z}
2x39.70 - {(2 x 41.40) + 205.0}
79.40-287.8

—-208.4 JK™! mol™?

AS%ymem =
Sample Problem 6.9
Calculate the entropy change of the surroundings AS®weounaine fOT the reaction at 298K:
2Caj; + Oy —» 2Ca0;,; AH°reaction =-1270.2 k) mol™
Step 1: Convert the enthalpy change into J mol™* by multiplying by 1000.
—~1270.2 x 1000 = -1270 200 J mol™!
Step 2: Appfy the relationship

=Al
AS“;..mnm - _rf:ﬁ
o _ ~1270200
298
= +4262.4 JK mol™!
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Sample Problem 6.10
Calculate the total entropy change AS® . for the reaction and check its spontaneity
2Cayy + Oy —» 2Ca0,,
AS%huem = —208.4 JKmol™!
AS®surounsng = +4262.4 JK™ mol™

As, AS®im = —208.4 +4262.4

. AS%iw = +4054.0 JK™ mol?
The total entropy change is positive and the reaction is feasible.

THE FREE ENERGY CHANGE, (AG)

in determining whether a chemical reaction is likely to be
spontaneous, we use the new quantity Gibbs free energy chan,ge, AG
The Gibbs free energy change is given by the relationship.

AG = ~TASim
Multiplying the AS°wcun expression by -T, we can also get the
expression without having to consider the entropy changes o.f the
surroundings. This expression is called Gibbs equation

@ Rack Your Mind!

energy in thermodynamics?

(A) Measures entropy change

{8) Predicts spontaneity of reactions
(C) Calculates enthaipy change

(D) Determines reaction rate

9. What is the significance of Gibbs free

“Tx {4570t = AS%imem + [9-1-_";]}
~TASwrat = ~TASsmem + AH
AG® = AH:—TAS” The unit of temperature Limes entropy

(TAS) s Joule AS® represents AS” wwem-

And draw the following conclusion from it:

I.  If AG <D (-ve), the given process may occur spontaneously.

. i AG > 0 (+ve), the indicated process camnot o.cur
spontaneously; instead, the reverse of it may occur.

fli. If AG = 0 neither the indicated process nor reverse of it can

@‘ Rack Your Mind!

10. What 'm the Information’s given
Gibbs free energy lor a reaction?

by

occur spontaneously. The system is in a state of equilibrium.

o Calculating AG® for a Reaction

Sample Problem 6.11
For the Reaction:

CaS0,,, —>Caj, + 504,

Calculate AH",AS° and AG® at 25°C using the following data; and discuss its spontar, ‘eity.
Heat of Formation:

oH; [caso,,, | =-14327 W, &Ky [ caly, | =-543.0 k, a7 [ 503, ] = -9 7.5
Standard Entropy:

5°[caso,, |=10671/x, 5[ ca,, | =-55.21/K, $°s0% | =+17.21,7K
Solution

b BH =Y BH g — 2 BHy y=[-543.0-907.5]-[-1432.7] =178 W
I 85° = 3755 cav = 2 Shescuney =[ (-55:2+17.2)~(106.7) |3/ K =~1447 3 /X
AS® =-0.1447 KI /K
iil. AG®=0H’-TAS® =(-17.8 k)~ (298 K)x(~0.1447 kI /K) = +25.3k!
Note that you substitute AS® in units of kJ/K in the formula of AG®.
Result: We conclude that this process is nonspontaneous at standard conditions at 25°C.
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" Sample Problem 6.12
What is the standard free-energy, AG® for the following reaction (Haber's process) at 25°C? Also discyg
spontaneity. ity
Ny + 3H, ) — My,

|=o, 5*["“::.»]’ 459K

Standard Entropy: 5° [N, ]=191.5/K, 5° [H"” } =1306)/K,5° [Num ] =+1931/K
Solution:

Heat of Formation: aH; [le} =0k, O [Htm

B =Y BH, sy =3 M) =[z((.45_9)]_[o+o]=-91.a kJ

o B =TSy~ IS <[26(193)]-[192.5+ 3x130.6 ]3/K =197 1/K
85° =-0.197 kI/K
AG® =AH ~TAS® =(-91.88 ki) - (298 K)x(~0.197 ki/K) ==33.1K)

Result: Since AG® 15 a negative value, thus it is concluded that Haber's process is spontaneous at Standarg
conditions, 1 e at 25°C

o Spontaneity and Temperature Change
Unit now we obtained the free—energy for a reaction at 25°C. How do we find AG® at 3nothe,
temperature? For this purpose, we use the same equation i.e.,, AG® = AH® = T AS®. We gel the valye of 4AG
at any temperature by subslituting values of AH® and AS® at 25°C. But In the method, we assume tha; AW
and A5 zre essentially constant w.r t temperature (this is only approximately true).
Rememter that the superscript degree sign (°) refers to substances in standard states, which ars
substances at 1 atm and at the specified temperoture. Although until now this was 25°C (298 K), we now
consider other temperatures. Note that in general, AG depends strongly on temperature.
In Table, all of the four possible choices of signs for AH® and AS®, give different temperature behaviors f,,
AG® are being discussed. In all this discussion temperature Is always positive as it is taken on Kelvin scaje

Table: Effect of temperature on the spontaneity of reactions

AH® | AS® | AG® Description®
= * — Spontaneous atall T
it o - + Non-spontaneous atall T
I = - | +or - | Spontaneous at low T; non-spontaneous at high T
+ + | +or— | Non-spontaneous at low T; spontaneous at high T

*The term low temperature and high temperature are relative. For a particular reaction, high temperatyre
could mean room temperature.

Sample Problem 6.13

Calculate AG® at 1000°C for the following reaction and discuss it spontaneity.
CaCOyy) — CaCOy,) + CO;

Solution:
For this reaction, AH® =+178.0 kJ and AS® = +160.4 J/K = 0.1604 /K
Subsltituting T= 1000+273=1273K

AG = AH-TAS=(+1780 k) - (1273 K) x (0.1604 kJ/K)
= +1780k-2042 1
= -26.2K
We conclude that this reaction is spontaneous at 1000°C and 1 atm, since AG has negative sign. In other
words, at 1000°C, limestone (CaCO;) will decompose in an open container

SCHOLAR 4 CHEMISTRY (11%) 199
—_—i-

=
| M| QUICK CHECK 6.9

[ S—

]
|a) What do you expect about the entropy value of the following reactions, whether it would be positive
' or negative?

Eﬂ ":m & 3'MIIII‘_ZNHl(lI

|
)
|
L]
|
L]
| Ans. Entropy Change (as): !
’ « Reactants: 1 mol N; + 3 mol H; = 4 moles of gas I
« Products: 2 mol NH; = 2 moles of gas '
Conclusion: |
« The total number of gas molecules decreases. "
« Therefore, disorder decreases, and entropy decreases. !
i) Wy —Hyg +hy) |
Ans. Entropy Change (8S): Positive or Negative? i
positive (45 > 0) '
Reason: |
« Number of gas molecules remains the same (2 moles of gas on both sides), but the products are g
different substances, leading to greater molecular randomness. |
« The reaction results in increased disorder, as two different gas species (Hy and 13) are formed from a ;
single type (Hl), which increases entropy. '
Conclusion: |
AS = Positive 1
p) Which of the following changes are likely to be spontaneous? |
i.  Thesmell from an open bottle of aqueous ammonia diffusing throughout a reom. :
Ans. The smell from an open bottle of aqueous ammonia diffusing throughout a room. !
Spontaneous 1
+ Gas particles spread out to increase entropy (disorder). "
« No energy inpul required. - |
jl. Water turning to ice at =10°C i
Ans. Spontaneous '
« Below 0 °C, freezing is thermodynamically favorable (exothermic). |
= Even though it decreases entropy, the low temperature makes the process favorable. :
jil. Ethanol vaporising at 20°C !
Ans. Spontaneous |
« Vaporization increases entropy. '
+ Ethanol has a low boiling point (~78 *C), and enough molecules have sufficient energy to evaporate !
slowly at 20°C. |
Water mixing completely with salt '
ns. Spontaneous I
« Dissolution increases entropy as ions disperse in water. n)
+ No energy input needed. [
v. Limestone (calcium carbonate) decomposing at room temperature
Ans. Not Spontaneous
« Endothermic reaction that requires heat input to break bonds
« Doesn't occur naturally at room temperature.
Likely Spontaneous: i, ii, iii, iv
Nk SporevoRIY -

- — e —— i — — —— —— — — — — — i — i —
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Solution Tife@ Rack Your Brain!

Explanation

Thermochemical Equation:

“A balanced chemical equation which fully desceibes the physical states of "actang, . |
products in the form of state symbols along with an enthalpy change during the reaclT )
called a thermochemical equation.” e
Information from thermochemical equation: It tells us about.

. Physical states of both reactants and products.

il. Exact number of moles of reactants and products.

lil. Heat evolved or absorbed during a reaction

Example: 2H; ) + 0:p —> 2H:0,, AH =-285.8 ki mol™! |

|

|
4
|

|

|

|

Energy 1s required to break the strong N = N triple bond: Ny + 0: = 2NO, “\H_:_‘;:l-a-r?\
absorbed) 8

In exothermic reaction, the number of bonds formed is greater than bonds break,

during the reaction. Moreover heat content of products is less than that of reactanyg .IHE;!
3

H:). That is why when reactants convert into product heat is released from system y, |

surroundings

Example: Hy + 1/20: »H:0,, AH=-2855K mol”

M

The height of the peak in a reaction pathway diagram represents the ﬂttivaﬂcn_ern_e-r'i;"“"
which is the minimum energy required for the reaction to occur.

Atomization Energy: The energy required to convert a substance in atomic state is Callgg]
alomization energy. It 1s always endothermic in nature.
YiH:. » Hi A%, = 218 kI mal !

s.Q

Itis necessary to mention the physical state of reactants and products, because enthalpy
associated with a typical phase of a substance. With a change in physical state of reactany
or products, enthalpy change of the reaction will be changed.

S0 apparently two reactions are chemically same but thermo .chemically, they may bs
| dilicrent from each other,

{ Application of Hess's Law: Steam is produced from H; and O; by two different routes.
Route It

I Hyg+ 150, —> Hi0y
Route Il:

i Hyg+ %059 —» H:0y AH; = -285.8 kJ mol !

AH=-241.5kl mol™*

Energy 1s absorbed when bonds break because it requires energy to overcome (]
attractive forces between atoms in a molecule, allowing the bond to dissociate.

In the equation Q = mcAT, ¢ represents the specific heat capacity, which is the amount of
heat energy required to raise the temperature of a unit mass of a substance by 1 degree
Celsius (or Kelvin).

Gibbs free energy (AG) determines whether a reaction is spontaneous or not. If AG i
negative, the reaction is spontaneous; if AG is positive, the reaction is non-spontaneous.
This makes AG a crucial thermodynamic property in understanding reaction feasibility.

10.

s.Q

The sign of change in free energy (AG) of a process can be used to predict the spontaneity
of that process.

i. If AG<0(-ve), the given process may occur spontaneously

il. If AG>0(+ve), the indicated process cannot occur spontaneously, instead, the reverse
of it may occur.

lii. If AG = 0, neither the indicated process nor reverse of it can occur spontaneously. The

system is in a state of equilibnum.
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MULTIPLE CHOICE QUESTIONS (MCQs)

Four choices are given for each question. Select the correct choice.

Which of the following equations represents standard heat of formation of C;H?
a) 2C(diamond) +2H, C;H, ) b) 2C(graphite) +2H, , C;H, )
¢) Clgraphite) +H 1/2CH, d) 2C{diamond) +4H C;H
which of the following equations correctly defines lattice energy of MgCLs?
a) MgmArCfH”-—ngC(: -

“(s)

b) Mg, +2C£;,, —MgCt,

¢) Mgl +2C1, —»MgCL, d) Mgjg +2C(,,, —MgCl,, 9

LU

suppose there are 100 molecules of a gas initially in jar A, which Is connected to an evacuated jar B.
When the stopcock is opened the possible ways of arrangement of molecules will be:

a) 100 b) 1/100 c) '@ d) 1/2°*%®

For a reaction to occur spontaneously, '

a) (AH = TAS) must be negative b) (AH + TAS) must be negative.

¢) AH must be negative. d) AS must be negative.

The calorie content of food, often expressed in Calories (kcal), is fundamentally related to which
thermodynamic quantity during its metabolism or combustion?

a) Entropy change (AS) b) Gibbs free energy change (AG)

¢) Enthalpy change (AH) d) Specific heat capacity (c)

Which of the following quantities is NOT typically determined using Hess's Law?

a) Enthalpy change of formation b) Enthalpy change of combustion

c) Activation energy d) Enthalpy change of reaction

Which of the following factors would lead to a greater enthalpy change of hydration (more exothermic)?
a) A larger ionic radius and a smaller charge b) A smaller ionic radius and a smaller charge

¢) A larger ionic radius and a larger charge d) A smaller ionic radius and a larger charge

The enthalpy of solution can be expressed in terms of which of the following enthalpy changes?

a) OH,p, + m'{rqﬂ-wm b) AMe "m"lwum c) —O8H, 5 + a&wuw d) —0H, e '-ﬁprM
Which of the following reactions has an enthalpy change that is equal to the standard enthalpy of
formation of water, AH{[H,0,,]?

3) M) +0(,) > H.0()
g +”20’m >0

b) Hy,) +1/20,,) >H,0
d) 2H, + 0, = H,0,,,

The enthalpy change for a reaction depends on:

a) Pathway taken from reactants to products

b) Presence of a catalyst

c) Initial and final states of the reactants and products

d) Rate of the reaction

Which of the following processes would typically result in an Increase in entropy of the system?
a) Freezing of water

b) Condensation of steam

¢) Dissolving a solid in a liquid

d) Formation of a crystal from a saturated solution
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Consider a reaction with AH > 0 and AS < 0. This reaction will be:

a) Spontaneous at all temperatures
c) Spontaneous only at high temperatures

Sr.No. | Option i Answer

c Clgasnne +Hy ) 1/2CH,

Answer’K

b) Non-spontaneous at all temperatures
d) Spontaneous only at low temperatures
) with Explanations
Explanation
Standard heat of formation requires:
« Elements in their most stable natural states (graphite fo,
carbon, H; gas for hydrogen)
« Formation of exactly 1 mole of the compound
« Diamond and atomic hydrogen are not standard states

« Option c only forms half mole of CiHa b

—_—

Latuce energy Is:

» The energy released when gaseous ions form 1 mole o

solid ionic compound

2+ -
" ? Mgm = ZCII',-—>Mgcr:l‘] s Must start with separated gaseous ions (not elements or
solid ions)
»  Must form solid crystalline compound
« Each molecule has 2 choices (jar A or B)
. c 210 « For 100 independent molecules: total arrangements = 2 ,,

2 x...%2 (100 times) = 2'*
« Demonstrates the statistical nature of entropy

(AH = TAS) must be

« Gibbs free energy equation: AG = AH - TAS
« For spontaneity: AG<0

—_—

3

-
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AG = (+«AH) - T(-AS) = 8H + T(8S)
Since 8H > 0 and TAS adds positively, 8G > 0 for all
temperatures
Non-spontaneous at all

xil. b ll.[‘)mperalures S0, AG is always positive —» Reaction is non-spontancous at
all temperatures
When AH > 0 and 45 < 0, no temperature can make 0G
negative

- | SHORT ANSWER QUESTIONS -

a2 Attempt the following short-answer questions:

“-.—-__
A pifferentiate between exothermic and endothermic reactions.

—
Ans. Property Exothermic Reactions Endothermic Reactions
Energy Change Release energy (heat) to surroundings Absorb energy (heat) from surroundings
Enthalpy (AH) Negative (AH < 0) Positive (aH > 0)
lﬂ'lperalure Increases in the surroundings (heats up) | Decreases in the surroundings (cools down)
Example Combustion of fuels, respiration, | Photosynthesis, melting ice, boiling water

freezing water

Reaction Profile | Energy of products < energy of reactants | Energy of products > energy of reactants

—

W ? negative « Thus 4H - TAS must be negative b. What do you understand by the enthalpy of a system?
« Neither H nor 45 alone determines spontaneity I;;T_Enmalpy (H) of a system is the total heat content of the system at constant pressure
s Calories measure heat released during combustion (aH) -l Itisdefinedas: H=U=+pV

V. < Enthalpy change (aH) « 1 Calorie = 1 kcal = energy lo raise 1kg water by 1°C Where:
« AG includes unusable energy, 4H measures total heat « H=enthalpy
e Hess's Law calculates enthalpy changes (AH) only ] » U-=internal energy of the system

VI. c Activation energy « Activation energy is kinetic parameter (energy barrier) « P=pressure
« Can't be determined from reaction enthalpies « V=volume
« Hydration enthalpy depends on ion-water altraction | % Differcntiate clearly between entropy (S) and Gibbs free energy (G).

VL. d Smaller radius + larger |« Smaller lons: water molecules can approach closer g Property Entropy (S) Gibbs Free Encrgy (G)

charge | « Higher charge: stronger electrostatic attraction Sefinition e oT < = — Rt
« Most exothermic when ions are small and highly charged K farantomness: ey Veasure 9 e us ergy
3 i — system available to do work
« Standard formation requires:, Symbol S =
; o Elementsin standard states (H, gas, O, gas) e - e
o Hy, +1/20, —H,0, o Formation of 1 mole of product Units mo _ : mo
o Correct physical state (liquid water) Nature Tells how dispersed energy 15 in a system | Tells whether a  process is
» Other options use non-standard states or form gas - spontaneous
Formula No single formula (but used in AS) AG = AH-TAS

= Enthalpy (AH) 1s a state function Interpretation Higher S = more disorder Negative AG = spontaneous process

X. c Initlal and final states + Depends only on initial and final states = r . : eg :
« Independent of pathway or catalyst emperature 5 ects spontaneity when multiplied by T | Directly determines spontaneity of a
= Rate is kinetic property, unrelated to AH Dependency in AG reaction
» Dissolving increases disorder (solid — dispersed solution] d. Distinguish clearly between standard enthalpy of reaction and standard enthalpy of formation.
« Freezing/condensing/crystallization  decrease  entropy : = =

XI. c Dissolving solid (more ordered states) Ans. Property Standard Enthalpy of Reaction (8H,,,..,,) | Standard Enthalpy of Formation (AHY)
« Entropy generally increases when particles become more Definition Heat change durning a chemical reaction | Heat change when 1 mole of a

dispersed under standard conditions compound forms from its elements in

ﬂ their standard states
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M5 from  elemeny
Reactants and Any type of substances (elements or | Always sta mtgn
Products compounds) standard states
Amount Involved | Varies depending on the reaction Atw:vs forms exactly molgm
equation product
Symbol A, aH? N
Example Combustion of CH,: Formation of H,0: __\ {
CHy 4 20, —» €O, + 2H:0 Hg + %0up - ”@2’---.._\1I
e.  Define the following enthalples and give one example of each. ) e
(1) Standard enthalpy of solution (1i) Standard enthalpy of hydration
(iii) Standard enthalpy of atomization (iv) Standard enthalpy of combustion
Ans, R

()  Standard enthalpy Change of Solution (AHZ,)

“The standard enthalpy of solution is the amount of heat absorbed or evolved when one mole ¢
substance is dissolved in a solvent to give an infinitely dilute solution.” ’
The enthalpy changes of solution of sodium carbonate and ammonium chloride are described |,

y !
equaltions below: i

N3,CO,,, +aq——>2Naj, +COy (.,  AH}, =-25 ki mol™
NH,CE,, +3q—>NH;

4 (3) Y () OH, = +16.2 k) mol ™
Standard enthalpy of hydration
"The enthalpy change involved when one mole of a solute is dissolved in excess of water to make infinite,
dilute solution under standard conditions."

(lii) Enthalpy Change of Atomization (4H}, )

“The standard enthalpy change of atomization of an element is the enthalpy change involved whep o
mole of gaseous atoms is formed from the element, under standard conditions.”

Hyg — 2, E,p.p =+436 k) mol™
1/, —H,) A, =+218 ki mol?

(iv) Enthalpy Change of Combustion (AHZ)

The standard enthalpy change of combustion of a substance is the enthalpy change involved when g
mole of the substance is completely burnt in excess of oxygen, under standard conditions.

For example, standard enthalpy of combustion AH® C of ethanol is —1368 kJ mol™.
CH;OH,) +30,,) —>2C0, ) +3H,0,, AH; =-1368 k) mol™’

(i)

—

f.  Explain why the lattice enthalpy of an ionic compound is typically a large negative value.
Ans. The lattice enthalpy of an ionic compound is typically a large negative value because:
It represents the energy released when gaseous ions combine to form one mole of a solid ionic crystal.
This process involves strong electrostatic attraction between oppositely charged ions. Since a large amour
of energy is released during this bond formation, the lattice enthalpy is highly exothermic (negative value).

g What factors influence the magnitude of the lattice enthalpy?

Ans. The magnitude of lattice enthalpy is mainly influenced by two key factors:
1. lonic Charge
= Greater ionic charge = Stronger electrostatic attraction between ions.
= This leads to a more negative (larger) lattice enthalpy.
Example:
Lattice enthalpy of MgO (Mg?* and 0*") is much higher than that of NaCL (Na* and CL") due to higher
charges.
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2. lonic Radius (Size of lons) '
» Smaller ions = lons are closer together = Stronger attraction
= Smaller size = more negative lattice enthalpy.
Example:
Lattice enthalpy of LIF is greater than that of CsF, because Li* is smaller than Cs*.

~ Explain why the enthalpy of hydration Is always an exothermic process for gaseous lons. What are the
B main interactions responsible for the release of energy during hydration?
Walm of Hydration: Always an exothermic process
The enthalpy of hydration is the heat released when gaseous ions dissolve in water and become
surrounded by water molecules. It is always exothermic because
when gaseous ions dissolve, the water molecules surround and stabilize the ions, leading to a decrease in
the system's energy.
Main Interactions Responsible for Energy Release:
(i) lon-Dipole Interactions:
The polar water molecules interact with the charged ions through their partial charges (6 on oxygen
and 6" on hydrogen). This creates a stable interaction between the ion and the water molecules,
releasing energy.
(i) Electrostatic Attraction:
Water molecules are strongly attracted to the lons, especially smaller, highly charged ions (like Mg™* or
Na®), which increases the energy released during hydration

.. Forthe reaction CHa + 20,4 — COyy + 2H;0, Identify all the bonds that need to be broken and all the
bonds that need to be formed to carry out a bond energy calculation of AH.
"'"m To carry out 2 bond energy calculation for the reaction:
CHyjgy + 20315 — COyy + 2H;0
Bonds that need to be broken (in reactants):
1. CHd (Methane):
4 C-H bonds (broken to form C and H atoms)
2. 0 (Oxygen):
2 0=0 bonds (broken to form 2 oxygen atoms)
Bonds that need to be formed (in products);
1. CO;(Carbon Dioxide):
2 C=0 bonds (formed between carbon and oxygen)
2. H:0 (Water):
2 0-H bonds in each H;0 molecule (2 molecules of H;0, so 4 0-H bonds are formed)
To calculate AH we would use the bond energies (bond dissociation energies) for each of these bonds and
apply the formula:
4H = Bonds Broken (Energy required) - Bonds Formed (Energy released)

|.  Fora reaction to be spontaneous, what is the required sign of the Gibbs free energy change (AG)? Under

what conditions of enthalpy change (AH) and entropy change (AS) will a reaction always be spontaneous?
Ans. For a reaction to be spontaneous, the required sign of the Gibbs free energy change (AG) is:

AG<0

This means that the reaction must have a negative Gibbs free energy change for it to occur spontaneously

under constant temperature and pressure.

In other words:

* AG <0ndicates a spontaneous reaction.

* OG> 0indicates a non-spontaneous reaction.

+ AG=0Indicates a system in equilibrium.

The Gibbs free energy change (AG) must be negative, i.e., AG < 0.

The relationship between AG, AH (enthalpy change), and AS (entropy change) is given by the equation:

AG = 8H - TAS
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. iy,
Where:

e AG = Gibbs free energy change

s AH = Enthalpy change

s T=Temperature (in Kelvin)

o AS=Entropy change

Conditions for Always Spontaneous aeadionh:

1. AH <0 (Exothermic reaction)

2. AS>0(increase in disorder)

Explanation: .

«  Exothermic (OH < 0) reactions release heat, making the system more stable

« Increase in entropy (AS > 0) means the system becomes more disordered, which also favours SPOntang,
These conditions ensure that AG will always be negatwve, regardless of the temperature The negau“:.h
and positive 85 make both terms in the equation contribute to a negative value for AG.

k. The enthaloy of solution can be either positive or negative. Explain what a positive AH.u 3"?1::1:;.:

AH. indicate about the energy changes during the dissolution process.

Ans, The enthalpy of solution {AH,,) represents the heat change when a solute dissolves in a solm

of &H.. gives us information about the energy changes that occur during the dissolution process,
(i) Positive 8H,., (Endothermic Dissolution)
*  QH. >0 means the dissolution process is endothermic.
* Energyis absorbed from the surroundings to dissolve the solute
= This occurs when the energy required to break the interactions between solute particles (like long
covalent bends) is greater than the energy released when solvent particles interact with the solua
*  Example: When ammonium nitrate (NH\NO,) dissolves in water, it absorbs heat, makin,
solution feel cold.
(ii) Negative AH,, (Exothermic Dissolution):
= AH,, <0 means the dissolution process is exothermic.
* Energyisreleased into the surroundings as the solute dissolves.
* This occurs when the energy released during the interaction of solute particles with ol
molecules exceeds the energy needed to separate the solute particles
= Example: When sodium hydroxide (N2OH) dissolves in water, heat is released, making the soly),,
feel warm )

Consider two ions with similar charges but different sizes, or similar sizes but different charges. Expl;,

how the concept of charge density can be used to predict which ion will have a more exothem,
enthalpy of hydration and why.

Ans. The concept of charge density is essential for understanding which ion- will have a more exotherr,

enthalpy of hydration
= Charge Density:
* Charge density is the charge of an ion divided by its size (radius)
* Charge density = cnharge/radius
* Prediction of Enthalpy of Hydration:
= Highar charge density means stronger lon-dipole interactions between the ion and water moleq;
leading to a more exothermic enthalpy of hydration i.e., more energy released during hydration,
« Forions with similar charges but different sizes:
= Smaller ions have a higher charge density because thelr charge 15 concentrated over a smalleram:
= Smaller ions (higher charge density) will have a more exothermic enthalpy of hydration becauz
they create stronger interactions with water molecules.
« Forions with similar sizes but different charges:
= lons with higher charges have a higher charge density, meaning they can interact more strongy
with water molecules
= Higher charge e.g., Ae’ > Mg’ > Na" densily results in a more exothermic enthalpy of hydration

1
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mﬂe and explain Hess's law. Give its two applications.

“Ans. See Page No. (183)

mhat is lattice energy? How does Born-Haber cycle help to calculate the lattice energy q'{:ﬂ_a(;l?
Ans. See Page No. (188) e

Q.5 {a) When 0.400 g NaOH is dissolved in 100.0 g of water, the temperature rises from 25.00 to 26.02°C.
Calculate: (i) Quu, (1i) AH for the solution process

——

Given Data:

DESCRIPTIVE QUESTIONS

NUMERICAL PROBLEMS

Mass of NaOH (m,) = 0400g
Mass of water (m) = 100.0g
Mass of Solution = 100g+04g
= 1004¢g
Initial temperature (T,) = 25.00°C
Final temperature (T;) = 26.03°C
specific heat capacity of water ) = 4 18)/g"C
step (i): Calculate of Qe
Quater = M X C X AT
Where:
AT = T3=T,=26.03"C-25.00°C=1.03"C
substitute the values:
Quuer = 1004gx418)/g"Cx1.03°C=434.33)
step (ii): AH for the solution process
Mass of NaOH = 0.400¢g
Molar mass of NaOH (n) = —
M
A
= 0_ =0.01 mol
40
0.01 moles of NaOH = 434.33)
43433

1 mole of NaOH

———J) =43433)=43433 W
0.01

As the temperature of solution is raised so heat of solution is Exothermic. Thus AH,s = —42.433 kJ mol™*

Q.6 By applying Hess’s law, calculate the enthalpy change for the formation of an aqueous solution of NH.CI
from NH; gas and HCL gas. The results for the various reactions are as follows.

(i) NH, ) +aq—>NH, ., BH=-35.16 k) mol™
(i) HCZ () +aq——HCL(, ) BH=~72.41 kI mol™
(iif) NH, g #HCZ (o) —>NH,CL () AH=-51.48 k) mol™

Given Data:
I NHyg + aq —> NHijay
i HCligy + aq —> HClsg
iii. NHjaq) 4 HCljaqy —— NHiClisg)
Required:
NHjq + HClygy + aq ——> NHiCliuy

AH; = -35.16 kI mol™?
AH; = -72.41 k) mol*
AH; =-51.48 k) mol™!

AHi=7?
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