THERMODYNAMICS

The word thermodynamics implies flow of heat. Thermodynamics is the study of the
relations between heat, work, temperature, and energy. The laws of
thermodynamics describe how the energy in a system changes.

The term thermodynamics is derived from Greek word, "Thermos' meaning heat
and "dynamics' meaning flow. Thermodynamics deals with the inter-relationship
between heat and work.

Thermodynamics is a branch of physics that deals with heat, work, and temperature,
and their relation to energy, entropy, and the physical properties of matter and
radiation.

Chemical thermodynamics is the study of the interrelation
of heat and work with chemical reactions.

Different Branches of Thermodynamics
Thermodynamics is classified into the following four branches:

Classical Thermodynamics
Statistical Thermodynamics
Chemical Thermodynamics
Equilibrium Thermodynamics

Classical Thermodynamics

In classical thermodynamics, the behaviour of matter is analyzed with a macroscopic
approach. Units such as temperature and pressure are taken into consideration, which
helps the individuals calculate other properties and predict the characteristics of the
matter undergoing the process.

Statistical Thermodynamics

In statistical thermodynamics, every molecule is under the spotlight, i.e. the properties
of every molecule and how they interact are taken into consideration to characterize
the behaviour of a group of molecules.

Chemical Thermodynamics

Chemical thermodynamics is the study of how work and heat relate to each other in
chemical reactions and changes of states.



https://en.wikipedia.org/wiki/Heat
https://en.wikipedia.org/wiki/Work_(thermodynamics)
https://en.wikipedia.org/wiki/Chemical_reaction

Equilibrium Thermodynamics

Equilibrium thermodynamics is the study of transformations of energy and matter as
they approach the state of equilibrium.

Laws of Thermodynamics

There are four laws of thermodynamics and are given below:

Zeroth law of thermodynamics
First law of thermodynamics
Second law of thermodynamics
Third law of thermodynamics

Zeroth Law of Thermodynamics

The Zeroth law of thermodynamics states that if two bodies are individually in
equilibrium with a separate third body, then the first two bodies are also in thermal
equilibrium with each other.

This means that if system A is in thermal equilibrium with system C and system B is
also in equilibrium with system C, then system A and B are also in thermal
equilibrium.

First Law of Thermodynamics

First law of thermodynamics, also known as the law of conservation of energy, states
that energy can neither be created nor destroyed, but it can be changed from one form
to another.

Second Law of Thermodynamics

The second law of thermodynamics says that the entropy of any isolated system
always increases.

Third Law of Thermodynamics
Third law of thermodynamics states that the entropy of a system approaches a constant
value as the temperature approaches absolute zero.

Macroscopic system and its properties: If as system contains a large number of
chemical species such as atoms, ions, and molecules, it is called macroscopic system.

Extensive properties: These properties depend upon the quantity of matter contained
In the system. Examples are; mass, volume, heat capacity, internal energy, enthalpy,
entropy, Gibb's free energy.




Intensive properties: These properties depend only upon the amount of the
substance present in the system, for example, temperature, refractive index, density,
surface tension, specific heat, freezing point, and boiling point.

Endothermic process is a process where heat is absorbed from the surroundings.
Exothermic process is a process where heat is released to the surroundings.
The System and the Surroundings

A system in thermodynamics refers to that part of universe in which observations are
made and remaining universe constitutes the surroundings.

The universe = the system + the surroundings
Types of the System

We, further classify the systems according to the movements of matter and energy in
or out of the system.

1. Open System

In an open system, there is exchange of energy and matter between system and
surroundings.

2. Closed System

In a closed system, there is no exchange of matter, but exchange of energy is possible
between system and the surroundings.

3. Isolated System

In an isolated system, there is no exchange of energy or matter between the system
and the surroundings.




Thermodynamic System

Open system Closed system Isolated system
Mass transfer (yes) Mass transfer (yes) Mass transfer (No)

Heat transfer (yes)  Heat transfer (No)  Heat transfer (No)

Surroundings

System Boundary




The Four Types of Thermodynamic Processes

The four types of thermodynamic process are isobaric, isochoric, isothermal and
adiabatic.

« Isobaric process in which the pressure (P) is kept constant (AP =0).
o Isochoric process in which the volume (V) is kept constant (AV =0).
« Isothermal process in which the temperature (T) is kept constant (AT =0).
« Adiabatic process in which the heat transfer is zero (Q=0).
Concepts of Partial molar properties

1. Partial molar properties are defined as the properties which are the quantities
change with number of moles.

2. Several extensive properties like volume, free energy, enthalpy, entropy
depends on number of mole.

Partial molar volume and its significance
Eg1) 100ml H,O + 10ml H,0 = 110ml volume.

Eg2) 10,000 ml MeOH + 18 ml H,O = 10,018 ml actual volume but experimental
volume is 10,014 ml.

In eg (1) there are no molecular interactions because both are a water molecule that’s
why volume is not changed.

In eg (2) actual volume is 10,018 ml but experimentally it gives 10,014 ml only
because methanol and water both are different molecules. So some molecular
interactions are there that’s why gives 10,014 ml.

This change in volume in binary system is called Partial molar volume.

e G. N. Lewis introduces a new property X which is defined as function of
temperature, pressure and number of moles.
e X=f(T,Pandngny)

Taking partial differentiation on both sides

d0x dox dox ox
dx = (g)P, nin2,..ni dT + (5)1 nl, n2..ni AP +(M)T,P, n2,n3..ni ANy + (%) TPnln3,..ni dN2




d 0
We know that (a_;l)T, p,n2 n3..ni = X1 and (a—fz)T, p.nt = X2

Then

0 ij
dx = (E)_;)P nl,n2, ....ni dT + (a_Z)T nl, n2...ni dP + X;dns + X5 dny

At constant temperature and pressure, i.e. dT=0 and dP=0

Then dX= Xj dn; + X, dn,

Integration on both sides

[dx={[X1dnl+ [ X2dn2

[dx =Xy [dnl+X; [ dn2

X=Xi1n+ XNy

The above equation represents the partial molar properties of binary system.
If the system having | components then the above equation changes to
X=Xint+Xon+ Xsgnz+ Xgng+........+ Xi N

Significance of Partial molar properties:

1. Partial molar properties always measures for binary system only.
2. The sum of products of number of moles and partial molar property equal to
thermodynamic property.

Partial molar volume V =Vini+Vzan,
Partial molarenergy E=Eim +Exn;
Partial molar Gibbs free energy G = Gin; + Gana.

Determination of Partial molar properties:

Partial molar properties are determined by 3 methods.

1. Graphical method
2. Intercept method
3. Apparent molar volume method




1. Graphical method:

According to definition of partial molar properties

(ﬂ) =Xi (1=1,2,3,...1)

oni
For binary system X =X;n; + X, ny
Where X = any extensive property

ni, Nz =number of moles of components 1 & 2

X1, Xy = partial molar properties of components 1 & 2

For the experimental determination of X, take differentiation of X w.r.t. to n;

e dx/dn; = Xy dni/ dng + X, dny/dng
e dx/dnl=X;+0,
e this equation in the formofy=mx + ¢

No. of moles

Limitation: This method is not of much use as the exact slope cannot be determined.




2. Intercept method:

The method of intercept is more useful because we can measure the partial molar
quantities of both components in a binary system.

e This method gives more accurate values of partial molar quantities.

e For this method a new property, mean molar property of solution (x). This is
definded as extensive property of solution divided by total number of moles in a
system.

Mathematically it is representedas x=X/n; +ny
x(ni+ny) =X
Differentiating w.r.t. to n, at constant n;
[ﬁ (x (n1 + nZ))] n = [dx/dnz] i1 [we know d/dx (uv) = u dv/dx + v du/dx]

d dx
x@(nl + n2)+(nl1 + n2)@=[dxldn2] nl

X (0+1)+(nl + n2)~==[dx/dny] o

X+ (nl + n2)%=x2

Mole fraction of component 1 is Ny =ni/nl1 + n2

Take differentiation on both sides w.r.t. to n, at constant n;

(dN1/dnz)n1 = d/dny (ny/ (N1 + N2))ns
= ny d/dn; [(ne+n2) Yo [ since %X” = n x™]
= [/ (M + n2)¥n

[dN1/dna]n1 = [- ni/(n1 + n2). 1/ (N1 + n2)]na

substitude eq (2) in eq (3), we get

[AN1/dNnz]n1 = [-N1. 1/ (N1 + n2)]m

[n1 + na/ dna]ns = [- N1/ dN1]m

Take differentiation with x




[dx/an (n1+n2)]n1 :[ - N1 dx/dN; ]nl
Substitute eq (4) ineq (1), we get

> X+ [-N1 dX/le]nl =Xz
» X—Ni [dX/le]nl =X

X=X+ N; [dX/le]nl
3. Apparent molar volume method:

e Suppose X be the value of any extensive property for a mixing of n; moles of
component 1 and n, moles of component 2.
X is the value of property per mole of pure component 1.then the apparent
molar value can be represented by ¢x of component 2.

Mathematically it can be represented as

> X=n X1+ nXo
X = MmXz + N2dx
X - MmX1 = N2dx
differentiating w.r.t to n,

d _
anz M%) = 2502 6x)

Xz dm=d (¢px M)
Integration on both sides with suitable limits

m _m
Jo ¥2dm= ["d (¢x m)
f(;andmzcbxm
%f;andm=(|>x
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Chemical Potential:

1. The amount of change in free energy is known as chemical potential.




2. Itis denoted by pu i.e. % =Gi= Wi
3. Chemical potential is also known as partial molar free energy.

4. Chemical potential is an intensive property.
5. According to definition of partial molar property

G=f (T, P, ny, ng)

Differentiating on both sides

0 0 0 0
dG = (a_f,)P, nt,n2 T + (a_;;)T, n1,n2 P + (a_:l)T, p,n2 dNg + (ﬁ)T, p,n1 ANy

0G
We know that (G )rrPn2=G1=
0G
(G5)TPm=G2= 2 thenwe get

dG = (Z_:)P’ ni,n2 AT + (Z—i)T, n1,n2 AP + Wy dny + i dn,

At constant temperature and pressure, dT=0 and dP =0 then we get

dG = p1 dng + H2 dn

dG =1 dng + o dny + i dn; for | component system
This is the mathematical representation of chemical potential.

Variation chemical potential with Temperature:

According to 2" law of thermodynamics
dG = VdP - SdT

At constant pressure (dP =0)
dG =-SdT

Differentiating w.r.t. to temperature

G _ . 0T
T aT

0G
& -_g
oT

Differentiating w.r.t. to n;




9°G/ ©TOn; = - S
According to definition of chemical potential

%6 _
oni Hi

Differentiating w.r.t. to temperature

9°G/ OTon = 24 ——eoeeeo- )

Compare eq (1) and eq(2), we get

out. )
T Si

Where S; = partial molar entropy of i components.

Variation chemical potential with Pressure:

According to 2" law of thermodynamics

dG =VdP - SdT
At constant temparature (dT = 0)
dG = VvdP

Differentiating w.r.t. to pressure

Differentiating w.r.t. to n;

026 oV
OPoni  oni

02G

dPoOni

According to definition of chemical potential

0G
oni




Differentiating w.r.t. to pressure

026 _oui
aponi 9P (2)

Compare eq(1) and eq(2), we get

out _
oP =Vi

Where V; = partial molar volume of i components.

Gibbs — Duhem equation and its significance:

Gibbs — Duhem equation describes the relationship b/w changes in chemical potential
for component in a thermodynamic system.

According to definition of partial molar property
G =1(T, P, ny ny)

Differentiating on both sides

G G G G
dG = (5)P, nt,n2 dT + (E)T, n,n2 dP + (%)T, p,n2 dng + (%)T, p,n1 dny

We know that (%)T, P2 =G1= W

oG
(@)T, p,n1 = G2 =H2 then we get

4G = 90,1 n2 AT + C2)r, sz AP + iy dny + iz dn,

At constant temperature and pressure, dT=0 and dP =0 then we get
dG =y dng + Pz dny

dG =y dng + po dny +

Integration on both sides

[dG = [ uldnl+ [u2dn2 +

[dG = [dnl + |, [dn2 +

G=pn+Hn+




Take differentiation on both sides

dG = (uz dng + pp dny +

Compare eq(1) and eq(2), we get

(M2 dng+ P2 dng+ -- + i dny)= (U dng+ Pz dno+ --+ Wi dng) + (ng dpt+ ng dpet - + g d)

0=n1d|.11+n2dl.12+

0=Yini dui

This is the Gibbs - Duhem equation.

Significance:

Gibbs — Duhem equation is helpful in calculating the partial molar quantities of
binary system.

Gibbs — Duhem equation cannot be used for small thermodynamic system.

Ti is also helpful in calculating the partial vapour pressure of a system.

SOLUTIONS

Solution is defined as homogeneous mixture of two or more components.

¢ Ina solution the component which is having large proportion is called solvent.
e Ina solution the component which is having small proportion is called solute.

Ideal solutions: a solution of two or more substances is said to be ideal, if it obeys
Raoults law at all temperatures and concentrations.

Ex: benzene + toluene
n-hexane + n-heptane

Chlorobenzene and Bromobenzene
Ethyl Bromide and Ethyl lodide

Non ideal solutions: a solution of two or more substances is said to be non ideal, if it
does not obeys Raoults law at all temperatures and concentrations.

« Ex: water + ethanol
« Chloroform and Benzene (negative deviation from raoults law)
« Acetone and Benzene ( positive deviation from raoults law )




Thermodynamic properties of ideal solutions mixing quantities:

When two or more substances are mixed there occurs a change in measurable
properties of components always takes place spontaneously.

1. Free Energy Mixing of Ideal Gases:

The formation of mixture from the pure components always takes place
spontaneously.

Let us consider a vessel with three compartments and each compartment contains pure
substance.

For the pure substance free energies are written as

o« N =Gy
o« N2 =Gy
o N33 =Gs

Where ni, nz, n3 = Number of moles of components 1, 2, 3.
M1, U2, M3 = chemical potentials of components 1, 2, 3.

For initial free energy is  Ginitias = G1 + G2 + G3

Ginitiat = N1 (Pure) + napz (Pure) + naps (Pure)

Gfinal = N1M1 + N2l + N33




Change in free energy for mixing
AGnixing = Gfinal - Ginitial
AGmixing = (N1pl1 + N2p2 + Napiz) — (N1pts (Pure) + nopp (Pure) + napis (Pure))
AGnmixing = N1 (M1~ M1 pure) + nz (U2~ W2 pure) + nz (Us - Ks pure)
We know that i = pi® + RT InX;
Wi - Wi° = RT InX;
Hp - W% = RT InX;
W2 - 120 = RT InX;
Uz - u3° = RT InX3
Where 1:°, 120, ps® = chemical potentials of pure components.

Substitute the above values in eq(1), we get
AGmixing =N (RT |I’1X1) + Ny (RT Ian) + N3 (RT InX3)

AGmixing =RT [nl InX1 + no InX5 + N3 InX3]

According to definition of mole fraction x; = %

ni =X N

e N1=X1 N
e Nn=X2N
e N3=XxX3N

Substitute the above values in eq(2), we get

AGmixing =RT [X1 N InX; + X2 N InXs + x3 N |nX3]
AGmixing = NRT [X1 InX1 + X2 InX2 + X3 InX3]
AGmixing = NRT [ 26 Xi ln Xl]

2. Entropy mixing of ideal gases:

We know that AGnp = Gt - Gj

According to second law of thermodynamics dG = VdP — SdT




At constant pressure dP=0
Then dG = - SAT

Differentiating w.r.t. to temperature

96 __gar

oT oT

(2) Initial

962 _ :
i S, ---- (3) Final

362  9G1 _
(3)-() ZF-25=-5+S

;—T (G2-G1) = - (S2-Sy)

a J—
— (AG)=-AS

For mixing :_T(AGmix) = -ASmix

We know that AGmix = NRT [ 3 xi In xi]

— NRT [ % xi In xi] = -ASmis

NR Y} xiIn xi = -ASmix

ASmix = - NR X xi In xi

This above equation represents the entropy mixing of ideal gases.

3. Enthalpy mixing of ideal gases:

We know that AG = AH - TAS
For mixing AGm = AHpm - TASh

AHm = AGm + TASn




AHpm = NRT [ 3§ xi Inxi] - NRT [ ¥} xi In xi] = 0.

¥*Vapor — Pressure Raoults Law

Lowering of vapor pressure: The difference between vapor pressure of pure solvent
(Po) and vapor pressure solution (Ps) is called lowering of vapor pressure.

Vapor pressure of pure solvent = P
Vapor pressure of solution = Ps
Lowering of vapor pressure = Pg - Ps

Relative Lowering of vapor pressure: The ratio between lowering of vapor pressure
(Po - Ps) and vapor pressure of pure solvent (Po) is called relative lowering of vapor
pressure.

. . PO - Ps
Relative Lowering of vapor pressure =

Statement: The relative lowering of vapor pressure of a solution is equal to mole
fraction of Non volatile solute is called Raoults Law.

Mathematically Raoults law can be represented by

PO —-Ps _

X
PO 2

Where Py = Vapor pressure of pure solvent
Ps = Vapor pressure of solution
X2 = Mole fraction of Non volatile solute
Proof: By the definition of chemical potential i = pi + RT InX;
Chemical potential of solution phase pi(liq) = pi° (lig) + RT InX; Q)
Chemical potential of vapor phase  pi(g) = 11° (g) + RT In Ps
At equilibrium chemical potential of solution phase and vapor phase must be equal.

Ha(lig) = pa(9)
H° (lig) + RT InXy = i (g) + RT In Ps X1+ Xo=1-X1=1-X;




e (lig) + RT In (1 — X2) = i (g) + RT In Ps
When Xz =0and P = Pg
Then p° (lig) + RT In (1 -0) = p1° (g) + RT In Po

e (lig) + RT In (1) = wa° (g) + RT In P

W (lig) + 0 = w1 (9) + RT In Po

pa® (lig) = pa® (@) + RT In Po
(3) - (4) u® (lig) + RT In (1 - Xz) - pa® (lig) = pu® (@) + RT In Ps - pa® (g) + RT In Po
RT In (1 —X2) =RT InPs - RT In Py
RT In (1 -X2) =RT (InPs - In Py)

In(1-X2)=InPs-InPo

In(1-X5)=In ()

0
P A
Vapour
pressure

x o=1 Mole fraction
xp=0 X ———
—————— X A




¥+8R+«Vapor-Pressure Henrys Law

The solubility of a gas in a liquid is directly proportional to pressure of the gas. It is
called Henrys law.

(OR)

The mass of gas dissolved in a given liquid at constant temperature is directly
proportional to pressure of the gas it is called Henrys law.

MaP

M=KP
Where K= Henrys constant
M = mass of the gas

P = pressure of the gas




If Henrys law is valid, graph is drawn between solubility of gas v/s pressure of the gas
at constant temperature should be a straight line.

Henry's Law

Solubility

Partial Pressure

Limitations:

—This law is valid for the following conditions.

1. Temperature should be constant throughout the experiment.
2. Pressure is not too low.

3. Gas is not highly soluble.

4. The gas does not disassociate in solvent.

Ex (2): Henrys law is valid for the solubility of HCl and NH3 in Benzene because both
gases are sparingly soluble.

Ex (2): Henrys law is not valid for the solubility of HCI and NH3 in water because
both gases are highly soluble in nature.




Non-ideal solutions

Concept of Fugacity

Fugacity and Fugacity coefficient:

We know that dG = VdP - ST
At constant Temperature dG = VdP
For ideal gas PV = nRT

For 1 mole of ideal gas PV = RT

From equations (1) and (2) dG = % dP

Integrate w.r.t. to Pressure with suitable limits
dG = RT [, dP/P

This equation is not applicable to incase of gases in order to remove this difficulty
Lewis introduced a new function fugacity (f).

—Fugacity does not depend on the nature of the gas.
—Fugacity is not a physical property.
*** P=f
f2
dG = RT df /f
f1
dG = RT Inf

Significance of fugacity (or) fugacity coefficient:

In general the fugacity of real gas is related to its pressure by an equation
Fugacity a P

fap




Where @ = fugacity coef ficient

Determination of Fugacity:

Fugacity is determined by the following methods
1. Graphical method
2. Approximation calculation method
1. Graphical method:
We know that fugacity of real gas dG = RT In f
From ideal gas equation dG = VdP - SdT
At constant Temperature dG = VdP
From equations (1) and (2) RT Inf=VdP

In case of real gases a new function (o) is defined as

_RT
“=p

Where o = constant over a range of pressure which are not too high

Substitute eq (4) ineq (3) RTInf = (5 — a) dP

RT
RT In f :?dP —adP

Integrate w.r.t to Pressure  RT In f = RT fOP%P — fOP a dP

Pdp 1 P
RTlanRT[j ?—ﬁ adP]
0 0




1 P
lnf=lnP—ﬁfo a dP

P

1
Inf—InP = —— P
nf—In BT Oad

f 1 (F
1 = —— P
n BT Oad

To know the value of fugacity we should know the value of fop adP.

—A graph is drawn between % v/s P.

The area under the curve gives the value offop a dP.

From this value we can calculate the fugacity.




2. Approximation Calculation method:

According to the definition of fugacity
P

1
1n£= —-— adP
P 0

—q 1S a constant over a range of pressure which is not too high.

f

For moderate pressure — = 1 - when X— 1

InL In X = X-1
P

Compare eq(1) and eq(2)

We know that o = % -V

f=P2VIRT

From this we can calculate the accurate value of fugacity.




Activity and Activity Coefficient:

Activity term is used to replace concentration term in non ideal solutions.
For ideal solution pj = i + RT InX;

Wi = chemical potential of i'" component for ideal gas

X; = mole fraction of i component for ideal solution

For Non ideal solution pi = pi® + RT In a;

Wi = chemical potential of i'" component for non ideal solution

a; = activity of i'" component for non ideal solution

Compare eq (1) and eq (2) ai a xi
aAi=7vXi
Where y = activity coefficient

For ideal solutions y = 1

1=%

xi
—aj = X
For non ideal solutions y <1 or y>1.

Determination of activity coefficient

1. Determination of activity coefficient from vapor pressure measurements:

I. Activity of solvent:

P1 = let the vapor pressure of solvent

P1° = vapor pressure of pure solvent

Suppose the vapor pressures are not too high know pressure is replaced by fugacity

P1/P10 = fl/flo =Y




Hence the activity of solvent in a solution can be easily determined by knowing the
values of P; & P;°.

I1. Activity of solute:

If the solute is volatile its activity may be calculated as similar to activity of solvent.
If the solute is Non volatile activity of solute is calculated by the following procedure.
Activity = activity X Pressure

—a=yP

—aaP

From this equation we can calculate the activity of solute from vapor pressure
measurements.

2. by using Gibbs-Duhem equation:

This method is more accurate method to determine the activity of solution.
For binary compounds n; duyy + nz dpz =0

Where n1, n2 = number of moles of components 1 & 2.

M1, K2 = chemical potential of components 1 & 2.

According to chemical potential py = pi° + RT Inag

W2 =+ RTIna,
Where ai, a; are activities of two components.
Differentiating w.r.t. to a
—du1 =0+ RTdlIna; and duz=0+RTdInay
—du=RTdIna; and dy,=RTdlIna;
Substitute eq (2) ineq (1)
—n; (RTdIna;) + n, (RTdInaz) =0

—RT (nidIna; + n2dinaz) =0




— nidina; + nodina, =0

— nidIn a; = - nydin a

nl dina2

n2 o dinal

nl Ina2

n2 o Inal

CHEMICAL EQUILIBRIUM

« What is Chemical Equilibrium and write the characteristics of chemical
equilibrium?

In a chemical reaction chemical equilibrium is the state in which concentrations of
reactants and products must be equal.

Ex:aA +bB < cC+dD
Where a, b, ¢, d are staichometry coefficients.
A, B are reactants and C, D are products.

products

rate of reaction = ———
reactants

Rate of reaction = [C]¢ [D]Y/ [A]? [B]°

Characteristics of chemical equilibrium:

—Chemical equilibrium is also known as dynamic equilibrium.
—Chemical equilibrium is represented as K.

—Chemical equilibrium is formed only in closed vessel.

— At chemical equilibrium catalyst is not affected.

— At chemical equilibrium AG®, AS = 0.




/& Effect of Temperature on equilibrium constant — Van't Hoff equation

Vant hoff equation is the combination of Gibbs — Helmholtz equation and Vant hoff
Isotherm equation.

We know that by the definition of free energy G=H - TS
When a small change is considered AG = AH - TAS

We know that dG = VdP — SdT

At constant Pressure dP = 0

Then dG = - SdT

Differentiating w.r.t. to Temperature (Z—i) = —§ %

(&)= -

Initial state a6 _ -S1
daT

Final state a6z _ —-S2
daT

Eq (2) - Eq (3)

aG2 agl - —S2 — (—51)

Substitute eq (4) ineq (1)

d
AG = AH = T(~=-AG)

d
AG=AH +T — AG
* dT

This is known as Gibbs Helmholtz equation.




According to Vant Hoff isotherm equation

—AG =-RTIn K

1 AG
—InK = —E (?)

Differentiating w.r.t. to Temperature

We know that AG = AH - TAS
Dividing with T
AH

——=—-—AS
T T

Differentiating w.r.t. to Temperature
L ASY = AHT?+ 0
ar T

Substitute eq (6) in eq (5)

ALK = — 2 (- AH/T?)
daT R

d[_an} AH®
dT  RT’

—Equation 4 is known as differential form of van’t Hoff equation.

—On integrating the equation 4, between T1 and T, with their respective equilibrium
constants K; and Ko.




AH® [T,-T )
—= = P (J]‘
2303R

LT,

Equation 5 is known as integrated form of van’t Hoff equation.

Phase equilibrium — Derivation of Phase rule from the concept of Chemical
Potential

The phase rule describes the possible number of degrees of freedom in an enclosed
system at equilibrium, in terms of the number of separate phases and the number of
chemical constituents in the system. It was deduced by J.W Gibbs in the 1870s.
Today, the phase rule is popularly known as the Gibbs phase rule all over the world.
Here, in the article, we will be discussing the derivation of phase rule.

Gibbs Phase Rule

Gibbs phase rule states that if the equilibrium in a heterogeneous system is not
affected by gravity or by electrical and magnetic forces, the number of degree of
freedom is given by the equation

F=C-P+2

Where C is the number of chemical components

P is the number of phases

Basically, it describes the mathematical relationship for determining the stability of
phases present in the material at equilibrium condition.

In the next section, let us look at the phase rule derivation.
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Phase Rule Derivation

The Gibb’s phase rule on the basis of the thermodynamic rule can be derived as
follows:

First, let us consider a heterogeneous system consisting of P, number of phases and
Cn number of components in equilibrium. Let us assume that the passage of a
component from one phase to another doesn’t involve any chemical reaction. When
the system is in equilibrium, it can be described by the following parameters:

« Temperature
o Pressure
« The composition of each phase
a. The total number of variables required to specify the state of the system is:

« Pressure: same for all phases
« Temperature: same for all phases
« Concentration

The independent concentration variables for one phase with respect to the C
components are C — 1. Therefore, the independent concentration variables for P phases
with respect to C components are P (C — 1).

Total number of variables=P (C—-1) +2 (1)
b. The total number of equilibria:

The various phases present in the system can only remain in equilibrium when the
chemical potential (i) of each of the component is the same in all phases, i.e.

M1, P1 = M1, P2 = M1, P3 = = M1, P

M2, P1 = M2, P2 = M2, P3= = M2, P

Mc, P1 = Hc, P2 = Uc, P3 = =

The number of equilibria for each P phases for each component is P — 1.

For C components, the number of equilibria for P phases is P (C — 1).

Hence, the total number of equilibria involved isE=C (P — 1). (2)




Equating eq (1) and (2), we get

F=[P (C—1) +2—C] —[C (P-1)]

F= [CP-P+2—CP+(]

F=C—-P+2

The obtained formula is the Gibbs phase rule.




THERMODYNAMICS

The word thermodynamics implies flow of heat. Thermodynamics is the study of the
relations between heat, work, temperature, and energy. The laws of
thermodynamics describe how the energy in a system changes.

The term thermodynamics is derived from Greek word, "Thermos' meaning heat
and “dynamics' meaning flow. Thermodynamics deals with the inter-relationship
between heat and work.

Thermodynamics is a branch of physics that deals with heat, work, and temperature,
and their relation to energy, entropy, and the physical properties of matter and
radiation.

Chemical thermodynamics is the study of the interrelation
of heat and work with chemical reactions.

Different Branches of Thermodynamics

Thermodynamics is classified into the following four branches:

Classical Thermodynamics
Statistical Thermodynamics
Chemical Thermodynamics
Equilibrium Thermodynamics

Classical Thermodynamics

In classical thermodynamics, the behaviour of matter is analyzed with a macroscopic
approach. Units such as temperature and pressure are taken into consideration, which
helps the individuals calculate other properties and predict the characteristics of the
matter undergoing the process.

Statistical Thermodynamics

In statistical thermodynamics, every molecule is under the spotlight, i.e. the properties
of every molecule and how they interact are taken into consideration to characterize
the behaviour of a group of molecules.

Chemical Thermodynamics

Chemical thermodynamics is the study of how work and heat relate to each other in
chemical reactions and changes of states.
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Equilibrium Thermodynamics

Equilibrium thermodynamics is the study of transformations of energy and matter as
they approach the state of equilibrium.

Laws of Thermodynamics

There are four laws of thermodynamics and are given below:

Zeroth law of thermodynamics
First law of thermodynamics
Second law of thermodynamics
Third law of thermodynamics

Zeroth Law of Thermodynamics

The Zeroth law of thermodynamics states that if two bodies are individually in
equilibrium with a separate third body, then the first two bodies are also in thermal
equilibrium with each other.

This means that if system A is in thermal equilibrium with system C and system B is
also in equilibrium with system C, then system A and B are also in thermal
equilibrium.

First Law of Thermodynamics

First law of thermodynamics, also known as the law of conservation of energy, states
that energy can neither be created nor destroyed, but it can be changed from one form
to another.

Second Law of Thermodynamics

The second law of thermodynamics says that the entropy of any isolated system
always increases.

Third Law of Thermodynamics

Third law of thermodynamics states that the entropy of a system approaches a constant
value as the temperature approaches absolute zero.

Macroscopic system and its properties: If as system contains a large number of
chemical species such as atoms, ions, and molecules, it is called macroscopic system.

Extensive properties: These properties depend upon the quantity of matter contained
in the system. Examples are; mass, volume, heat capacity, internal energy, enthalpy,
entropy, Gibb's free energy.




Intensive properties: These properties depend only upon the amount of the
substance present in the system, for example, temperature, refractive index, density,
surface tension, specific heat, freezing point, and boiling point.

Endothermic process is a process where heat is absorbed from the surroundings.
Exothermic process is a process where heat is released to the surroundings.
The System and the Surroundings

A system in thermodynamics refers to that part of universe in which observations are
made and remaining universe constitutes the surroundings.

The universe = the system + the surroundings
Types of the System

We, further classify the systems according to the movements of matter and energy in
or out of the system.

1. Open System

In an open system, there is exchange of energy and matter between system and
surroundings.

2. Closed System

In a closed system, there is no exchange of matter, but exchange of energy is possible
between system and the surroundings.

3. Isolated System

In an isolated system, there is no exchange of energy or matter between the system
and the surroundings.




Thermodynamic System

Open system Closed system Isolated system
Mass transfer (yes) Mass transfer (yes) Mass transfer (No)

Heat transfer (yes)  Heat transfer (No)  Heat transfer (No)

Surroundings

System Boundary




The Four Types of Thermodynamic Processes

The four types of thermodynamic process are isobaric, isochoric, isothermal and
adiabatic.

« Isobaric process in which the pressure (P) is kept constant (AP =0).
« Isochoric process in which the volume (V) is kept constant (AV =0).
o Isothermal process in which the temperature (T) is kept constant (AT =0).
« Adiabatic process in which the heat transfer is zero (Q=0).
Concepts of Partial molar properties

1. Partial molar properties are defined as the properties which are the quantities
change with number of moles.

2. Several extensive properties like volume, free energy, enthalpy, entropy
depends on number of mole.

Partial molar volume and its significance
Eg 1) 100ml H,0O + 10ml H,0 = 110ml volume.

Eg 2) 10,000 ml MeOH + 18 ml H,O = 10,018 ml actual volume but experimental
volume is 10,014 ml.

In eg (1) there are no molecular interactions because both are a water molecule that’s
why volume is not changed.

In eg (2) actual volume is 10,018 ml but experimentally it gives 10,014 ml only
because methanol and water both are different molecules. So some molecular
interactions are there that’s why gives 10,014 ml.

This change in volume in binary system is called Partial molar volume.

e G. N. Lewis introduces a new property X which is defined as function of
temperature, pressure and number of moles.
o X=f(T,Pandngny)

Taking partial differentiation on both sides

0 0 d 0
dx = (a_;)P, ninz..ni dT + (a_;)T,nl,nZ..m' dP +(ﬁ)T,P, n2.n3.ni ANy + (6—52) TPnln3,.ni 0N2
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We know that (ﬁ)p b n2.na.ni = X1 and (ﬁ)t b n1 = Xo

Then

dx = (Z—;C,)P, nln2, ...ni AT + (Z_i)T, nl,n2..ni AP + Xg dng + Xz dn;

At constant temperature and pressure, i.e. dT=0 and dP=0

Then dX= X dn; + Xz dn;

Integration on both sides

[dx=[X1dnl+ [X2dn2

[dx=X; [dnl+X; [ dn2

X=Xin+ XN

The above equation represents the partial molar properties of binary system.
If the system having | components then the above equation changes to
X=Xinp+Xonp+ Xagnz+ XaNg+

Significance of Partial molar properties:

1. Partial molar properties always measures for binary system only.
2. The sum of products of number of moles and partial molar property equal to
thermodynamic property.

Partial molar volume V =Vin;+V;n;
Partial molar energy E=Eini +Ezn;
Partial molar Gibbs free energy G = Gin; + Gano.

Determination of Partial molar properties:

Partial molar properties are determined by 3 methods.

1. Graphical method
2. Intercept method
3. Apparent molar volume method




1. Graphical method:

According to definition of partial molar properties

(f’_x) =Xi (I1=1,2,3,....i)

ani
For binary system X =X;n;+ X, n,
Where X = any extensive property

Ny, Nz =number of moles of components 1 & 2

X1, X, = partial molar properties of components 1 & 2

For the experimental determination of X, take differentiation of X w.r.t. to n;

e dx/dn; = X; dns/ dn; + X, dny/dn;
e dx/dnl=X;+0,
e this equation in the formofy=mx + ¢

No. of moles

Limitation: This method is not of much use as the exact slope cannot be determined.




2. Intercept method:

The method of intercept is more useful because we can measure the partial molar
quantities of both components in a binary system.

e This method gives more accurate values of partial molar quantities.

e For this method a new property, mean molar property of solution (x). This is
definded as extensive property of solution divided by total number of moles in a
system.

Mathematically it is representedas x=X/n;+n;
x(ny+ny) =X
Differentiating w.r.t. to n, at constant n;
[ﬁ (x (n1 + n2))]n=[dx/dn2]ne  [we know d/dx (uv) = u dv/dx + v du/dx]

d dx
xﬁ(nl + n2)+(nl1 + n2)a=[dxldng] nl

X (0+1)+(nl + n2)~==[dx/dny] s

X+ (nl + nZ)dc%=X2

Mole fraction of component 1 is N;=n;/nl1 + n2

Take differentiation on both sides w.r.t. to n, at constant n;

(dN1/dny)n: = d/dny (na/ (N1 + N2))n1
= ny d/dn, [(Na+N2) s [ since < X" = n x™]
=ny [-1/ (N1 + N2)¥ne

[dN1/dnz]n = [- nd/(n1 + n2). 1/ (N1 + N2)]m

substitude eq (2) in eq (3), we get

[dN1/dn2]as = [-N1. 1/ (N1 + n2) ]

[n1 + na/ dnzlas = [- N1/ dNp]n

Take differentiation with x




[dx/dn; (n1+n2)]n1 =[ - N1 dx/dN; Jns
Substitute eq (4) ineq (1), we get

> X+ [-N1 dX/dN1]n1 =X
> X— N1 [dX/dN1]n1 = Xz

X=X+ N, [dX/le]nl
3. Apparent molar volume method:

e Suppose X be the value of any extensive property for a mixing of n; moles of
component 1 and n, moles of component 2.
X1 is the value of property per mole of pure component 1.then the apparent
molar value can be represented by ¢« of component 2.

Mathematically it can be represented as

» X =N X+ nX;
X = N1Xy + N2dx
X - N1 X1 = Nadx
differentiating w.r.t to n;

d _d
—— (X-MX1) = —(N2 ¢x)

Integration on both sides with suitable limits
Jy x2dm= ["d (¢xm)

Jy x2 dm = ¢, m

= fom x2 dm = ¢«

vV V V VYV VYV VYV VYV V VY

Chemical Potential:

1. The amount of change in free energy is known as chemical potential.




2. Itis denoted by p i.e. % =G =W
3. Chemical potential is also known as partial molar free energy.

4. Chemical potential is an intensive property.
5. According to definition of partial molar property

G=1(T,P,ng ny)

Differentiating on both sides

d 0 5} d
dG = (5)p. .2 AT + (G, 2 AP + (5-)7. .00 A1 + (5-2)7,p,m AN

We know that (;%)T, P2 =01 =

0G
(G Pn=Ga= e then we get

dG = (z_:)P ni, n2 dT + (z_i)T ni, n2 dP + M1 dn; + H2 dn,

At constant temperature and pressure, dT=0 and dP =0 then we get

dG =y dng + e dny for binary system

dG = dng + o dny + + W dnj ------- for | component system
This is the mathematical representation of chemical potential.

Variation chemical potential with Temperature:

According to 2" law of thermodynamics
dG =VdP — SdT

At constant pressure (dP =0)
dG =- SdT

Differentiating w.r.t. to temperature

9G _ AT
aT aT

G _
aT

-S

Differentiating w.r.t. to n;




E)%3/E)T%)ni=-8i

According to definition of chemical potential

0G

— =W

oni

Differentiating w.r.t. to temperature
9%G/ OTOn; =

Compare eq (1) and eq(2), we get

oui
- _g.
oT !

Where S; = partial molar entropy of i components.

Variation chemical potential with Pressure:

According to 2" law of thermodynamics

dG = VdP — SdT
At constant temparature (dT = 0)
dG = VdP
Differentiating w.r.t. to pressure

aG_VaP
OP 9P
aG_V
oP

Differentiating w.r.t. to n;

026 oV
OPoni  oni

02G
OPOni

According to definition of chemical potential

0G
oni

= Wi




Differentiating w.r.t. to pressure

926 _

aponi 0P

Compare eq(1) and eq(2), we get

oui
aP :

Where V; = partial molar volume of i components.

Gibbs — Duhem equation and its significance:

Gibbs — Duhem equation describes the relationship b/w changes in chemical potential
for component in a thermodynamic system.

According to definition of partial molar property
G=1(T,P,nyny)

Differentiating on both sides

0 0 0 0
dG = (%)P, n1,n2 dT + (£)T, n1,n2 dP + (a—:l)T, p,n2 dng + (ﬁ)T, p,m dny

We know that (;%)T P,n2 — Gl = M1

)
(ﬁ)p p.n1 =Gy =, then we get

dG = (Z_i)P ni, n2 dT + (Z_g)T ni, n2 dP + M1 dn; + H2 dn,

At constant temperature and pressure, dT=0 and dP =0 then we get
dG =y dng + o dny

dG =y dn; + g dny +

Integration on both sides

[dG = [uldnl+ [ u2 dn2 +

[dG = [dnl+, [dn2 +

G=pmn+Hn+




Take differentiation on both sides

dG = (yy dng + o dny +

Compare eq(1) and eq(2), we get

(W1 dng+ o dngt -- + Wi dni)= (Wa dngt e dng+ --+ Wi dng) + (g dp+ np dpo+ - + nj di)

O=nydy; +npdyy +

0=Yinidui

This is the Gibbs - Duhem equation.

Significance:

Gibbs — Duhem equation is helpful in calculating the partial molar quantities of
binary system.

Gibbs — Duhem equation cannot be used for small thermodynamic system.

Ti is also helpful in calculating the partial vapour pressure of a system.

SOLUTIONS

Solution is defined as homogeneous mixture of two or more components.

¢ In asolution the component which is having large proportion is called solvent.
¢ In asolution the component which is having small proportion is called solute.

Ideal solutions: a solution of two or more substances is said to be ideal, if it obeys
Raoults law at all temperatures and concentrations.

Ex: benzene + toluene
n-hexane + n-heptane

Chlorobenzene and Bromobenzene
Ethyl Bromide and Ethyl lodide

Non ideal solutions: a solution of two or more substances is said to be non ideal, if it
does not obeys Raoults law at all temperatures and concentrations.

. Ex: water + ethanol
« Chloroform and Benzene (negative deviation from raoults law)
« Acetone and Benzene ( positive deviation from raoults law )




Thermodynamic properties of ideal solutions mixing quantities:

When two or more substances are mixed there occurs a change in measurable
properties of components always takes place spontaneously.

1. Free Energy Mixing of Ideal Gases:

The formation of mixture from the pure components always takes place
spontaneously.

Let us consider a vessel with three compartments and each compartment contains pure
substance.

For the pure substance free energies are written as

o N1y =G
e MU =Gy
o N3ls=Ga

Where ny, ny, N3 = Number of moles of components 1, 2, 3.
M1, K2, M3 = chemical potentials of components 1, 2, 3.

For initial free energy is  Ginitia = G1 + G2 + G3

Ginitiat = N1M1 (Pure) + na, (Pure) + ngps (Pure)

Gfinal = N1M1 + Nolo + N33




Change in free energy for mixing
AGmixing = Gfinal = Ginitial
AGnixing = (11 + N2z + Napls) — (N1pls (Pure) + naptz (Pure) + naps (Pure))
AGhmixing = N1 (M1~ M1 pure) + nz (Hz- Hz pure) + ns (s - ks pure)
We know that i = pi® + RT InX;
Wi - Wi° = RT InX;
Wi - u° = RT InX;
W2 - 120 = RT InX;
Uz - M3 = RT InX3

Where p:°, 120, ps® = chemical potentials of pure components.

Substitute the above values in eq(1), we get
AGmixing =N (RT |nX1) + Ny (RT Ian) + N3 (RT InX3)

AGmixing =RT [nl InX; + ny InX, + n3 InX3]

_ni

According to definition of mole fraction x;= >
ni=x; N

e N1=X1 N
e Nn=XN
e N3=X3N

Substitute the above values in eq(2), we get

AGmixing =RT [X1 N InX; + X2 NInXs + x3 N InX3]
AGmixing = NRT [X1 INX1 + X2 InX5 + X3 InX3]

2. Entropy mixing of ideal gases:

We know that AGp, = Gy - Gi

According to second law of thermodynamics dG = VdP — SdT




At constant pressure dP=0
Then dG =- SAT

Differentiating w.r.t. to temperature

96 _ . OT
T oT

(2) Initial

G2 _ i
bk S, ---- (3) Final

G2  9G1 _
(3)-(2) ZZ-22=-5+5

= (GGy) =- (SS1)

a J—
— (AG)=- AS

For mixing :—T(AGmiX) = -ASnix

We know that AGmix = NRT [ X} xi In xi]

% NRT [ 3 xi In xi] = -ASmix

NR Y xi In xi = -ASmix

ASmix = - NR X xi In xi

This above equation represents the entropy mixing of ideal gases.

3. Enthalpy mixing of ideal gases:

We know that AG = AH - TAS
For mixing AGm = AHp, - TASh

AHm = AGn + TASh




AHp = NRT [ X} xiInxi] - NRT [ 35 xi In xi] = 0.

¥*Vapor — Pressure Raoults Law

Lowering of vapor pressure: The difference between vapor pressure of pure solvent
(Po) and vapor pressure solution (Ps) is called lowering of vapor pressure.

Vapor pressure of pure solvent = P
Vapor pressure of solution = Ps
Lowering of vapor pressure = Pg - Ps

Relative Lowering of vapor pressure: The ratio between lowering of vapor pressure
(Po - Ps) and vapor pressure of pure solvent (Po) is called relative lowering of vapor
pressure.

PO — Ps

Relative Lowering of vapor pressure = -

Statement: The relative lowering of vapor pressure of a solution is equal to mole
fraction of Non volatile solute is called Raoults Law.

Mathematically Raoults law can be represented by

P0—-Ps _

X
PO 2

Where P, = Vapor pressure of pure solvent
Ps = Vapor pressure of solution
X2 = Mole fraction of Non volatile solute
Proof: By the definition of chemical potential i = pui° + RT InX;
Chemical potential of solution phase pa(lig) = pi° (liq) + RT InX; (1)
Chemical potential of vapor phase  pi(g) = 1:° (g) + RT In Ps
At equilibrium chemical potential of solution phase and vapor phase must be equal.

Ha(lig) = pu(9)
|.110 (lIC]) + RT InX; = l.llo (g) + RT In Ps X1+t Xo=1-X1=1-X,




W (lig)+ RT In (1 — X2) = u° (@) + RT In Ps
When X; =0 and P =Py
Then pi° (lig)+ RT In (1 -0) = u° (g) + RT In Py

el (lig)+ RT In (1) = w1 (g) + RT In Py

l (lig)+ 0= (g) + RT In Py

W° (lig) = pu° (9) + RT In P
(3) - (4) w® (lig) + RT In (1 - X2) - pa° (lig) = pa° (@) + RT In Ps - u® (9) + RT In P
RT In (1 —X,) =RT InPs- RT In Py
RT In (1 - X,) = RT (In Ps - In Py)

In(1-X2) =InPs-1InPy

In (1-X;)=In )

_ Ps

1_X2_PO

0
P A
Vapour
pressure

x o=1 Mole fraction
xp=0 X ———
—————— X A




¥+f«Vapor-Pressure Henrys Law

The solubility of a gas in a liquid is directly proportional to pressure of the gas. It is
called Henrys law.

(OR)

The mass of gas dissolved in a given liquid at constant temperature is directly
proportional to pressure of the gas it is called Henrys law.

MaP

M=KP
Where K= Henrys constant
M = mass of the gas

P = pressure of the gas




If Henrys law is valid, graph is drawn between solubility of gas v/s pressure of the gas
at constant temperature should be a straight line.

Henry's Law

Solubility

Partial Pressure

Limitations:

—This law is valid for the following conditions.

1. Temperature should be constant throughout the experiment.
2. Pressure is not too low.

3. Gas is not highly soluble.

4. The gas does not disassociate in solvent.

Ex (1): Henrys law is valid for the solubility of HCI and NH3 in Benzene because both
gases are sparingly soluble.

Ex (2): Henrys law is not valid for the solubility of HCI and NHs in water because
both gases are highly soluble in nature.




Non-ideal solutions

Concept of Fugacity

Fugacity and Fugacity coefficient:

We know that dG = VdP - SdT
At constant Temperature dG = VVdP
For ideal gas PV = nRT

For 1 mole of ideal gas PV = RT

From equations (1) and (2) dG = %T dP

Integrate w.r.t. to Pressure with suitable limits
p2
dG = RT [,"dP/P

This equation is not applicable to incase of gases in order to remove this difficulty
Lewis introduced a new function fugacity (f).

—Fugacity does not depend on the nature of the gas.
—Fugacity is not a physical property.
*** P=f
f2
dG = RT df /f
f1

dG = RT Inf

Significance of fugacity (or) fugacity coefficient:

In general the fugacity of real gas is related to its pressure by an equation
Fugacity a P

fap




Where @ = fugacity coef ficient

Determination of Fugacity:

Fugacity is determined by the following methods
1. Graphical method
2. Approximation calculation method
1. Graphical method:
We know that fugacity of real gas dG =RT In f
From ideal gas equation dG = VdP - SdT
At constant Temperature dG = VdP
From equations (1) and (2) RT Inf=VdP

In case of real gases a new function (a) is defined as

_RT
“=7p

Where o = constant over a range of pressure which are not too high

Substituteeq (4)ineq (3) RTInf = (’%T —a)dP

RT
RT In f =?dP—adP

Integrate w.r.t to Pressure RT In f = RT fOP%P — fOP a dP

Pap 1 (P
0 0




1 P
= e — P
Inf=InP RTJOa'd

P

1
—InP=—— p
Inf —In BT Oad

lf— ! PdP
np— BT Oa

To know the value of fugacity we should know the value offop adP.

— A graph is drawn between % v/s P.

The area under the curve gives the value offOP a dP.

From this value we can calculate the fugacity.




2. Approximation Calculation method:

According to the definition of fugacity

A S
"PTTRT L

—q 18 @ constant over a range of pressure which is not too high.

. when X— 1
In X=X-1

Compare eq(1) and eq(2)

We know that a = %T -V

f = P2V/IRT

From this we can calculate the accurate value of fugacity.




Activity and Activity Coefficient:

Activity term is used to replace concentration term in non ideal solutions.

For ideal solution p; = i + RT InX;

Wi = chemical potential of i component for ideal gas

X; = mole fraction of i"" component for ideal solution
For Non ideal solution Wi = i° + RT In a;
Wi = chemical potential of i'" component for non ideal solution
a; = activity of i component for non ideal solution
Compare eq (1) and eq (2) ai o x;
ai= Y X
Where y = activity coefficient
For ideal solutions y =1
e

1=

xi
—ai = X|
For non ideal solutions y <1 or y>1.

Determination of activity coefficient

1. Determination of activity coefficient from vapor pressure measurements:

I. Activity of solvent:

P, = let the vapor pressure of solvent

P,% = vapor pressure of pure solvent

Suppose the vapor pressures are not too high know pressure is replaced by fugacity

P1/P10 = fl/flo =Y




Hence the activity of solvent in a solution can be easily determined by knowing the
values of P; & P;°.

I1. Activity of solute:

If the solute is volatile its activity may be calculated as similar to activity of solvent.
If the solute is Non volatile activity of solute is calculated by the following procedure.
Activity = activity X Pressure

—a=yP

—aaP

From this equation we can calculate the activity of solute from vapor pressure
measurements.

2. by using Gibbs-Duhem equation:

This method is more accurate method to determine the activity of solution.
For binary compounds n; du; + np dp, =0

Where ny, n, = number of moles of components 1 & 2.

U1, U2 = chemical potential of components 1 & 2.

According to chemical potential py = ,° + RT In a3

M2 =M + RT Inay
Where a;, a, are activities of two components.
Differentiating w.r.t. to a
—du; =0+RTdlIna; and du,=0+RTdIna;
—duy=RTdIna; and du, =RTdIna;
Substitute eq (2) in eq (1)
—n; (RTdIn a;) + n; (RTdInaz) =0

—RT (midln a; + nzdina) =0




—ndina; + n.dlina, =0

— nidin a; = - ndin ay

dina?2
o dinal

lna2

lnal

CHEMICAL EQUILIBRIUM

+ What is Chemical Equilibrium and write the characteristics of chemical
equilibrium?

In a chemical reaction chemical equilibrium is the state in which concentrations of
reactants and products must be equal.

Ex:aA +bB < cC+dD
Where a, b, c, d are staichometry coefficients.
A, B are reactants and C, D are products.

products

rate of reaction = —————
reactants

Rate of reaction = [C]¢ [D]Y/ [A]? [B]°

Characteristics of chemical equilibrium:

—Chemical equilibrium is also known as dynamic equilibrium.
—Chemical equilibrium is represented as K.

—Chemical equilibrium is formed only in closed vessel.

— At chemical equilibrium catalyst is not affected.

— At chemical equilibrium AG?, AS = 0.




2 . Effect of Temperature on equilibrium constant — Vant Hoff equation

Vant hoff equation is the combination of Gibbs — Helmholtz equation and Vant hoff
Isotherm equation.

We know that by the definition of free energy G=H-TS
When a small change is considered AG = AH - TAS

We know that dG = VdP — SdT

At constant Pressure dP =0

Then dG =-SdT

Differentiating w.r.t. to Temperature (Z—i) = —sZ—;

(77)= -

Initial state a6l
dT

Final state a6z _ -S2
aT

Eq (2) - Eq (3)

aGz2 acl —$) — (—Sl)

d

ﬁ(GZ —G1) =—(52-S51)
d

d—T(AG) = —AS

Substitute eq (4) ineq (1)

d
AG = AH — T (=== AG)

d
AG =AH +T —= AG
N dT

This is known as Gibbs Helmholtz equation.




According to Vant Hoff isotherm equation

—AG =-RTIn K

1 AG

Differentiating w.r.t. to Temperature

d da A
SLmk =-14 &
dT RdAT T

We know that AG = AH - TAS
Dividing with T

AG AH
S =2 AS
T T

Differentiating w.r.t. to Temperature
L &y =  AH/T2+0
ar ~ T

Substitute eq (6) in eq (5)

Lk = -2 (- AH/TY)
dT R

d(ln K} AW

: (4)
dT  RT

—Equation 4 is known as differential form of van’t Hoff equation.

—On integrating the equation 4, between T and T, with their respective equilibrium
constants K; and Ko.




AH® [T,-T )
—= = P (J]‘
2303R

LT,

Equation 5 is known as integrated form of van’t Hoff equation.

Phase equilibrium — Derivation of Phase rule from the concept of Chemical
Potential

The phase rule describes the possible number of degrees of freedom in an enclosed
system at equilibrium, in terms of the number of separate phases and the number of
chemical constituents in the system. It was deduced by J.W Gibbs in the 1870s.
Today, the phase rule is popularly known as the Gibbs phase rule all over the world.
Here, in the article, we will be discussing the derivation of phase rule.

Gibbs Phase Rule

Gibbs phase rule states that if the equilibrium in a heterogeneous system is not
affected by gravity or by electrical and magnetic forces, the number of degree of
freedom is given by the equation

F=C-P+2
Where C is the number of chemical components

P is the number of phases

Basically, it describes the mathematical relationship for determining the stability of
phases present in the material at equilibrium condition.

In the next section, let us look at the phase rule derivation.
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Phase Rule Derivation

The Gibb’s phase rule on the basis of the thermodynamic rule can be derived as
follows:

First, let us consider a heterogeneous system consisting of P, number of phases and
Cn number of components in equilibrium. Let us assume that the passage of a
component from one phase to another doesn’t involve any chemical reaction. When
the system is in equilibrium, it can be described by the following parameters:

o Temperature
o Pressure
« The composition of each phase
a. The total number of variables required to specify the state of the system is:

« Pressure: same for all phases
« Temperature: same for all phases
« Concentration

The independent concentration variables for one phase with respect to the C
components are C — 1. Therefore, the independent concentration variables for P phases
with respect to C components are P (C — 1).

Total number of variables=P (C-1) +2 (1)

b. The total number of equilibria:

The various phases present in the system can only remain in equilibrium when the
chemical potential (i) of each of the component is the same in all phases, i.e.

M1, P1 = M1, P2 = M1, P3 = = M1, P

M2, P1 = Mo, P2= Mo, P3= Mo, P

UC7 Pl = IJC, PZ = l’lc’ P3 = cee =
The number of equilibria for each P phases for each componentis P — 1.
For C components, the number of equilibria for P phases is P (C — 1).

Hence, the total number of equilibria involved isE=C (P — 1). (2)




Equating eq (1) and (2), we get

F=[P (C-1) +2—C] —[C (P-1)]

F= [CP-P+2-CP+(]

F=C—-P+2

The obtained formula is the Gibbs phase rule.
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CHEMICAL KINETICS

—Chemical Kinetics is a branch of Physical Chemistry which deals with the rate
of chemical reaction and the influence of various factors such as Concentration,
Temperature, Catalyst etc and the reaction rates is called Chemical kinetics.

—The word Kinetics is derived from Greek word “Kinematics” means moment.
DEFINITIONS:
Chemical kinetics: It is a branch in physical chemistry which deals with the

study of rate of a chemical reaction, the factor affecting their rates and the

mechanism by which a chemical reaction occurs.

Rate of reaction: It is defined as the change in concentration of the reactant or
product per unit time. 4)

Average rate: It is defined as the change in concentration of a reacta@or

product divided by the time interval over which the change occurs.

Instantaneous rate: It is defined as the rate of a reaction at a specific instant.

Rate law: It is defined as an experimentally determined equation that expresses

the rate ofchemical reaction in terms of molar concentration of the reactants.

Order of a reaction: It is the sum of the exponents to which the concentration
terms in the rate law are raised.

Molecularity of a reaction: It is defined as the number of reacting species

(atoms, ions or molecules) involved in an elementary reaction.

Zero order reactions: The chemical reaction in which the rate of the reaction is
independent of the concentration of the reactants and remains constant

throughout thecourse of the reaction are called zero order reactions.




First order reaction: The reactions in which the rate of reaction depends on the

concentration of only one reactant are called first order reactions.

Pseudo first order reactions or Pseudo unimolecular reactions: The chemical
reactions that have higher order true rate law but are found to behave as first

order called pseudo molecular or pseudo first order reaction.

Half life period: The time required for a chemical reaction to reduce the original

concentration of the reactant to half of its initial value is called half life period.
Rate of Formations and Disappearances

In any chemical reaction, as the reaction proceeds, the amount of reactants
decreases, whereas the amount of products increases. One has to understand that
the rate of the overall reaction depends on the rate at which reactants are

consumed or the rate at which the products are formed.

If a graph is plotted between the concentration of reactants and products and time,
rate of formation of products and rate of disappearance of reactants can be easily
calculated from the slope of curves for products and reactants. The overall rate of
the reaction may or may not be equal to the rate of formations and
disappearances.

BYJUS

Products

d [C]
dt

—Slope =

Reactants

>




1. Write a brief note on Collision Theory?

This theory was first proposed by Max Trautz and William Lewis.

This theory explains about how a chemical reaction occurs and why different
reactions give different products.

It is applicable to gaseous molecules only.

A chemical reaction occurs only collisions are happens between the reactant
molecules.

During the collisions molecule must be properly oriented.
BYJU'S

Moleoules Bond
approach iormatlon

Collision
Produot

(a) Properly oriented collisions form products

Molecules Molecules
Qapproa{:h separate

Collision

(b) Colhsuons not properly oriented No product

—All collisions are not activated collisions.
— A collision which may lead the product formation is called activated collisions.

— A collision which may not lead the product formation is called inactivated
collisions.

— Activation energy is the minimum energy required to cause the collisions
between the reactant molecules.




—Activation energy is denoted as Ea,.

— Activation energy is equal to threshold energy minus average energy.

Ea=Er— Eavg

AN

HCl  HCl
2 2

S+

Reactants

—The rate of reaction is directly proportional to the rate of reactant collisions.

collisions

rate of reaction = .
time

—According to Lewis theory rate of reaction between two identical molecules is

given by
A+A—P

Rate o Zap e F2/RT

Where Zaa = UNa%/2 d? ¥ 8rKT [

Na = number of A molecules
d = average distance between A & A

K = reduced mass




—According to Lewis theory rate of reaction between two different molecules is
given by

A+B—>P

Rate o Zag eF8/RT

Where Zags = Na Ng d2 v 8TKT /p

Zag = collision factor

eBa/RT = Boltzmann factor

Na = number of A molecules

Ng = number of B molecules

d = distance between A and B

K = reduced mass

Rate = K Zag eB2/RT

K=A e-Ea/ RT

Where A = K! Zg = Arrhenius factor
— The collision theory of equation applicable to two different reactions.
Rate of first reaction K; = A g®8/RT!
Rate of second reaction K, = A g F/RT2
Apply In for equations (1) & (2)

In K1 = In (A eB/RTY

In Ky =1In A+ Ine®/RTL

Eo
INnKy=1InA - rri

In K, = In (A e’F/RT2)




In Ky, =1In A + In eFa/RT2

ﬂ
InKz=1InA - rr>
Theneq (4) —eq (3)

Ea
INK,-InKy=InA-rr2-InA+rm1

K2 Ea,1
mE2 Bl
Kl= R "T1

K2 __Ea_ T2-T1
°9%T~ 3303R " TiT2

=)

The above equation is known as integrated form of collision theory of reaction
rates.

Limitations:
1. This theory is applicable to simple gaseous reactions only.

2. In this theory only kinetic energy is considered while vibration and rotational
energies as ignored.

3. This theory does not explain bond cleavage and bond formation involved in a
chemical reaction.

4. This theory does not explain steric factor which arises from bulky substituent.

Es= B B> By

Energy barrier Energy barrier

AH

reaction coordinate reaction coordinate
Graph for exothermic reaction Sraph far endothermic reaction




2. Explain about Transition State Theory?
(OR)
Write a brief note on Activated Complex Theory?
(OR)
Explain about Absolute Rate Theory?
—This theory was proposed by “Henry Eyring”.
— This theory is also called as absolute rate theory.

— According to transition state theory the reactants are not directly converted into
products.

— According to transition state theory
Reactant < activated complex — products

— Reactant molecules react with each other to form activated complex. This is
also known as transition state.

— The life time of transition state is 107 to 1078 sec.

— The transition state always equilibrium with reactant molecules.

— The transition state decomposes to products.

— The difference between threshold energy and average energy of a molecule is
called activation energy.

Ea=Er- Eavg




The Transition State Theory

New bond

X=2-X

Original bond —»I Io Original bond

YTY

New bond

Hy+ Iy

Reactant Particals Activated Complex Product Particals

| shutterstock.com + 1735453049

— This theory may be illustrated by the potential energy surface diagrams.

activation

ener activation
i I energy
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energy
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products

\

reactants energ

absorbed
»

Reaction Progress Reaction Progress

products

Potential Energy
Potential Energy

Exothermic Endothermic
reaction reaction




— Let us consider a bimolecular reaction between A & B

A+BT= [X]">P

|X]=
Equilibrium constant K* = [4][8]

[XI" = K" [A] [B] 1)

—The rate of reaction is number of activated complexes which posses through the
potential barrier in a unit time.

— Rate of reaction = concentration of activated complexes X frequency

dx E]
7 = [X]'9 [ 9=

gx KT
it = [X]" n

Substitute eq (1) in eq (2), we get

gx KT
at = K" [A] [B] »

For the conversion of reactants into products

A+B—P

dx
E=Kl [A]

Compare eq (3) and eq (4)

KT
K1[A][B]1=K"[A][B] ®

KT
Kl:K* T

—AGO | KT

Kl=exp(ar )5




Boltzmann Constant Gibbs Energy of Activation

Reaction Rate Constant Activation Energy

——a .kBT —AG¥
- [ = Te RT

""\ “— Absolute Temperature ( in Kelvin)
Pre-exponential Factor “—— Universal Gas Constant Plank Constant

Arrhenius Equation Eyring Equation

transition state
(activated complex)

activation
ensrgy
final state
{products)

initial state
(reactants)

potential eNErgy s

progress of reaction —
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Effect of ionic strength Debye — Huckel theory:

— lonic strength was first introduced by G.N.Lewies and RANBELL.

— Jonic strength used to measure the activity of ion as well as concentration of
ion.

— It is defined as half of the sum of the square of the ionic charge which is
multiplied by concentration of its ion.

— It is denoted by I (or) p.

AL — %Zj: C-sZz'z

Where Z; = charge of ion
Ci = concentration of ion
— lonic strength of the solution always depends on activity of the solution.
— Activity of ion depends on concentration and activity coefficient.
a=cy

Where y = activity coefficient

— In strong electrodes produced ions are very strong. Then it is impossible to
determine ionic strength accurately.

— In weak electrodes produced ions are weak. Then it is possible to determine the
lonic strength accurately.

— lonic strength mainly classified into two types
1. Primary Salt Effect
2. Secondary Salt Effect.




3. Write a note on Primary Salt effect?
(OR)
Explain the effect of ionic strength on the rate constant?
(OR)
Derive Bronsted — Bjeerum equation?

— Primary salt effect was introduced by “Bronsted” later it was modified by
“Bjeerum” which is simpler than Bronsted.

—Primary salt effect, it has been observed that the rate of a reaction can be
altered by the presence of non-reacting or inert ionic species in the solution.
This effect is profound when the reaction takes place between ions, even at low
concentrations.

— According to Bjeerum reacting ions first form activated complex which is
equilibrium with the reactants and then activated complex decomposes to give the
products.

— The rate of reaction determined by concentration of activated complex.

>

Fae) Kk, ZpR ks ducts

Where K; = rate constant for forward reaction
K2 = rate constant for backward reaction
K3 = rate constant for decomposition
Za = charge of ion A

Zg = charge of ion B

Zag = charge of activated complex
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k, = Chr8 ;QmL

Can CBQg
P

Cog = K Ca CrIndr
Jar

Sep i
congider, —the reackion

*
[A B%Bj _ﬁ‘% Products

Kote of decompoh‘\{{on - Ky [CAB} —®
substitue g @ in eq3"(®

Rote of deCompoSiﬁoﬂ = kak;, CnCR Qﬁ?ﬁ
AR

= ko CRCB QQQBN D)
Fag

Condidery, i
AR B e gt

Rate of reaction = K; CACg

At equilibrium, rate of formation = rate of decomposition




e (4)=(3)

yAyE

K CaCg = KO CaCp rv4B

yAyE
K, =K y4B

Apply “log” on both sides

YA yE
log K, = log K® r4B

log K: = log (K° yays) — log yas
log K = log K° + log ya + log vs - log yas
According to Debye — Huckel theory

log vi = - 0.509 Z2 VI Similarly

log ya = - 0.509 Z2 VI

log vs = - 0.509 Zg2 VI

10g YAB = - 0.509 ZA32 \‘lr‘_r

The above values are substituted in eq (5), we get

log K; = log K°— 0.509 Zx2 VI - 0.509 Zg? VI +0.509 Zag? VI

log K = log K® - 0.509 Z? VI - 0.509 Za? VI +0.509 (Za + Zg)? VI

log K, = log K° — 0.509 Zx2 VI - 0.509 Zg2 VI +0.509 (Zx2 + Z&? + 2 ZaZs) VI

log K; = log K® - 0.509 Zx2 VT - 0.509 Zg2 VI +0.509 Zx2 VT + 0.509 zg2 VI +2
(0.509) (ZaZs) VI

log K; = log K® + 1.1018 ZaZg VI

This equation is known as Brownsted — Bjeerum equation.




Reaction between similarly
charged species

Z+17Zp= 0 (when atleast one
reactant is neutral)

Reaction between oppositely
charged species

il

4. Explain about Secondary Salt effect?
(OR)
Explain the effect of ionic strength on rate of reaction?

— The actual change in concentration of reacting ion resulting from addition of an
electrolyte is called Secondary salt effect.

— The secondary salt effect is involved in catalytic reactions.

— Let us consider the hydrolysis of cane sugar which is catalysed by a weak acid

H,O
C,.H,0,, = CcH,,0¢ + CcH .04

Cane sugar Glucose Fructose
(Sucrose)

In the above reaction rate of reaction is directly proportional to concentration of H*
ions only.




Rate of reaction a [H']
Rate of reaction = Kg [H']
Catalyst comes from disassociation of weak acid

HA (ag) = H’(aq) + A(aq)
[H*][A™]
[HA]

a

= acid dissociation constant

Ka= aH+ aa / dHA
We know that, activity = concentration X activity coefficient
fHa=cy

[H+yH+[A-|yA-
[HAlyHA

Ka [HA] yHA
[HT] = [A-1vH+ v 4~

(H4) _yHA
[H] = Ka A1 yA+y A=

yHA
[H] = K! vH+y Am oo (2)

Substitute eq (2) ineq (1), we get

yHA
K=Kgr Kl vH+v4-

yHA
K=KqrH+vA-

Apply “log” on both sides

¥HA
log K = log Ko vH+ v A=




¥yHA
log K = log Ko + log vH+ v A—

log K = log Ko + log yHa — log ( yu* yA)

log K =log Ko + log yna — log yu" - log ya
According to Debye — Huckel theory

log vi = - 0.509 2 VI Similarly
log Yia = - 0.509 Zya2 VI
log y1* = - 0.509 Zy,2 VI

log ya" = - 0.509 Zp2 VI

Substitute the above values in eq (3), we get

log K = log Ko - 0.509 Zua2 VI + 0.509 Z.2 VI + 0.509 Zx2 VI

log K = log Ko — 0.509 (Zy* - Za')2 VI + 0.509 Z.2 VI + 0.509 a2 VI

log K = log Ko — 0.509(Zi1:2 + Za2 — 2 Zu* Z&) VI + 0.509 Z.2 VI + 0.509 Z,2 VI

log K = log Ko — 0.509 Zy1.2 VI - 0.509 Z»2 VT + 1.018 Z4* Za VI + 0.509 Z,1.2 VI
+0.509 Zp2 VI

log K = log Ko + 1.018 Zy* Za VI




5. Explain the effect of dielectric constant on rate of reaction?
(OR)
Explain the effect of solvent on rate of reaction?

— According to collision theory the reactions takes place in gas phase does not
involve the electro static interactions.

— But in case of ionic reactions effected by electro static interactions.

— Let us consider an ionic reaction between two ions A and B with radius ra and
re In a solution.

— Suppose the two ions are initially at infinite distance. When the two ions are
touch each other to form activated complex.

ACTIVATED
COMPLEX

INITIAL
STATE

— The work done to bring the two ions together from infinite distance to small
distance (dag) Is given by

ZAeXZB e
W = :daB

ZAZB




Where Za = charge of the ion A
Zg = charge of the ion B
e = elemental charge
¢ = dielectric constant
— If the signs of two ions are same then the work is positive.
— If'the signs of two ions are different then the work is negative.

— In this case work is equal to free energy activation which contributes both the
electrostatic term and non electrostatic term.

AG F= AG*n.e.s + AG*E.S

ZAZB
AG = AG n.e.s + :dAE 62

— According to transition state theory rate constant K is given by

KBT —aGs

K= n €7f

Substitute eq(2) in eq(3)

KET —(AGsme.c+ i—’i%g—ez )

B € RT

KBT —AGwmes _ ZAIB 5
K="j € R g =ddBAT

Taking “log” on both sides

KBT —AGsnes _EAIB _,
logK=log » +log€ * +log€ =&"

ZAZB e?2 KET —Afrmes
log K =log Ko — =d4B RT WherelogKo=1log » +log€ #*

1
— A graph is drawn between log K and = gives a straight line with negative slope.




Effect of Substituent:

6. Write a note on Hammett equation?

® The equilibrium constants and rate constants of organic reactions are strongly
affected by substitutes present on organic molecules.

In 1937 Hammett measures the rate constants and equilibrium constants of
Meta and para substituted aromatic compounds.

Consider benzoic acid, para nitro benzoic acid and para methoxy benzoic acid.

COOH COOH COOH




® Here in para nitro benzoic acid -NO- group is electron withdrawing group.
® Here in para methoxy benzoic acid -OCHjs group is electron donating group.
® The stability order of these compounds is EWG > H > EDG.

I.e, Para nitro benzoic acid > Benzoic acid > Para moethoxy benzoic acid.
® The reactivity order of these compounds is EDG > H > EWG.

I.e, Para methoxy benzoic acid > Benzoic acid > Para nitro benzoic acid.

® If any electron withdrawing group is present at para position ¢ value will be

positive.

® |f any electron donating group is present at para position o value will be
negative.

® A graph is drawn between log K v/s ¢ gives a straight line.

Linear graph for Meta and para substituted compounds.

(b0 —

r=0.99
slopc = 1.85

® [From the above graph Hammett concluded that in case of Meta and para
substituted aromatic compounds follows the following equation.




log K=1log Ko+ o p
logK-logKo=0cp

log %ZQ—P

Where K = dissociation constant with substituent
Ko = dissociation constant without substituent

o = substituent constant

P = reaction constant

Substituent

Limitations:

1. Hammett does not explain rate constants of Ortho substituted aromatic
compounds.

2. He does not explain the steric effect.
7. Write a note on Taft equation?
Taft equation is applicable for ortho substituted aromatic compounds.

Taft equation is also applicable to aliphatic compounds. Because steric factor
play an important role in aliphatic compounds for rate of the reaction.

Taft considers the polar effect and steric effect.

Taft equation is represented as




log (KIKo) = 0" p"+S.E

Where K = dissociation constant with substituent

Ko = dissociation constant without substituent
0" = substituent constant and p* = reaction constant

® This is explaining on the basis of reference reaction l.e., hydrolysis of ester.

Acid catalyzed hydrolysis of ester:
HO OR'
F-:><E:HE
T ]
HO HOR'
- B
R OH

in this case S.E =0 and p* = 0, it was determined experimentally.

(o)
HJJ\OR'

(@)
H)J\OH

OoH

Base catalyzed hydrolysis of ester:

In this case S.E = 0 and p* = 2.5, it was determined experimentally.
o]
R—(::—OR'
OH
Tetrahedral intermediate




® For acid hydrolysis of ester p* = 0, then

log (K/IKo) = 0" p"+S.E

log (KIKo) = o (O) +S.E

|Og (K/Ko)A =S.E

® For base hydrolysis of ester p* = 2.5, then

log (K/Ko)s = o p°+S.E

log (K/Ko)s = 0~ (2.5)+S.E

Eq(2) - Eq(1), we get

log (K/Ko)s - log (K/IKg)a= 0" (25)+S.E-S.E

log (K/Ko)s - log (KIKo)a= o (2.5)

l i
o= —|log| —
248| Uks Jp

- lng

k

"E:l:l .;'é';_

The value of substituent constant can be determined by the above equation.

8. Show that Hammett equation and Taft equations are linear free energy

relationship (LFER)?

e Hammett equation is a linear free energy relationship these can be

demonstrated as follows.

Consider dissociation constant of substituted benzoic acid

AG° = - RT Ink




AG® =-2.303 RT log K

Dissociation constant for unsubstituted benzoic acid
AGOO =-RT |nKo
AG® = - 2.303 RT log Ko

According to Hammett equation we may write that
log K-logKo=0p

Substitute eq (1) & eq (2) ineq (3), we get

—AGD AGOD

+ =agp

2.303RT 2.303RT

-AG® + AG,°=2.303RT o p

AGe°=2.303RT o p + AG®

9. Explain about Fast Reactions?

® Reactions which go to equilibrium in a few seconds are known as fast
reactions.

This reaction even proceeded in less time cannot be kinetically studied by
conventional methods.

The main reason for inability is “initial time cannot be determined accurately”.
Fast reactions are studied by two methods.
Flow method

Relaxation method




1. Flow method:
Flow method 1s also known as “mix and shake method”.
In which reactants are mixed with in a fraction of seconds.

It was first introduced by “Rough ton” and “Hastridge” used to measure the
half time in the range from 10 to 10" sec.

First reaction studied by using this method was the reaction between Fe*3 and
CNS . the rate of reaction is given by

K = Ko [Fe**] [CNS™] [1+ a/H"]

Where a = empirical constant
® Flow methods are of two types
A. Rapid flow method
B. Stopped flow method
A. Rapid flow method:
® The reactants are mixed as they flow together in a mixing chamber.

® The reaction continues as the thoroughly mixing solutions flow through the
outlet tube and observe the composition at different position along the outlet
tube is equal to the observation of reactant measures at different times after
mixing.

Disadvantage: It requires large volume of reactant solution.
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B. Stopped flow method:

® The two solutions are mixed very rapidly by injecting them into a mixing
chamber.

® Beyond the mixing chamber the observation cell is fitted with a stopping
syringe. When a required volume has been injected.

® Advantage: it requires small volume of the sample.

2. Relaxation method:

® In a relaxation method equilibrium is formed by a rapid change in one of the
possible external parameter like temperature and pressure.

® The equilibrium process is then followed by spectrophotometric (or)
conductophotometric methods.




® This method can be used for reaction having half time between 104 to 10”7 sec.
® This method can also be used for reversible fast reactions,

® [n this method we can determine relaxation time

DETERMINATION OF RELAXATION
TIME

DETERMINATION
OF RELAXATION
TIME

Temperature Pressure jump
jump method method

Temperature jump method:

® In temperature jump method a temperature change of several degrees (=10° ¢)
in 10 sec is created by a discharge of high voltage. Consider 100kv through a

small quantity of sample.

The relaxation time is depends on concentration followed by absorption
spectroscopy.

Apparatus required in temperature jump method as shown below
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Pressure jump method:
® It involves a sudden and rapid change of pressure to displace the equilibrium.

® The sensitivity of a sample to pressure depends on the change in volume and is
represented by the following equation.




(@lnk 4 E
Y

® The sample is placed in a flexible cell which is contained in a pressure chamber
a pressure of above 65 atm.




10. General and Specific Acid - Base Catalysis?

General acid catalysis: The reactions which are catalysed by the substance which
Is having loss of protons is called general acid catalysis.

Example: lodation of acetone

0 O
1] 1l
CH5CCHslag) + Ii(ag) ---» CH;CCHgl(ag) + H*ag) + I[Tag)

acetone indine

General Base catalysis: The reactions which are catalysed by the substance which
Is having gain of proton is called general base catalysis.

Example: condensation of acetone

S

OH

CH.

Specific Acid catalysis: The reactions which are catalysed by H* ions only are
called specific acid catalysis.

Example: Inversion of cane sugar

H*
CoHh 0, +HO0 ———— CgH .06 CeH 20

Sucrose Glucose Fructose
(dextro - rotatory) (dextro —rotatory) (leavo - rotatory)

+ 66.5° +52.5° —-92°
(leavo —rotatory)

Specific Base catalysis: The reactions which are catalysed by OH" ions only are
called specific base catalysis.

Example: Base catalysed hydrolysis of ester.




O
H Ef + N a D H saponification R /<’ + HD . Hll

ar hydrolyzis
é -
O —R . O Na'
sodium

carboxylate ester hydroxide sodinm
carboxylate

alcohaol

Protolytic and Prototrophic Mechanisms for Acid — Base catalysis:

Protolytic Mechanism:

e We know that in acid — base catalysis the transfer of proton from acid to
substrate in the first step.

In the second step transfer of proton to base from the protonated substrate.
Step—1: S+ HA < SH" + A"
Step — I1: SH* + H20 — Products

Rate of formation is products is given by

dp _ .
% = Ko [SH'] [H:0]

= =K [SH'] (1)

e According to steady state approximation theory
Rate of formation = rate of decomposition
K1 [S] [HA] = K1 [SH] [A] + Kz [SH*] [H20]
K1 [S] [HA] = K1 [SH*] [AT] + Kz [SHY]
K1 [S][HA] = [SH*] {K 1 [AT + K2}

K1 [sl[H4] _
E1[al+k2

(2)

Substitute eq (2) ineq (1), we get




K1 [s][HA]
2T
Kilal+rz

Prototrophic Mechanism:
Step—I: S+ HA < SH* + A
Step — II: SH* + A" — Products
According to steady state approximation theory
Rate of formation = rate of decomposition
Ki [S] [HA] = K1 [SHTT[A] + Kz [SHT] [AT]
Ki [S] [HA] = [SHT[AT] (K1 + K?)

[SH'] = K1 [sl[HA] (1)

l[A]l[K1+K2]

Rate of formation of products is given by

o = K [SHT[A] @

Substitute eq(1) in eq(2), we get

K1 [sl[HA] [A]
[A][R1+R2]

dp _ K1 [s][HA]

dr 2 (K 1+K2]

11. Predict the rate constants of Parallel reactions, Opposing reactions and
Consecutive reactions?

e Only few reactions are straight forward in nature
|.e. first order reactions
Second order reactions

Third order reactions




Other reactions are complicated because several reactions which takes place
simultaneously along the main reactions. Such reactions are known as
simultaneous reactions.

Simultaneous reactions are divided into three types
1. Side chain reactions (or) Parallel reactions
2. Opposing reactions (or) Reversible reactions

3. Consecutive reactions

1. Side chain reactions (or) Parallel reactions:

When a reactant A undergoes two (or) more reactions at the same time it
Is in the case of side reactions.

Let us consider the following reactions

K1

>

» C (10%) side reaction

Where A is the reactant which undergoes reactions | & 11 to form the
products B & C.

The reaction | (90%) is known as main reaction.
The reaction Il (10%) is known as side reaction.

Example




Nitration of phenol
OH

NO,
ky

OH . .
) (main reaction)
o-nitrophenol
@+ HNO, OH

(side reaction)

NO,

p-nitrophenol

Mathematical treatment of Parallel reaction:

Let us consider the following parallel reaction
K1

*>B

Suppose “a” is the initial concentration of reactant “A”.
Let “x” moles of “A” decomposed to form partly “B” and “C”.

If y and z are the amounts of “B” and “C” at time “t”.

The rate of disappearance of A = %




+ dy
dt

The rate of formation of B =

The rate of formation of C = ==

dt

+dx
dt

The rate of formation of B&C together =

dx f.!}-‘+ dz
The netrate dt dt dt

Substitute eq(2) & eq(3) ineq(l), we get

dx
E—Kl(a—x)+K2(a—x)

TE@-% (Kt Ko

dx
E—(&—X)K

DK dt

a—x

Integration on both sides

1
f dx=det
a—x

-In(@a—x)=Kt+C
Apply initial conditionst=0 & x =0, then
-In@-0)=K(0)+C

Substitute eq(4) in eq(3), we get

-In(a-x)=Kt-Ina




Ina—In(a—x)=Kt

In (%) =Kt

-1
K—t In (

K=

a—x

a

)

a—x

log (

2,303 a

)

a—x

2. Opposing Reactions (or) Reversible Reactions:

There are certain reactions in which the products of chemical reaction
react with each other to form original reaction. Such reactions are called
Opposing reactions (or) Reversible reactions.

In Opposing reactions, the net rate of reaction will be affected by both
forward and backward reactions.

Example

/'

a) OPPOSING REACTION (REVERSIBE)

= The simplest case is, in which both reactions are of first order
K

A = B

» A somewhat more complicated reaction is when forward is first order type
and reverse reaction is second order type.

K
K

Example:

Epimerization of tetracycline.




8]
i D,0/EOH
HO H = — HO OH
HO 80.5°C

HO OH HO H

a-D-glucose B-D-glucose

Mathematical treatment of Opposing Reactions:

Let us consider the following reaction

Reversible Reaction

Suppose both forward and backward reactions are first order.

Where K; & K are rate constants for forward reaction and backward
reaction.

Suppose “a” is the initial concentration of reactant “A” after time “t” “x”
moles of A decomposed to form B.

The rate of forward reaction = K; (a — x)




The rate of backward reaction = K, x

The net rate of reaction is rate of forward reaction minus rate of backward
reaction.

dx

dt

At equilibrium net rate of reaction (j—:) IS zero.

0=K1 (a—Xe)—KZXe

K2 Xe = K]_ (a - Xe)

Substitute eq(4) in eq(3), we get

dx _ v Kl (a—Xe)
dt_Kl(a X) K2 Xe
dx K1 (a—X)Xe —K1 (a—Xe)X
dt Xe
dx_ KlaXe— Kl1XXe —KlaX+K1XXe
dt Xe
Xe
Xe—X

dx =K1 adt

Integration both sides

f 1 . _Kla
Xe—x 7 xe

Kla
Xe

I (Xe — X) =

Apply initial conditionst=0& x=0

Kla
Xe

“In(Xe—0) =222 (0)+ C




Substitute eq(6) in eq(5), we get

Kla

-In (Xe—X) === t-1In

.Fr.’la

In Xe‘ In (Xe X)—

In( Xe )=R1at

Ke—X Ae

Xe
Ne—X

0g (——)

2. Consecutive reactions:

The reactions in which the reactant forms an intermediate and the intermediate
forms the product in one or many subsequent reactions are called consecutive
reactions.

A—>B 5 >

A= reactant, B= intermediate, C= product. Initially only the reactant A will be
present. As the reaction starts, A produces an intermediate B is formed, it produces
the product C through K2, Rate Constant. After the completion of reaction only 'C’
Is present and concentrations of A and B will be zero.




Overall: NO, + CO - NO + CO,

Possible Reaction Mechanism
Step 1: NO, + NO, - NO, + NO

Step 2: NO; + CO - NO, + CO,

Mathematical treatment of consecutive reactions:

Let us consider the following reaction

ki

> B k) >

A

Suppose “a” is the initial concentration of A and x, y, z are the concentrations of A, B, C
respectively. Then

the rate of disappearance is 'd—‘f = Ky X

_—dszldt

X

Integration on both sides

—[E =K, [dt

-Inx=K;t+C
Apply initial conditionsx=a &t=0
-lna=K;(0)+C




Substitute eq(3) in eq(2), we get
-Inx=Kjt-Ina
Ina—-Inx=Kjt

In(i) = K1 t

Ky = i In (%)

2,303

Ki= log (%)

12. Explain about Skarbal Diagram?
(OR)
Explain the effect of P on reaction rate?

e We known that in acid catalysed reaction rate of reaction is depend on
concentration of H* ions only.

Rate of reaction a [H]

Kr = Ko [H']

Taking “log” on both sides
log Ki = log {Ko [H*] }

log K; = log Ko + log [H']
We know that PH = - log [H*]

log K; = log K - P™




- pH ?x

We know that in base catalysed reactions rate of reaction is depends on
concentration of OH" ions only.

Rate of reaction o [OH]

K: = Ko [OH]

Taking “log” on both sides

log K = log {Ko [OHT]}

log K = log Ko + log [OH7] (1)
from the ionic product of water

we know that Ky = [H*] [OH]

Substitute eq(2) in eq(1), we get

log K; = log Ko + log (%)




o log K; = log Ko + log Kw — log [H*]
e we know that P = - log [H*]

e log K, =log Ko + log Ky + P"

')é—Ct xr A

/
{i

\". o \5\( b

i

L

N

—s pH -

Skarbal plotted a graph between log K; V/S P for number of reactions of
acid catalyzed reaction, base catalyzed reaction, both acid — base catalyzed
reactions and un catalyzed reactions.

Skarbal diagram gives the information above acid catalyzed reactions, base
catalyzed reactions, both catalyzed reactions and uncatalyzed reactions.

P

1(Pakv




e From the above graph the following information can be obtained.

e In the above diagram (a) represents the reactions which are catalyzed by H*
ions only.

Example: inversion of cane sugar

H*
Cioth0y + O ——— CgH, 5,04 CaH 20
Sucrose Glucose Fructose
{dextTro - rotatory) (dextro —rotatory) (leavo — rotatory)

+ 66.5° +52.5° —92°
{leavo —rotatory)

In the above diagram (b) represents the reactions which are catalyzed by
OH- ions only.

Example: condensation of acetone

S

OH
2CH;COCH3; ~—= CH;—C(OH)—CH,—CO—CH,
|

CHg
In the above diagram (c) represents the reactions which are catalyzed by

both H* & OH" ions.

Example: Hydrolysis of ester

@ O

Ef saponification .
H + N d D H -:urph':.-'drn:ul':.fsis > R /< t HD - H

O—R | O Na'
sodium sodium alcohol

carboxylate ester hydroxide
carboxylate




H20 O

I 1] HO—
- C
R O H,O* R” TOH

Ester Carboxylic Acid Alcohol

¢ In the above diagram (d) represents the reactions which are catalyzed by

acid, base and uncatalyzed reactions.

Example: muta rotation of a — D glucose to  — D glucose

8]
HOHZC D,0/EtOH HOH,G, P
HO H S HO OH
HO 80.5°C

HO OH HO H

a-D-glucose fA-D-glucose







MICELLES AND MACROMOLECULES
MICELLES

< 1. What are Surfactants and explain their classification?
Surfactants:
— Surfactant word comes from the Surface active agents.

—Surfactants are usually organic compounds having amphiphilic nature, i.e. it
containing both hydrophobic and hydrophilic groups.

SURFACTANT MOLECULE

lipophilic tail (hydrophobic)
(likes oil, hates water)

O NAAANANS

hydrophilic head
(likes water, hates oil)

— Surfactants may act as detergents, wetting agents, emulsifiers and foaming
agents.
—Surfactants added to a liquid reduces its surface tension.
—Surface active agents are classified into four types
1. Cationic Surfactants
2. Anionic Surfactants

3. Amphoteric Surfactants

4. Non ionic Surfactants




1. Cationic Surfactants: Cationic surfactants those which disassociates in water to
form positively charged ions.
Examples are
"C|3H3 il
B
HyC— rlx.* '

CHa Alkyltrimethylammonium bromide (ATAB)

CH:
Hexadecyltrimethylammonium bromide (HTAB)

Cetylpyridinium chloride (CPC)

CHs

Dodecyltrimethyl ammonium bromide (DTAB)

CcT
+
l—GH3

N
CH

Methylene Blue (MB)




2. Anionic Surfactants: Anionic surfactants those which disassociates in water to
form negatively charged ions.

Examples are

\/\/\/\/\/\/OSO3N3

Alkyl sulfate

803Na

Alkylbenzene sulfonate

/\/\/\/\/\/\o/\/o\/\o/\/oso3Na

Alkyl ether sulfate

3. Amphoteric Surfactants: Amphoteric surfactants those which disassociates in
water to form both negatively charged ions and positively charged ions.

Examples are

Ayl Deraime

CH

| + _
EE.—Z'iu—IL']i_.—('[]I:]
CH -

Adkvlamidopropyl betaine
) CH 4
11 |+ _
H— O —MH— (U )y .'i‘-'—ll"l {o— oMY
CH




4. Non ionic Surfactants: Non ionic surfactants are those which do not
disassociate in water.

Examples are fatty alcohols, glycosides etc.

Tween 60

O =
O/\);OH w+Xx+y+z=20

Hoé/\oz O/\},;C}H

- Tween 80
O/\}},{OH wW+x+y+z=20

Span 80

Nonionic

Anionic

Cationic

Amphoteric




2. Explain Micellization?
—Micellization process may be defined as cleaning action of soaps and detergents.

—This process explains about how to surfactant molecules remove the dust
particles from clothes and other materials.

—Surfactant molecules having diphilic nature, i.e. it having polar end (hydrophilic
end) and non polar end (hydrophobic end). It can be represented as

Polar hydrophilic
(water-loving) head

-—

Non-polar hydrophobic
(water-hating) tail

— When dust cloth dipped in water and adds some surfactant initially surfactant
molecules are oriented to dust molecules and then further to form micelle. The dust
Is removing in the form of micelle.

—This process is called as Micellization Process.
The process of micellization shown by the following

Most of the dirt is oily in nature and oil does not dissolve in water. The molecule
of soap constitutes sodium or potassium salts of long-chain carboxylic acids. In the
case of soaps, the carbon chain dissolves in oil and the ionic end dissolves in water.
Thus, the soap molecules form structures called micelles. In micelles, one end is
towards the oil droplet and the other end which is the ionic face outside. Therefore,
it forms an emulsion in water and helps in dissolving the dirt when we wash our
clothes.



https://byjus.com/chemistry/micelle/

(a) (b) (c) (d) (e)
Soap or Surfactant Agitation Process Cleaning
detergent ions orientate begins to continues complete
dissolves themselves in separate
in water grease and water grease from

surface

Surfactant ions Clean surface

Soap molucules
Dirty cloth Soap solutoin
Dirt

Hydrophilic head

Aqueous
solution

Hydrophobic tail

Figure 11.3 Cleansing action of soap




3. Explain Hydrophobic Interaction?

—Hydrophobic interactions describe the relations between water
and hydrophobes (low water-soluble molecules).

— Hydrophobes are nonpolar molecules and usually have a long chain of carbons
that do not interact with water molecules. The mixing of fat and water is a good
example of this particular interaction.

—American chemist Walter Kauzmann discovered that nonpolar substances like
fat molecules tend to clump up together rather than distributing itself in a water
medium, because this allow the fat molecules to have minimal contact with water.

HY DROPHOBE

° % e%e
®: +-0:

™

WATER MOLECULE




—The image above indicates that when the hydrophobes come together, they will
have less contact with water. They interact with a total of 16 water molecules
before they come together and only 10 atoms after they interact.

Thermodynamics of Hydrophobic Interactions

When a hydrophobe is dropped in an aqueous medium, hydrogen bonds between
water molecules will be broken to make room for the hydrophobe; however, water
molecules do not react with hydrophobe. This is considered an endothermic
reaction, because when bonds are broken heat is put into the system. Water
molecules that are distorted by the presence of the hydrophobe will make new
hydrogen bonds and form an ice-like cage structure called a clathrate cage around
the hydrophobe. This orientation makes the system (hydrophobe) more structured
with a decrease of the total entropy of the system; therefore AS<0.

The change in enthalpy (AH) of the system can be negative, zero, or positive
because the new hydrogen bonds can partially, completely, or over compensate for
the hydrogen bonds broken by the entrance of the hydrophobe. The change in
enthalpy, however, is insignificant in determining the spontaneity of the reaction
(mixing of hydrophobic molecules and water) because the change in entropy (AS)
Is large.

According to the Gibbs Energy formula

(1) AG=AH-TAS

With a small unknown value of AH and a large negative value of AS, the value
of AG will turn out to be positive. A positive AG indicates that the mixing of the
hydrophobe and water molecules is not spontaneous.



https://chem.libretexts.org/Courses/University_of_California_Davis/UCD_Chem_107A%3A_Physical_Chemistry_for_Life_Scientists/4%3A_Second_Law_of_Thermodynamics/4.06%3A_Gibbs_Energy
https://chem.libretexts.org/@api/deki/files/8647/image8.bmp?revision=1

Formation of Hydrophobic Interactions

The mixing hydrophobes and water molecules are not spontaneous; however,
hydrophobic interactions between hydrophobes are spontaneous. When
hydropobes come together and interact with each other, enthalpy increases (AH is
positive) because some of hydrogen bonds that form the clathrate cage will be
broken. Tearing down a portion of the clathrate cage will cause the entropy to
increase (AS is positive), since forming it decreases the entropy.

According to the Equation 11

« AH =small positive value
« AS = large positive value

Result: AG is negative and hence hydrophobic interactions are spontaneous.

No Interactions Hydrophobic Interaction
AH = Negative AH = Positive
AS = Negative AS = Positive
AG = Positive AG = Negative



https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Physical_Properties_of_Matter/Atomic_and_Molecular_Properties/Intermolecular_Forces/Hydrophobic_Interactions#mjx-eqn-eq1

4. What is Critical Micellar Concentration (CMC) and explain the factors
affecting the CMC?

—The lowest concentration at which micelle first appears is called Critical
Micellar Concentration (CMC).

—CMC is an important characteristic of surfactant.

—Before reaching the CMC, Surface tension changes with concentration of
surfactant.

— After reaching the CMC, Surface tension does not change but Concentration will
be change.

—The Critical micellar concentration is the point at which surfactant molecules
combined together in a liquid to form groups are known as micelles.

CMC determination

Molar
conductivity

Surface
tension

Physical property

Osmotic
pressure

B
‘cmce

Surface tension

cMC

[Sur'fOCTC(nT] Concentration of surfactant

CMC = critical micelle concentration




Factors affecting critical micelle concentration:

1. Size and structure of hydrophobic group: An increase in the hydro-carbon
chain length causes a logarithmic decrease in the CMC.

2. Nature of hydrophilic group: An increase in hydrophilicity increases the
CMC.

3. Addition of electrolytes: Addition of electrolytes, such as salt, to solutions of
ionic surfactants decreases the CMC.

4. Effect of temperature: Size of micelles increases and CMC decreases with
increasing temperature.

5. Alcohol: Addition of alcohol to an aqueous solution, thus increasing the CMC.
5. Explain Thermodynamics of Micellization?
—The Surfactant CMC plays a factor in Gibbs free energy of Micellization.
—There are two general approaches

1. Phase Separation Model

2. Mass Action Model

1. Phase Separation Model: Consider an anionic surfactant in which “n” number
of surfactant “S” and “n” number of counter ions M* combine together to form
micelle.

The Chemical Potential of micelle is Pomic = p:° + RTIn a;

Where pu%mic = Standard chemical potential of micelle

1. = Standard chemical potential of surfactant monomer
a = activity of surfactant

According to definition of activity a1 = f1x;

Where f1= activity coefficient

X1= mole fraction




Substitute eq (2) ineq (1), we get

HUm’ = pi® + RTIn fixg

Here f; taken as unity then f;=1.

U’ = ® + RTIn x4

The CMC may be identified with x3, we get

U’ = u° + RTIn [CMC]

AG should be calculated using the CMC expressed as a mole fraction.

2. Mass Action Model: This model assumes dissociation — association equilibrium
between surfactant and micelle. Thus equilibrium constant can be calculated.

— For non ionic surfactants where change effects are absent.

—The equilibrium simply represented as

4
_Vmic 3 TR3

9 9
In this case equilibrium constant K, is given by Kn = [Sn}/[S"] Q)
The standard free energy is AGmic = RTIN [Kp] (2)
Substitute eq (2) in eq (1), we get AGmic® = RTIn[;—:]
AGnic® = RTIn[(Sn) — (SM]
6. Explain Solubilization Process?

— It can be defined as the preparation of thermodynamically stable isotropic
solution of a substance normally insoluble (or) very slightly soluble in a given
solvent.

—The process of solubilization involves the breaking of intra molecular bonds in
the solute. The separation of molecules of the solvent provides a space in the
solvent for the interaction between solvent and solute.




Mechanism:

a). Breaking of solvent — solvent intra molecular bonds to provides space in the
solvent.

b). Breaking of solute — solute intra molecular bonds.

c). Transfer of solute into solvent for the formation of solute — solvent inter
molecular forces.

M.O.:. — :':.:
o 0%
L

0: +*—>o

FACTORS AFFECTING SOLUBILIZATION

The solubility depends on the nature and composition of solvent medium,
the physical form of the solid as well as temperature and pressure of
system. Consider a lot of factor which affects the solubility like:




1. Nature of solvent & solute: The amount of solute that dissolves depends on the
type of solute used.

2. Temperature:

—In Endothermic process solubility increases, temperature will also increases.
—In exothermic process solubility decreases, temperature will increases.

3. Pressure:

—For solids and liquids pressure will not affected.

—For gases solutes pressure increases, solubility also increases.

4. Particle Size: Size of the particle increases, solubility decreases.

5. Polarity: Polarity of the solute and solvent molecules will affect the solubility.
Advantages:

—These are thermodynamically stable.

—Require Minimum energy.

—Easy of manufacturing.

—Improve the efficacy of drug.

Disadvantages:

—Use of large concentration of surfactant & co-surfactant causes various health
problems.

—The surfactant must be non toxic for using pharmaceutical applications.




MACROMOLECULES
(POLYMERS)

1. Define Polymer and explain the classification of polymers?

—The word polymer is derived from Greek “Poly” = Many and “mers” = parts.
—Thus, polymer means composed of many parts (or) many units.

—Polymer is a large molecule formed by the combination of small molecules
through the covalent bonds.

Examples are Polyethylene, PVC etc.
Classification of Polymers:
Polymers are classified into several types.

1. Based on Source: Based on source polymers are classified into 3 types.

A) Natural Polymers
B) Semi Synthetic Polymers

C) Synthetic Polymers

A) Natural Polymers: These polymers made from natural sources (plants &
animals).

Examples are Proteins, Rubbers, Nucleic acids, silk etc.

B) Semi Synthetic Polymers: These polymers made from naturally occurring
polymers by carrying out some chemical modifications.

Example: Cellulose + (CH3;CO), O — Cellulose diacetate
C) Synthetic Polymers: These polymers are prepared in laboratory.
— Synthetic polymers are also known as “Man Made Polymers”.

Examples are Nylon 6, 6, PVC, Teflon etc.




2. Based on Structure: Based on structure polymers are classified into 3 types.

A) Linear Polymers
B) Branched Polymers
C) Cross linked Polymers

A) Linear Polymers: In this type of polymers monomer units are attached by the
straight chains.

Example: PVC.

B) Branched Polymers: In this type of polymers monomer units are attached to
side chain of the main chain.

Example: Low density Polythene.

C) Cross linked Polymers: In this type of polymers monomer units are cross
linked to each other.

Example: Bakelite.

OOy ot

oo,
-...."

Linear polymers Cross-linked chain polymers Branched chain polymers

3. Based on Molecular Forces: Based on molecular forces polymers are classified
into 4 types.

A) Fibers

B) Elastomers




C) Thermo plastic polymers

D) Thermo setting polymers

A) Fibers: If polymers are drawn into long filaments then they are called fibers.
They have high tensile strength, strong hydrogen bonding, tough.

Example: Nylon-6, 6.

B) Elastomers: These are rubber like polymers which shows good strength and
elongation.

These polymer chains are hold by weakest attractive forces.
Example: Natural rubber, synthetic rubber.

C) Thermo plastic polymers: These are softening on heating, shifted on cooling
are called Thermo plastic polymers.

Example: Polyethylene and PVC.

D) Thermo setting polymers: These are changing their shape on heating and do
not retain their original shape on cooling are called Thermo setting polymers.

Example: Bakelite.

4. Based on Carbon atom: Based on carbon atom polymers are 2 types.

A) Organic Polymers
B) Inorganic Polymers

A) Organic Polymers: These are the polymers back bone chain is made up of
carbon atoms.

Example: Nylon, Diamond, PVC, Graphite.

B) Inorganic Polymers: These are the polymers back bone carbon chain is does
not make up of carbon atoms.

Example: Silicon, Glass, Rubber.




5. Based on Mode of Polymerization: Based on mode of polymerization
polymers are mainly 2 types.

A) Addition Polymerization

B) Condensation Polymerization

A) Addition Polymerization: When monomers are added to form polymers
without elimination of any by product.

—The polymer formed is an exact multiple of the original monomer units.
—Monomers containing double bonds can undergo this polymerization.

Examples are PVC, Polypropylene, and Polystyrene etc.




B) Condensation Polymerization: When monomers are added to form polymer
with the elimination of small molecules like water, ammonia.

Condensation Polymerization

H R O H R O
I N | R W00 [N [ |
~H—N—C—C—<0— H H—N—C—C—0O—H-—

I |
H H

Amino Acids
H O
I |
N C

I I

N (IY B
H
Protein

H R (ﬁ

R = H, CH,, or other group of atoms




2. Write a note on Electrical conducting Polymers?

—Electrical conducting polymers are organic polymers which conduct electricity
due to delocalization of & electrons.

—Conjugated polymers are semi conductors while doped polymers are conductors.
Conditions: There are two main conditions.

—The first condition is polymer consists of alternating single and double bonds.
—The second condition is process of doping.

Example: (CH,), + X Na — (CHy)n” (Na)x*

—First electrical conducting polymer is poly acetalene.

Conductive polymer

{/\/\/\% Q \ O \

(X = NH/N, S) (X =NH.S)

https://en.wikipedia.org/wiki/File:ConductivePoly.png
Applications:
1. Used in an anti static substance in photographic films.
2. Used in compact capacitors.
3. Used in solar cells and transistors.

4. Used in light emitting diodes.




3. Write a note on Fire Resistant Polymers?
—Fire resistant polymers are resistant to degradation at high temperatures.

—Most of the fire resistant polymers made of aromatic cyclic ring (or) hetero
cyclic rings.

—Fire resistant polymer is made from non flammable fabrics and materials.

G BN

polyvimide

R Ep e diben

polybenzimidarzole

> s

polyvbenzoxazole

T > O

prolyvbenzthiazole
Applications:

1. These are used in Airplanes, Military boats.




4. Write a note on Liquid Crystal Polymers?
—Liquid crystal polymers are special type of thermo plastic polymers.
—Liquid crystal polymers are a class of aromatic polymers.
—Liquid crystal polymers are fire resistant polymers.
—Liquid crystal polymers are two types
1. Thermo tropic

2. Lyo tropic

Classifcation of Liquid Crystals

Liguid Crystal

Thermolr opi Lyotropic
{Liquid crystal phase is a funcion  (Liguid erystal phase is a function
of the temperature of the material)  of the concentration of the material)
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6. Explain about the Molecular weight of polymers?
—Molecular weight is an important property of any molecule.
— It is particularly important for macro molecules like protein, starch, nucleic acid.

—Now, we know that macro molecules composed of monomers.

—For macro molecules it is possible only take in terms of average molecular
weights.

—There are two types of average molecular weights.
1. Number — average molecular weight [My]
2. Weight — average molecular weight [My]

1. Number — average molecular weight [Mn]:

It is defined as the weight of the sample of a macro molecule divided by the total
number of molecules.

—It is denoted as M.

Weight of polymer
— My =

n




Polymer consists of n; molecules of molecular weight M1 and n, molecules of
molecular weight M, and so on, then

M. = niM1+n2M2+n3M3+ ————
n n1+n2+n3+

number average molecular weight ( ﬁn )

_ INM
M= ZN,
Example: A polymer sample containing 3 molecules of molecular weight 5, 6
molecules of molecular weight 7, 8 molecules of molecular weight 10. Then find
M, ?

_ 3X5+6X7 +8X10 — 137

My = — = 8.0588

3+6+8 17

2. Weight — average molecular weight [Mw]:

It is defined as molecular mass of each species multiply with mass of that species
and dividing the total with mass of all species.

Mw = N1M1? + NoM2? + n®Mg? + --- / niM1 + naMo+ nzMs + ---

N 2 N
i=1 NiM;~ Q=1 WiM;

N o N
i=1 Vi M; i=1Wi

Example: A polymer sample containing 3 molecules of molecular weight 5, 6
molecules of molecular weight 7, 8 molecules of molecular weight 10. Then find
Mw?

M, = 3x52 + 6x72 + 8x102 / 3x5 + 6x7 +8x10

_ 169 _
Mw = 37 = 8.53




Weight
fraction

?
Molecular weight e




Molecular Weight Determination

1. Explain molecular weight determination by using End Group analysis?

The end group analysis is a chemical method used for calculating the M. Polymer
sample contains reactive functional groups at one end (or) both ends of the
molecule.

functionality

My =

functional group equivalent
Functionality:
1. Functionality is the number of reactive functional groups present in the polymer.
Example: 1. Carboxyl — Terminated Polybutadiene (CTPB)
2. Hydroxyl — Terminated Polybutadiene (HTPB)

2. Functionality of CTPB, HTPB is 2, means each molecule posses two reactive
functional groups.

3. Apart from hydroxyl and carboxyl groups several end groups such as aldehyde,
ester, amines are also be present.

Functional group equivalent:

1. Chemical methods are employed to find out total number of functional groups
present in a given rate of polymer.

2. It is expressed as functional group equivalent for 100 grams.

F.G.E
100g

Chemical Method:

The Carboxyl value of CTPB is determined by dissolving a known quantity of
polymer in a mixture of ethanol and toluene (1:3) and titrating against alk. KOH.

. carboxyl equivalent VN
From titrate value Y ed _
1009 10W




Where V = Volume of KOH

N = Normality of KOH

W = weight of sample
2. Write about the molecular weight determination by using Osmometry?
—This method is depends upon the principle of Osmosis.

—Membarane Osmometry is a widely using technique to determine the M, of
polymers.

—The migration of solvent molecules into solution is called Osmosis.
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Pure solvent solution

Semi-permeable membrane

—If the solution is very dilute the osmotic pressure is given by vantt Hoff
equation.

nV =nRT

= 2R
"=y

Where © = Osmotic pressure

n = molar concentration of polymer




weight

_w
M

molecular weight -

_ WRT
MV
RT

= —
T v

T

Where C = concentration of polymer solution in gram/ liter.

A graph is drawn between g v/s C gives a straight line.

w/C

RT/M,

—This method is more convenient method to determine the molecular weight of
polymer in between 50,000 — 1, 00,000.

—Osmotic pressure obtained by osmometric device in which the solvent and
solution of polymer separated by membrane. The solvent molecules pass through




membrane into the polymer solution until the equilibrium is adjusted between
solutions.

—The difference in heights of polymer solution and solvent is known as Osmotic
pressure.

3. Explain molecular weight determination of polymer by using Viscometer
method?

1. This is a more convenient method for the determination of molecular weight of
polymer.

2. In this method we determine the molecular weight of polymers in terms of
viscosity average molecular weight.

3. The viscosity of polymer solution depends on nature of the polymer solution.
4. The viscosity of polymer solution is very high compared to pure solvent.

5. Viscosity is a temperature dependent so all measurements done at constant
temperature.

6. In this method we prepare different concentrations of polymer solutions and
measure the viscosity at each concentration of polymer solution.

7. If “n” 1s the viscosity of the polymer solution

Mo is the viscosity of the pure solvent.

Then Rrelative Viscosity =

8. If C is the concentration of polymer solution then the specific viscosity of
solution is

rl'l:] TO B rllr B l - rllsﬂ
Specific Viscosity =
9. If C is the concentration of polymer solution then the reduced viscosity of

polymer solution.




Reduced viscosity =nsp / C
10. A graph is drawn between s, / € V/s C gives a straight line with intercept n;.

Where 1 = Intrinsic viscosity

]2

concentration

A plot of reduced viscosity vs. concentration.
We call the y-intercept [n], or the intrinsic viscosity.
The slope is related to [»n], it's equal to &' [%]2.

11. There is a relation between intrinsic viscosity and molecular weight of polymer
by Mark — Howunic equation

ni = K M?

Taking logarithm on both sides
—log ni = log K M2

—log ni = log K + log M?
—logni=log K+ alog M
—logni-logK=alogM
—logni-logK/a=IlogM
Where K & a are constants.

From this equation we can calculate the molecular weight by viscometer.




Upper mark C

Bulk B

Lower mark C

Fine Capillary tube

4. Explain molecular weight determination of polymer by using Light
scattering method?

Laser source

Correlator




—This method is used to determine the molecular weight of polymers in terms of
weight average molecular weight (Mw).

—Due to big size molecules in solution turbidity is produced.

—The light rays passing through the polymer solution due to turbidity.

—Incase of proteins are higher polymers turbidity is small.

—Turbidity increases with increase in concentration as well as molecular weight.

—There is a relation between turbidity and molecular weight given by Debye
~+ 2BC
M

Where B = second viral coefficient

H = constant

—A graph is drawn between H?C v/s C gives a straight line with intercept (ﬁ).

o = experimental

e = extrapolated

Sin20/2 + k




—This curve was plotted by Zimm”’s. so this is called Zimm”s curve.
—From the intercept value we get the molecular weight of polymer.
—This method gives wrong results at above 10, 00,000.

5. Explain molecular weight determination of polymer by using Ultra —
Centrifuge method?

(OR)

Explain molecular weight determination of polymer by using Sedimentation
method?

—The centrifuge force applies for the polymer solution is very high.

— These high centrifugal forces are called ultra centrifuge force.

—Polymer solution is subjected to ultra centrifuge then it wills sediment down.
—The rate of sedimentation directly proportional to size of the polymer molecules.

—By using this principal there are two different methods for the determination of
molecular weight of polymer.

1. Sedimentation — Velocity method
2. Sedimentation — Equilibrium method

1. Sedimentation — Velocity method:

—In this method all polymer molecules are subjected to different — different
centrifuge forces.

—The polymer molecule sediment down on the basis of molecular weight of
polymer.

—The rate of sedimentation of polymer molecules at distance “x” from the centre
IS given by

d
—f=0?X[L-8]M




Where d = density of solvent
9 = partial molar volume of polymer
o = angular velocity
f = fraction of force

dx . .
prae rate of sedimentation

X = distance from the centre

dx 1 _[1—19d
dT w2x f

1-9d
f

-]

]M
M= —L
1-39d

2. Sedimentation — Equilibrium method:

—In this method all polymer molecules are subjected to same amount of centrifuge
forces.

—In this method two layers are formed, in the upper layer concentration is low and
in the lower layer concentration is high.

—Then the molecular weight of polymer can be calculated by using

C2
2RT lnﬁ

T (1— 9d)(x2 — x1)(x2 + x1)

M

Where C;, C; are concentrations of two layers from the distance x; and x..
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