UNIT 3

State second law of thermodynamics
Define a heat engine
What is efficiency of heat?
Define cyclic process
What is the efficiency of Carnot engine always less than one?
State Carnot’s theorem
Define Gibb’s free energy and Helmholtz free energy
State Nernst heat theorem
What is meant by feasibility of a reaction
. Why are exothermic reactions generally spontaneous?
. Briefly discuss the limitations of the first law of thermodynamics
. What is need for the second law of thermodynamics?
. Derive an expression for the variation of entropy with volume at a constant
temperature
14. How do Helmholtz free energy and Gibb’s free energy differ?
15. Show that AH values alone donot determine the feasibility of reaction
16. Explain Carnot theorem
17. Write a note on concept of entropy, Trouton’s rule and physical significance of
entropy
18. Derive Maxwell equation.
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Need for First law:

The first law gives a definite relationship between the heat absorbed Q, and the work done W,
by a system in a given process. But it does not give the direction of the flow of heat.
According to first law the energy of an isolated system remains constant during a particular
change of state. But it is unable to predict the feasibility of a reaction. According to first law
one form of energy can be converted into another. But it does not indicate the fact that heat
energy cannot be converted completely into work. Because of the limitations of the first law
we need another law to predict direction of flow of heat absorbed that could be converted into
work. That is why we need Il law of thermodynamics which gives answer to all the above
mentioned points. From second law, we define a thermodynamic property called entropy.
Also we define some other related properties. Studying the changes of these properties in a
system, we propose certain conditions for irreversible and reversible processes. These
conditions are used to predict the feasibility of a chemical reaction.

Different statements of the second law:

It is impossible to construct a machine working in cycles which can convert heat completely
into an equivalent amount of work without producing changes elsewhere. It is impossible for
a self acting machine, without the help of some external agency, to transfer heat from one
body at a lower temperature to a higher temperature.. All other forms of energy can be
completely converted into heat whereas complete conversion of heat into any other form of
energy is not possible. All spontaneous process are irreversible. In a reversible process the
entropy change AS, of the system and the surrounding taken together remains constant. In an
irreversible process it increases AS > 0. In a reversible process the free energy change AG of



the system and surrounding taken together remains constant. In an irreversible process it
decreases AG < 0.

Heat engine Carnot cycle and its efficiency:

A machine which can do work by using heat that flows out spontaneously from a high
temperature source to a low temperature sink is called heat engine. The hypothetical heat
engine designed by Carnot is known as Carnot engine. In a Carnot engine the working
substance is one mole of an ideal gas. The engine is capable of working reversible between
two temperature T> and T1 where T» > T1. When a system after completing a series of
changes returns to its original state, it is said to have completed a cycle. Such a process is
known as a cyclic process. We know that internal energy E — depends only upon the state of a
system. In a cyclic process, as the system returns back to its original state,

AE =0; AE=Q-W=0; Q=W

A single cycle of the Carnot engine is referred to as Carnot cycle. For s single cycle of Carnot
engine, the ideal gas undergoes the following changes.

1. Reversible isothermal expansion 2. Reversible adiabatic expansion 3.
Reversible isothermal compression and 4. Reversible adiabatic compression.
Carnot cycle is used to show the maximum convertibility of heat into work.
One mole of the ideal gas absorbs heat from reservoir at T, and expands
isothermally and reversibly. The volume of the gas changes from V1 to Va.
During this change
Heat change = Q2; work done = W1; W1 =R InV./V:
In the second stage, the ideal gas at T» is allowed to expand adiabatically. The volume
changes from V2 and V3 and temperature reduce tof.
Work done W2 = 5™ dT =- Cy ( T1— T2); W2 Cy( T2- T1)
In the third stage. The gas is placed in the reservoir at T1 and is compressed
isothermally and reversibly such that it gives heat Q1 to the reservoir. There by the
volume decreases from V3 to V..
W3 =RTiln V4/ V3
In the fourth stage the gas is compressed adiabatically and the temperature increases
from Ty to T2. The volume reduces from V4 to V1. Thus one cycle is completed and
the gas returns to the initial state. During the fourth stage. W4 =- Cv ( T2- T1)
The total work done in the cycle is the sum of works done in the four stages.
W = Wi+ Wo+ W3+ W,
W =RT2InV2/V1Cy (T2- T1) + RT1 In V4/V3 - Cy (T2- T1)
W =RT:2In V2/V1+ RT1In V4/V3
Q2 =RT2In V3i/ V1
RT, In Vo/V1+ RT1In V4/VV3

W/Qo= —-mmmmmmmm e
RT, In V2/V1
V3l V2=V V1

Substituting these in equation



RT2InV2/V1i+ RT1 In Vi/V2

W/Q2 = —mmmmmmmmmmm e
) RT2 In V2/V1
W/ Q2= (T2-Ty) R In V2/V1
--------- X [
T» R InV2/ V1
WIQ2 =T2,-T,

T, thus the efficiency of the Carnot engine is given by the working
temperature. Any other heat engine working reversibly between these temperatures
will have the same efficiency.

This efficiency does not depend upon the working substance design of the engine
because as per the above equation efficiency depends on only the temperature of
source and sink and nothing else.

Efficiency of a heat engine is always less than one:

We know that proof: 1 =Tz- T/ To=T2/ T2- T1iT2nn>1

Reason: We know thatnn = To- Ti/T2; Ti=0thenn=T2-0/ To=To/ T2 =1

If we use a sink in the Carnot cycle, whose temperature is absolute zero, and then
efficiency will be 1. But 0 K is unattainable. So n will always be less than 1.

A heat engine cannot work between two reservoirs with same temperature. Reason: if
T, =Ty then efficiency is zero. That means the machine cannot work.

Carnot’s theorem:
All reversible heat engines operating between two given temperature have the same
efficiency. No engine can be more efficient Thant Carnot engine. The efficiency of a
heat engine n = T>- T1/ T>. The efficiency is independent of nature of the working
substance in engine or the design of the engine. It depends only on T, the
temperature of the heat reservoir and on Ty the temperature of the sink. This means
that any engine working reversibly between these two temperatures the will have the
same efficiency. All process in Carnot have been carried out reversibly. So work
obtained will be maximum. In actual engines, there is an element of irreversibility. So
work done by any engine will be less than the work done by Carnot engine. Work
done = W1- W,
Heat absorbed = (Q- W>) - (Q- W1)

= W1- W> this means that the heat taken up from the sink has been
completely converted into work. This according to second law of thermodynamics
cannot happen. So engine E; cannot be more efficient than E> or vice versa. That is
both engines are equally efficient. So all reversible engine working between the same
two temperatures must have equal efficiency. Carnot’s theorem helps us to fix the
working conditions for obtaining maximum efficiency form a particular type of heat
engine.

Kelvin Temperature scale:

It is a scale which is independent of the properties of any particular substance. Or it is
a scale whose zero in the temperature of the sink at which no heat is given out and all
the heat taken from the source is converted into work by a reversible engine. The



efficiency of a reversible engine can be used as a basis of a temperature scale. Let a
reversible machine operate between two reservoir with two temperatures. The
temperature of each reservoir on, the thermodynamic scale is then defined as
proportional to the quatity of heat transferred to for from it in a reversible cycle. For
getting for a movement, the signs of the heat quantities, let Q2 be the amount of the
reservoir of the higher temperature and Q1 be the amount of the reservoir lower
temperature. Let the thermodynamic temperature of the reservoir higher temperature
be e; and the thermodynamic temperature of the reservoir at lower temperature be o1
then from the definition.

Concept of entropy:

Based on second law, we define a new thermodynamic property called entropy. We
express the efficiency of a heat engine by the following expression.

W/Q2 = T2- T1- T1/T2 we know W = Q2 - Q1 neglecting the signs of heat quantities it
may be said that W is equal to the algebraic sum of Q. and Q1. Therefore,

W= Q2+ Q1

Q2+ Q1 T,-T 1+ Qs 1-T

Q2 T2 . T2
This tells that in a reversible cycle sum of Q/T term is equal to zero.

Entropy as a state function:

dS=1/TdE +P/TdV

If we consider internal energy as a function of temperature and volume, E= [ (T,V)
dE = (0E/ 0T)v dT+ (E/OV) T dV

Substituting this value of dE in equation. dS =1/ T[ Cv dT+ (0E/0V)7dV] + P/T dV
dS =Cv/TdT + 1/T(OE/OV)T dV + PIT dV

dS= Cv/T dT +[1/T P+(0E/aV)7] dV

This relation gives the entropy change of the system at constant volume. At constant
temperature dT =0

(0S/ oV) 1 = 1/T[ P+( dE/aV)T from this expression we can get the following
equation.

(0S/oV) T = o/B. This relates entropy change with volume at constant temperature o
is coefficient of expansion and B is coefficient of compressibility.

Trouton’s rule :

Trouton’s rule states that the entropy of vapourisation of many liquids at their normal
boiling point has approximately the same value ASv = 21e.u/ mole (1cal/ degree =
le.u)

AHv/ Th =21 e.u./ mole

Associated liquids like water, alcohols and amines do not obey trouton’srule. Also
liquids with low boiling points do obey this rule. Trouton’s rule is useful to calculate
the approximate heat of vapourisation from the boiling points.



Physical significance of entropy:

According to second law heat cannot completely converted into work. That means a
certain amount of heat is not available for converting into work. Entropy is measure
of that unavailable energy. Let us consider some spontaneous processes like diffusion
of one gas into another or flow of heat from a hot end to a cold of a metal bar. In all
the spontaneous processes there in an increase in disorderliness of randomness of
molecule constituting the system. We also known that for spontaneous processes the
entropy increases. Thus entropy is measure of disorderliness of the system. For
example the entropy of water will be more than that of ices. The entropy of steam at
100°C will be more than water at 100°C. The entropy of closely packed metals will be
than that of covalent crystals. Because randomness or disorderliness increases as we
go from ice to water or from water at 100°C to steam at 100°C or from covalent
crystals to close packed metals.

Nernst heat theorem:

The value of AG/dT approachs zero gradually as the temperature is lower towards
absolute zero. Consider Gibbs — Helmholtz equation.

AG=AH+ T [(AG)/ T] e

At absolute zero , T=0 ; AG - AH=0 or AG=AH

As the temperature is lowered AG and AH tend to approach each other and at absolute
zero they become equal. This means that d(AG)/dTapproachs zero as we approach
absolute zero.

Gibbs and Helmholtz functions:

Gibbs function G is otherwise called Gibbs free energy and it is the net work function.
Helmholtz function A is otherwise called Helmholtz free energy and it is the
maximum work function. Definition: G = H- TS

Gibb's free energy G is defined as a thermodynamic property, a decrease in which -
AG gives the net work that can be obtained from a system during a change. - AG=W
- PAV

Since H, T and S are state property, G is also a state property. For a change at
constant temperature, change in G is given as dG = dH - TdS

For a finite change AG = AH - TAS

Relationship between Helmholtz free energy and Gibbs free energy

AH = AE + PAV; AG = AE + PAV - TAS ; AG = A A+ PAV

To show that the decrease in Gibb’s free energy gives the net work.

Feasibility of a reaction:

If a reaction can take place spontaneously or on its own accord it is said to be feasible.
Second law gives a method in predict the feasibility of a reaction. According to
second law, if AG <0 or if AS > 0 the reaction will be feasible. Normally exothermic
reactions are spontaneous.

AG = AH- TAS for exothermic reactions AH is negative. So AG will be invariably
negative provided AS is positive. So normally exothermic reactions are spontaneous.
However, for exothermic reactions are spontaneous. However, for an exothermic



reaction where AH is negative, if AS also is negative, TAS will be negative. Now AG

will be negative only if - AH >TAS> if TAS>-AH then A G will be positive. This

means that the reaction cannot take place. Thus we see that A H values also ne cannot

determine the feasibility of a reaction. For an endothermic reaction A H is positive. If

AS is negative then TAS becomes negative. AG = AH - TAS

= positive- [negative] = positive+ positive = positive

That means such a reaction cannot take place. For an endothermic process to take

place AS must be highly positive so that -AS is greater than AH which is positive.
-TAS >AH then only AG will become negative.

Variation of Gand Awith P, Vand T:

Change in Helmholtz free energy is given by the following fundamental equation.

dA= - SAT-PdV at constant PdV= 0 entropy of a system is always positive. Therefore the
free energy is inversely related to temperature. Since the entropy of a gas is very high free
energy of the gas decreases drastically with an increase in temperature. At constant
temperature, (0 A/ dV) 1 =- P . Gibb’s free energy is related to Tand P. The following
fundamental equation related Gibb’s free energy change with change in T and P

dG = - SdT + VdP . At constant pressuredP =0 ; (@ A/ dV) t=-P (0G/ dT)=-S

At constant temperature dT = 0 (0G/dP)T =V at constant pressure AG is inversely related to
temperature. But at constant temperature AG is directly related to pressure.dG= - SdT+ VdP

At constant temperature dT = 0; dG = VdP But for an ideal gas PV=nRTdG = nRTdP/P
integrating f:f dG = nRT f;;z%P

G2 - G1 =nRT In P2/P;

AG = 2.303 nRT log P2/P1or

AG =2.303 nRT log Vi/V.

Maxwell’s relation:

From the first law of thermodynamics g =dE+w if the process is reversible and the work is
restricted to work expansion alone W = PdV ; grev =dE + PdV dividing throughout by T
Qrev dE + PdV dE + PdV

The definitions of H,A and G are H =E+PV; A = E-TS; G = E+PV-TS

On differentiation:

dH =dE+ PdV+ VdP------------ 2

dA = dE+TdS-SdT ------------- 3

dG = dE+PdT+ VdP- TdS- SdT-----4

Let us take equation 1 dE = TdS- PdV ; At const. V', dE = TdS (or) (9E/ aS)v = T------- 5



Atconst. S, dE = - PdV(or) (0E/ dV)s=-P----6
Differentiating 5 with respect to V at constant S
92E/(9S)(dV) = -(dT V) s —------ 7

Differentiating 6 with respect to S at constant V
9%E/(0V)(0S) = -(aP/3S) y--------- 8

Comparing 7 and 8 we have (dT/dV) s =-(dP/dS) v ------ 9

Following the same mathematical procedure 10,11 and 12 can be derived from 2,3 and 5
respectively

()5 - () Pt
(557 = (vt
(5) T = Gop—mmrme 12

Equation 9 to12 are known as Maxwells relation. Similarly 1 to 4 we can derive

From 1and 2we can derive

() v= (3 P
()5 = (5 7
()5 = ()T
(5)V = G P 16

Equation 13 to 16 are also known as Maxwells relations.
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W = Wi+ Wo+ W3+ W,
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W =RT:In V2/V1+ RT1In V4/V3
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RT2InV2/Vi+ RT1 In Vi/V>

W/Qo= --mmmmmmmmmmm e
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T2 RInVa/V
To-Ta

W/Qo=  ----m------
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UNIT 4

What is Photochemistry?
What is quantum yield?
What you mean by Photosentization?
What are fluorescences ?
What is Chemiluminescence?
Define actinometry
What is kinetic photochemical reaction?
What are photo luminesces?
What is thermopile?
. Define dimerisation
. Write a note on Photochemical combination of Hz and Cl;
. Write short on quantum yield
. Explain the Law of photochemistry
. Write note on Chemiluminescence and Photosentization
. Write a note on Photochemical combination of Hzand Br»
. Derive the Stern—Volmer relationship
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Photochemistry:

Photochemistry is the branch of chemistry concerned with the chemical effects of light.
Generally, this term is used to describe a chemical reaction caused by absorption
of ultraviolet, visible light or infra radiation .In nature, photochemistry is of immense
importance as it is the basis of photosynthesis, vision, and the formation of vitamin D with
sunlight. Photochemical reactions proceed differently than temperature-drive Photochemistry
is also destructive, as illustrated by the photo degradation of plastics. Photochemistry is the
study of light-induced chemical reaction and physical processes. A photochemical event
involves the absorption of light to create an excited species that may subsequently undergo a
number of different reactions. These include unimolecular reactions such as dissociation,
ionization, and isomerisation; bimolecular reactions, which involve a reaction with a
second molecule or atom to form a new compound; and reactions producing an emission of



light, or luminescence. A photochemical reaction differs notably from a thermally, or heat,
induced reaction in that the rate of a photochemical reaction is frequently greatly accelerated,
and the products of the photochemical reaction may be impossible to produce otherwise. With
the advent of lasers (powerful, single-colour light sources) the field of photochemistry has
advanced tremendously over the past few decades. An increased understanding of
photochemistry has great implications outside of the laboratory, as photochemical reactions are
an extremely important aspect of everyday life, underlying the processes
of vision, photosynthesis, photography, atmospheric chemistry, the production of smog, and
the destruction of the ozone layer.

Law of photochemistry:

There are two basic laws of photochemistry. In 1817 Grotthus and later Draper stated that only
that radiation which is absorbed by a substance is effective in producing a photochemical
reaction. This is known as the Grotthus-Draper law. It does not follow, however, that all the
light that is absorbed will produce a reaction.

A significant advance was made by Einstein and later by Stark who applied the concept of the
quantum of energy to photochemical reactions of molecules. They formulated a law, known as
the law of photochemical equivalence, which states that —each molecule taking pan in a
reaction induced by exposure to radiant energy absorbs one quantum of radiation causing the
reaction. It should be emphasized that this applies only to the primary process of light
absorption. A molecule on the absorption of energy does not necessarily undergo reaction;
again one activated molecule may cause the reaction of a large number of molecules through a
chain mechanism.

Grotthus-Draper law (The First Law of photochemistry): states that light must be absorbed
for photochemistry to occur. This is a simple concept, but it is the foundation for performing
photochemical and photo biological experiments correctly. This law also is known as the
Grotthus-Draper law, states that light must be absorbed by a compound in order for a
photochemical effect to take place.

Stark-Einstein law (The second Law of photochemistry): states that for each photon of light
absorbed by a chemical system, only one molecule is activated for a photochemical reaction.
This law also is known as, the Stark-Einstein law, states that for each photon of light absorbed
by a chemical system, only one molecule is activated for a consequent reaction.

Hence the law should not be taken as to mean that one molecule reacts for each quantum
absorbed. The ratio of the number of molecules reacted to the number of quanta of radiation
absorbed is called the quantum efficiency or quantum yield (®).

® = Number of molecules reacted / Number of quanta absorbed

This then is the relation between the amount which undergoes photochemical reaction and the
amount of radiant energy absorbed. In an idealized system, the quantum yield should be unity.
For several reactions, @ = 1, for many reactions ® > 1, while for other ® < 1.

As a matter of fact, on one from the law of photochemical equivalence arc considered to be
due to one or more side-effects and explanations for these have been offered. In some cases,
quantum yield of 2 is in accordance with the Einstein-Stark law. For example, the



photochemical reaction between hydrogen and iodine takes place according to the following
scheme:

Each quantum of absorbed radiation forms two hydrogen iodide molecules, yielding a @ value
of 2. However, in the reaction between hydrogen and chlorine 0 is very large and may assume
a value of 106, Such high values of 0 definitely indicate a chain mechanism in the reaction.
Several reactions are also known where 0 assumes values much lower than unity. These low
values are mainly due to fluorescence, phosphorescence and other side-effects. When a solution
of anthracene in benzene is exposed to ultraviolet radiation, two molecules of anthracene
combine to form anthracene, 2C14H10 — Ca2sH20. The reaction is accompanied by fluorescence
and the quantum yield is low in dilute solution due to de-excitation. When the concentration of
anthracene is increased in the solution the quantum yield increases where as fluorescence
decreases. At sufficiently high concentration the quantum yield assumes a limiting constant
value and fluorescence

guantum vyield (®): The quantum yield (®) of a radiation-induced process is the number of
times a specific event occurs per photon absorbed by the system. The "quantum efficiency"
(Q.E.) is the ratio of the number of carriers collected by the solar cell to the number of photons
of a given energy incident on the solar cell. The quantum efficiency may be given either as a
function of wavelength or as energy. If all photons of a certain wavelength are absorbed and
the resulting minority carriers are collected, then the quantum efficiency at that particular
wavelength is unity. The quantum efficiency for photons with energy below the band gap is
zero. While quantum efficiency ideally has the square shape shown above, the quantum
efficiency for most solar cells is reduced due to recombination effects. The same mechanisms
which affect the collection probability also affect the quantum efficiency. For example, front
surface passivation affects carriers generated near the surface, and since blue light is absorbed
very close to the surface, high front surface recombination will affect the "blue" portion of the
quantum efficiency. Similarly, green light is absorbed in the bulk of a solar cell and a low
diffusion length will affect the collection probability from the solar cell bulk and reduce the
quantum efficiency in the green portion of the spectrum. The quantum efficiency can be viewed
as the collection probability due the generation profile of a single wavelength, integrated over
the device thickness and normalized to the incident number of photons.

The "external™ quantum efficiency of a silicon solar cell includes the effect of optical losses
such as transmission and reflection. However, it is often useful to look at the quantum
efficiency of the light left after the reflected and transmitted light has been lost. "Internal”
quantum efficiency refers to the efficiency with which photons that are not reflected or
transmitted out of the cell can generate collectable carriers. By measuring the reflection and
transmission of a device, the external quantum efficiency curve can be corrected to obtain the
internal quantum efficiency curve.

Kinetic Photochemical reactions:

Absorption of radiant energy by reactant molecules brings in photo physical as well as
photochemical changes. According to Einstein’s law of photochemical equivalence, the basic
principle of photo processes, each reactant molecule is capable of absorbing only one photon
of radiant energy. The absorption of photon by a reactant molecule may lead to any of the
photo process .The chemical reactions, which are initiated as a result of absorption of light,
are known as photochemical reactions. In such cases, the absorbed energy is sufficient to



activate the reactant molecules to cross the energy barrier existing between the reactants and

products or in other words, energy associated with each photon supplies activation energy to

reactant molecule required for the change.

(1) Characteristics of photochemical reactions

(1) Each molecule taking part in a photo pro}cless absorbs only one photon of radiant energy
C

thereby increasing its energy level by hy or A

(i)  Photochemical reactions do not occur in dark.

(ili) Each photochemical reaction requires a definite amount of energy which is

characteristic of a particular wavelength of photon. For example, reactions needing more

energy are carried out in presence of UV light (lower A, more E/Photon). A reaction-taking

place in UV light may not occur on exposure to yellow light (lower A and lesser E/Photon)

(iv) The rate of photochemical reactions depends upon the intensity of radiation’s absorbed.

(v) The AG values for light initiated reactions may or may not be negative.

(vi) The temperature does not have marked effect on the rate of light initiated reactions.

(2) Mechanism of some photochemical reactions
(i)  Photochemical combination of H> and Cl2: A mixture of H2 and Cl, on exposure to
light give rise to the formation of HCI, showing a chain reaction and thereby producing 10° to

10® molecules of per photon absorbed.

Sunlight
H> + Cly + Cl> *2HCI

The mechanism leading to very high yield of HCI as a result of chemical change can be as
follows. Chlorine molecules absorb radiant energy to form an excited molecule which
decomposes to chlorine free radicals (CI) to give chain initiation step.

Light absorption step: Cl> 2, Cl (Excited molecule)  ........ Q)
Chain initiation step: Cl, - CclI'+crr ... (i)
The chlorine free radical then combines with H, molecule to form HCIl and H” free radical.
The H” free radical so formed again combines with another Cl, molecule to give HCI and
CI” free radical back resulting into chain propagation step.
Chain propagation step: CI'+ H. - HCI+H*  ........ (iii)
H*+ Cl. —» HCI + CI’

The combination of two CI” free radicals leads to chain terminating step.

Chain terminating step: cr+Cr-c¢h, ... (iv)

(i) Photochemical combination of H. and Br,: The combination of H, and Br» to

form HBr in presence of light is also an example of chain reaction like combination of H, and
Cl2. Here two molecules absorb photon, however, in spite of chain reaction only one
molecule of HBr is formed for each 100 photon absorbed by 100 molecules of Br,. The
mechanism of reaction is given below

light
Hy + Brp — 2HBr
Mechanism:
Light absorption step: Bro+hy - B2 ... ()
Chain initiation step: Br," > Br'+Brr ... (i)

Chain propagation step:



Bri+H, —»HBr+H" ... (iii)
H +Br.—-HBr+Brr ... (iv)
Chain termination step: Bri+Br'—Br. ... (v)

The lower values of HBr formation per photon of light absorbed has been attributed to the
fact that step (I11) is highly endothermic and thus before step (I11) can take place most of the
bromine free radicals recombine as per step (V) to give molecule and thus providing less
feasibility for step (1V) i.e. steps regenerating free radicals. Also the decomposition
of HBr increases with increase in temperature.

Photosensitization:

Photosensitization, the process of initiating a reaction through the use of a substance capable
of absorbing light and transferring the energy to the desired reactants.The technique is
commonly employed in photochemical work, particularly for reactions requiring light sources
of certain wavelengths that are not readily available. A commonly used sensitizer is mercury,
which absorbs radiation at 1849 and 2537 angstroms; these are the wavelengths of light
produced in high-intensity mercury lamps. Also used as sensitizers are cadmium; some of the
noble gases, particularly xenon; zinc; benzophenone; and a large number of organic dyes In a
typical photosensitized reaction, as in the photodecomposition of ethylene to acetylene and
hydrogen, a mixture of mercury vapour and ethylene is irradiated with a mercury lamp. The
mercury atoms absorb the light energy, there being a suitable electronic transition in the atom
that corresponds to the energy of the incident light. In colliding with ethylene molecules, the
mercury atoms transfer the energy and are in turn deactivated to their initial energy state. The
excited ethylene molecules subsequently undergo decomposition. Another mode of
photosensitization observed in many reactions involves direct participation of the sensitizer in
the reaction itself.

Chemiluminescence:

Chemiluminescence is the generation of electromagnetic radiation as light by the release of
energy from a chemical reaction. While the light can, in principle, be emitted in the
ultraviolet, visible or infrared region, those emitting visible light are the most common. They
are also the most interesting and useful. Chemiluminescent reactions can be grouped into
three types:

1. Chemical reactions using synthetic compounds and usually involving a highly
oxidized species such as peroxide are commonly termed chemiluminescent reactions.

2. Light-emitting reactions arising from a living organism, such as the firefly or jellyfish,
are commonly termed bioluminescent reactions.

3. Light-emitting reactions which take place by the use of electrical current are
designated electro chemiluminescent reactions.

Fluorescence

Fluorescence is the emission of light by a substance that has absorbed light or other electro
magnetic radiation. It is a form of luminescence. In most cases, the emitted light has a
longer wavelength, and therefore lower energy, than the absorbed radiation. The most striking



example of fluorescence occurs when the absorbed radiation is in the ultraviolet region of
the spectrum, and thus invisible to the human eye, while the emitted light is in the visible
region, which gives the fluorescent substance a distinct colour that can be seen only when
exposed to uv light. Fluorescent materials cease to glow nearly immediately when the radiation
source stops, unlike phosphorescent materials, which continue to emit light for some time after.

Stern—-Volmer relationship:

The Stern—Volmer relationship, named after Otto stren and max volmer, allows the kinetics
of a photophysical intermolecular deactivation process to be explored.

Processes such as fluorescence and phosphorescence are examples

of intramolecular deactivation processes. An intermolecular deactivation is where the
presence of another chemical species can accelerate the decay rate of a chemical in its excited
state. In general, this process can be represented by a simple equation

A*+ Q-----A+ Q

Or

A*+ Q _____ A+ Q*

Where A is one chemical species, Q is another and designates an excited state.
The kinetics of this process follows the Stern—\Volmer relationship:

lof/If = 1Kq To[Q]

Kq=8RT/31
Kg =2RT/3 1 [ o+ ralfpra] dCe.
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UNIT 5
1. State Joule Thomson co- efficient
What you mean by inversion temperature?
State Joule's law
Define Joule Thomson effect
Define standard state
Define standard enthalpy of formation

Define enthalpy of neutralisation

© N o o &~ w DN

Define integral and differential heats of solution



9. Define Bond dissociation energy
10. State Kirchoff’s equation

11. Estimate the enthalpy of hydrogen iodide formation. Is the reaction endothermic or
exothermic?

12. Drive Kirchoff’s equation

13. Application of Hess's law explain

14. Discuss the Bond dissociation energy

15. Discuss the Joule Thomson effect

16. Briefly and discuss the Joule Thomson experiment

17. Explain the Integral and differential heat of solution and dilution
18. Discuss the Hess's law

Joule-Thomson effect:

In thermodynamic, the Joule—Thomson effect describes the temperature change of a real

gas or liquid when it is forced through a valve or porous plug while keeping it insulated so
that no heat exchange with the environment. This procedure is called a throttling

process or Joule—-Thomson process. At room temperature, all gases except hydrogen, helium,
and neon cool upon expansion by the Joule-Thomson process when being throlled through an
orifice; these three gases experience the same effect but only at lower temperatures. Most
liquids such as hydraulic oils will be warmed by the Joule-Thomson throttling process.

The gas-cooling throttling process is commonly exploited in refrigeration such

as conditioners, heat pump, and liquefier. In hydraulics, the warming effect from Joule—
Thomson throttling can be used to find internally leaking valves as these will produce heat
which can be detected by thermocouple or . Throttling is a fundamentally irreversible
process. The throttling due to the flow resistance in supply lines, heat exchangers,
regenerators, and other components of machines is a source of losses that limits the
performance.

Joule-Thomson experiment:

The experiment is also known as the Joule-Kelvin experiment. William Thomson was created
Lord Kelvin. The experiment is also known as the porous plug experiment.

In the Joule-Thomson experiment a constant flow of gas was maintained along a tube which
was divided into two compartments separated by a porous plug, such that the pressure and
molar volume on the upstream side were Py, V1, and the pressure and molar volume on the
downstream side were P2, V2. Under such circumstances the net work done on a mole of gas
in passing from one compartment to the other is P1V1 — P2V2. (Imagine, for example, that a
piston pushes a mole of gas towards the plug from the upstream side, through a distance x1 ; if
A is the cross-sectional area of the tube, the work done on the gas is P1Ax: = P1V1. Imagine
also that the gas on the downstream side pushes a piston away from the plug through a
distance xo. The work done by the gas is P2Ax, P2V.. Therefore the net external work
done on the gas is P1V1 — P2V2.) If no heat is supplied to or lost from the system, the increase
in internal energy of this gas is just equal to this work done on it:



Uo—-U1=P1V1—P>V2, Or
U1+P1V1=U2+P2Va.

That is, there is no change in enthalpy. Therefore, we want to find (6TOP)n,which is the Joule-
Thomson coefficient, for which I shall be using the symbol p.

Joule-Thomson co — efficient:

The Joule Thomson coefficient is the ratio of the temperature decrease to the pressure drop,
and is expressed in terms of the thermal coefficient and the heat capacity. H = [ (T,P)

dH = (dG/dT)p dT +( dH/dP)r dP

dH= Cp dT (dH/dP)T dP
2. Cp dT + (dH/dP)r dP

(dT/dP) = - (dH/dP)</Cp

Inversion temperature:

The inversion temperature in thermodynamic and cryogenic is the critical temperature below
which a non-ideal gas that is expanding at constant enthalpy will experience a temperature
decrease, and above which will experience a temperature increase. This temperature change is
known as the joule Thomson effect, and is exploited in the liquefaction of gases. Inversion
temperature depends on the nature of the gas.

Thermo chemistry:

Thermo chemistry is the study of the heat energy which is associated with reactions and/or
physical transformations. A reaction may release or absorb energy, and a phase change may
do the same, such as in melting and boiling. Thermo chemistry focuses on these energy
changes, particularly on the system’s energy exchange with its surrounding. Thermo
chemistry is useful in predicting reactant and product quantities throughout the course of a
given reaction. In combination with entropy determinations, it is also used to predict whether
a reaction is spontaneous or non-spontaneous, favourable or unfavourable.

Endothermic reactions absorb heat, while exothermic reactions release heat. Thermo
chemistry coalesces the concepts of thermodynamics with the concept of energy in the form
of chemical bonds. The subject commonly includes calculations of such quantities as heat
capacity, heat of combustion, heat of formation, enthalpy, entropy, free energy, and calories,
enthalpy.

Hess' law:

Hess' law of constant heat summation, also known as Hess' law, is a relationship in physical
chemistry .The law states that the total enthalpy change during the complete course of

a chemical reaction is the same whether the reaction is made in one step or in several steps.
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Hess' law is now understood as an expression of the principle of conversion of energy, also
expressed in the first law of thermodynamics, and the fact that the enthalpy of a chemical
process is independent of the path taken from the initial to the final state. Reaction enthalpy
changes can be determined by calorimetric for many reactions. The values are usually stated
for processes with the same initial and final temperatures and pressures, although the
conditions can vary during the reaction. Hess' law can be used to determine the overall
energy required for a chemical reaction, when it can be divided into synthetic steps that are
individually easier to characterize. This affords the compilation of standard enthalpies of
formation that may be used as a basis to design complex syntheses.

Application of Hess’ s law:

Hess’ law of heat summation is an efficient way to estimate heat changes that cannot be
measured experimentally.

1. Enthalpy change in a physical change

Carbon and diamond are allotropes of carbon. But measuring the energy change in the
conversion of graphite to diamond cannot be determined, as the process cannot be carried out.
Still, the heat changes for this hypothetical physical change can be calculated using Hess law.

Graphite and diamond combine with oxygen with the heat of reaction as -393.4kJ and —
395.4kJ respectively.

C (graphite) + O, — CO2 AHgr = -393.4kJ

C (diamond) + O2 — CO2 AHdi = -395.4kJ

Reversing the combustion reaction of diamond as-

CO2 — C (diamond) + O2 AHdi = + 395.4k]J

Adding,

C (graphite) + O, — CO 2 AHgr = — 393.4kJ

C (graphite) — C (diamond) AHtr = +2.kJ

Enthalpy change in the allotrope transition of graphite to diamond is endothermic of 2KJ.

2. Enthalpy change of chemical reaction


https://en.m.wikipedia.org/wiki/File:Hess_cycle.svg

The bond energy of hydrogen, iodine and hydrogen iodide are 218, 107kJ and 299kJ
respectively.

Formation of hydrogen iodide from hydrogen and iodine follows the reaction-
21H2(g) + 112(g) — HI (g)

Enthalpy of formation of hydrogen iodide is the heat changes occurring when one atom of
hydrogen and one atom of iodine react to form one mole of hydrogen iodide in standard
conditions (as gas). To get one atom of hydrogen or iodine the molecular bond has to be
broken.

Heat of formation = Bond energy of HI — Bond dissociation of H>— Bond dissociation energy
of I..

=299 — (218 + 107) = 299-325 =-26kJ
As the heat of formation is negative, the reaction is exothermic.
3. Enthalpy of formation

When carbon combines with hydrogen, many hydrocarbons can be formed. Hence, the heat
of formation of benzene cannot be determined experimentally. The heat change can be
calculated by Hess law.

6C + 3H2 — CgHs AH CeHg = ?

Heat of formation of carbon dioxide and water are -393.5kJand -285.8KJ respectively. Heat
of combustion of benzene is -3301kJ.

C+ 02— CO2AHI1 =-393.5kJ.....1

H2+ O2— H2O AH2 =-285.8KJ...... 2

CeHs + 902 — 6CO2+ 3H20 AH3 =-3301kJ ....... 3

6 X Reaction 1: 6C + 602 — 6CO2 6AH1 =-2361k]J.....1

3 x Reaction2: 3H2+ 302 — 3H, O 3AH2 =-857.4Kk]J...... 2

Reverse of reaction 3: 6CO> + 3H,0 — CgHg + 902 -AH3 = +3301KkJ ....... 3

Adding the three reactions- 6C + 3H, — CsHs AH= +82.6kJ

Heat of formation of benzene is 82.6kJ.

Bond-dissociation energy:

The bond-dissociation energy is one measure of the strength of a chemical bond A-B. It can
be defined as the standard enthalpy energy when A-B is cleaved by homolysis to give
fragments A and B, which are usually radical species. The enthalpy change is temperature-
dependent, and the bond-dissociation energy is often defined to be the enthalpy change of the
homolysis at 0 K, although the enthalpy change at 298, is also a frequently encountered
parameter As a typical example, the bond-dissociation energy for one of the C—H bonds

in Ethan (C2He) is defined as the standard enthalpy change of the process
CHsCH>-H —CH3CH2 « + H,



DH°®298(CH3CH2—H) = AH° = 101.1(4) kcal/mol = 423.0 £ 1.7 CH3CH2 kJ/ mole =
4.40(2) eV (per bond

To convert a molar BDE to the energy needed to dissociate the bond per molecule, the
conversion factor 23.060 kcal/mol .for each eV can be used.

A variety of experimental techniques, including spectrometric determination of energy levels,
generation of radicals by pyrolysis or photolysis, measurements of chemical and equilibrium,
and various calorimetric and electrochemical methods have been used to measure bond
dissociation energy values. Nevertheless, bond dissociation energy measurements are
challenging and are subject to considerable error. The majority of currently known values are
accurate to within =1 or 2 kcal/mol. Moreover, values measured in the past, especially before
the 1970s, can be especially unreliable and have been subject to revisions on the order of

10 kcal/mol. Even in modern times, the O—H bond of phenol has been reported to be
anywhere from 85.8 to 91.0 kcal/mol On the other hand, the bond dissociation energy of

H2 at 298 K has been measured to high precision and accuracy: dH®29s(H-H) = 104.1539
kcal/mol.

Enthalpy of neutralization:

The enthalpy of neutralization (AHn) is the change in enthalpy that occurs when one
equivalent of an acid and one equivalent of a base undergo a reaction to form water and

a salt. It is a special case of the enthalpy of reaction. It is defined as the energy released with
the formation of 1 mole of water.

When a reaction is carried out under standard conditions at the temperature of 298 K and

1 atm of pressure and one mole of water is formed it is called the standard enthalpy of
neutralization.

The heat (Q) released during a reaction is

Q =mCp AT

Where m is the mass of the solution, c; is the specific heat capacity of the solution, and AT is
the temperature change observed during the reaction. From this, the standard enthalpy change
(AH) is obtained by division with the amount of substance involved.

Standard enthalpy of formation:

The standard enthalpy of formation or standard heat of formation of a compound is the change
of enthalpy during the formation of 1 mole of the substance from its constituent elements, with
all substances in their standard states.

Integral and differential heat of solution and dilution:

Integral Enthalpy of Solution which is the heat absorbed or released when a solute is
dissolved in a definite amount of solvent. The heat of the solution depends on the nature of
the solute and on its concentration in the final solution. The solution of the differential heat is
the partial derivative which of the total heat of the solution with respect to the molal
concentration of one component of the solution, whenever the concentration of the other
component or components, the pressure, then the temperature are held constant. Enthalpy of
dilution is most often expressed in kJ/mol at a constant temperature. The heat of dilution,



or enthalpy of dilution, refers to the enthalpy change associated with the dilution process of a
component in a solution at a constant pressure. If the initial state of the component is a pure
liquid, the dilution process is equal to its dissolution process and the heat of dilution is the
same as the heat of solution. Generally, the heat of dilution is normalization by the mole
number of the solution and its dimension units are energy per unit mass or amount of
substance, commonly expressed in the unit of kJ/mol (or J/mol).

Kirchhoff's equation:

The variation of heat of reaction with temperature is given in terms of Kirchhoff's equation.
Kirchhoff's Law describes the enthalpy of a reaction's variation with temperature changes. In
general, enthalpy of any substance increases with temperature, which means both the products
and the reactants' enthalpies increase. The overall enthalpy of the reaction will change if the
increase in the enthalpy of products and reactants is different. equality expressing the
temperature dependence of the thermal quantities associated with a chemical reaction through
the difference in heat capacities between the products and reactants. Specifically, for reactions
occurring at constant volume, Kirchhoff’s equation relates the temperature dependence of the
change in internal energy AU of a reaction to the difference in isochoric heat capabilities C, in
the following form: AH = AU + AnRT. Kirchhoff P’s law describes the variation of enthalpy of a
reaction with the change in temperature. And at constant pressure, if the heat capacities (cp) do not
vary with temperature then the change in enthalpy is a function of the difference in temperature and
the heat capacities.

AHp =HP -HR

dAHp/dT = dHp/ dT — dHR/AT

dAH/dT = (Cp) p- (Cp)R

dAH/dT = ACp

dAH =ACp dT

AH2=AH1+Acp(T2-T1).
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agmeeoul + O — CO2 AHgr = -393.4kJ
C evL e+ Oz — CO2 AHdI = -395.4kJ

CO, — C emLwoegor_+ O, AHdi = + 395.4kJ
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C &ym.eoul + O2— CO 2 AHgr = —393.4kJ
C apgm.ewu. — C ewLoegor AHtr = +2.kJ

218, 107kJ and 299kJ

21H2(g) + 1l2(g) — HI (g)

Qeuliu 2 (heurged = Menevorlilll Niflens ggmomed HI - Memewiiiyl Nflens smmed Ho -
MNemewril Niflens pmHmed .

=299 — (218 + 107) = 299-325 =-26kJ

3. 2 (IHEUMHED. 6T60THMeOLILN:

6C + 3H2 — CsHe AH CeHp = ?

-393.5kJand -285.8KJ -3301kJ.

C+ 02— CO2AHI =-393.5kJ.....1

H2+ O2— H20 AH2 =-285.8kJ...... 2

CeHe + 902 — 6CO2 + 3H2,0 AH3 =-3301kJ ....... 3

6 X elenear 1:6C + 602 — 6CO26AHL = -2361kJ.....1

3x ellemeor 2: 3H2+ 302 — 3H20 3AH2 = -857.4k]...... 2
ag@ijelemest 3: 6CO2 + 3H20 — CeHs + 902-AH3 =+3301kJ .......
ceirm efemsussmerd Cajdged: 6C + 3H2 — CsHe AH= +82.6kJ

Quett&enfistt Qeuli 2 (Heumgev 82.6kJ.
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AHp =HP -HR
@&geumsnL. QeuliLBlemevsnILILT QUIT(HSSIeUensSUIIL
AHp =HP -HR

dAHp/dT = dHp/ dT — dHR/AT
dAH/dT = (Cp) p- (Cp)R
dAH/dT = ACp

dAH = ACp dT
AH2=AH1+Acp(T2-T1).



	The variation of heat of reaction with temperature is given in terms of Kirchhoff's equation.

