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Problem 1 23 marks

The golden alloy

Two or more metals can form an alloy if they have

. similar atomic radii, differing by less than 15%
Il1.  same crystal structure, and
1. similar chemical properties or similar number of valence electrons in metals

For combinations of metals satisfying all three conditions, alloys with a single homogenous solid phase (having
well defined crystal structure) are formed at all compositions. Such alloys are called continuous solid solutions.
For example, alloys of Cu and Ni.

Given below is a list of metals with their size and crystal structure

Metal Cu Ni Cr K Pb Al Ag Au Zn
Crystal Structure fcc fcc bcc bcc | fcc fcc fcc fcc hcp
Atomic radii (inA) | 1.28 | 125 |1.29 |227 |1.75 143 | 144 | 144 1.37

1.1 For the following combinations of metals, identify if it can form a continuous solid solution.

Yes No
Cu & Ag
Cr&K
Cu & Al
Ag & Al
If only one or two of the conditions I-111 are satisfied, two or more homogenous phases (each having different

structure and properties) may form at different compositions. At a given composition, an alloy may exist as a
single phase, or two phases may co-exist within the material. As we heat the alloy, the solid phase(s) can melt
above a certain temperature and co-exist with the corresponding liquid over a temperature range and then get
converted into pure liquid phase. This information of thermodynamically stable phases of different alloy
compositions and at different temperatures is represented in a phase diagram.

Phase diagram of Cu and Zn alloys,

commonly known as brass, is shown in

Fig. 1. In the diagram, each area ~ '°%
marked by solid boundaries represents

a phase or a mixture. For example, g
regions marked by a, B, vy, etc, o 800
represent different solid phases of *3
brass, i.e., a-brass, p-brass, etc. The g
regions between these two areas (not 2'600
labelled) represent a mixed phase of 2
two adjoining single phases like a + B-

brass. 400

100%2n 0 % “ 100% cu

%wt Cu

Fig 1. Phase Diagram of Cu-Zn

Adapted from: Journal of Hazardous Materials, Sep 2013, 262C:606-613
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1.2 Consider a brass with 30% Cu by mass. Identify the phase/phases that it will adopt at 300 °C and 750 °C,
respectively.

Varieties of brass have wide importance because of their mechanical, chemical, electrical, and acoustic
properties. Change in these properties and colours can be achieved by variation in the composition of the two
metals as well as by the addition of other metal atoms to some extent. Brass with low zinc percentages is used
for musical instruments. Higher concentration of Zn atoms (being larger in size) reduces the mobility of Cu
atoms, making the alloy harder. Thus, p and y phases are more appropriate for making machine parts.

To find out the percentage of different metals, the alloy sample needs to be converted to soluble form. A brass
sample was dissolved using conc. H2SO4 (with catalytic amount of conc. HNO3) to prepare a sample solution
X, which was given to two labs for independent analysis. The first lab used iodometric titration to determine
the amount of Cu and complexometric titration to determine the total Cu + Zn content.

1.3 i) In the iodometric titration, I~ ions (present in excess) act as reducing and precipitating agent. Write
balanced chemical equation for this reaction.

ii) The I liberated during this reaction is titrated with sodium thiosulphate. Complete and balance the given
equation for the reaction.

I, (ag) + Na2S:03(aq) — NaxS.0s (aq) +
iii) Determine the magnetic moment of the precipitate formed in 1.3 i).

iv) The colour of precipitate formed in 1.3 i) is (Mark X for the correct answer)
a)  white b) deep blue C) reddish pink

v) A 10.0 mL of solution X when titrated iodometrically, consumed 6.9 mL of 0.104 M sodium thiosulphate
solution. The same amount of solution X was titrated at pH 5.5 (using an acetate buffer) with 0.095 M
EDTA (ethylene diamine tetra acetate) using xylenol orange indicator. The titration required 10.5 mL
of EDTA till the end point. In this titration, both Cu and Zn form a 1:1 complex with EDTA. Calculate
the % of Zn in the sample.

vi) Identify the type of brass sample using the phase diagram in Fig. 1.
vii) This brass sample would be useful for making (Mark X against the correct option(s))

a) ghungroo (sound making hollow balls) b) trumpet/flute
c) locks d) hinges for doors and windows

The second lab that received this sample solution X, used cupron (structure given below) which selectively
complexes only with Cu(ll) giving a precipitate.

O g
HO—N O

Cupron

1.4 i) 50 mL of solution X mixed with excess of cupron gave a precipitate of Cu(cupron), which on drying
weighed 1.86 g. Determine the value of y.

ii) The filtrate obtained in 1.4 i) (after filtering the Cu(cupron), precipitate) was treated with excess of
(NH.)2HPO. in ammoniacal solution, which precipitates zinc ammonium phosphate. The precipitate was
filtered and dried at room temperature. Then the anhydrous precipitate was heated at 900°C eliminating
ammonia and water to get zinc pyrophosphate. Write a balanced chemical equation for the pyrolysis
reaction.
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iii) Determine the mass of zinc pyrophosphate obtained.

Brass is used in making bells because it is sonorous like silver, i.e., when hit with a hard object, it produces
deep or resonant sound. Sonority requires the material to have free mobile electrons. In addition, the material
must have moderate density and hardness such that the kinetic energy can be translated into sound waves, and
the latter can be propagated by the free electrons within.

1.5 Which of the following can also be sonorous?
a) sodium b)  copper c) iron
d) mercury e)  diamond

Some brass samples contain small amounts of other metals such as Ni, Pb, or As. A solution of nickel brass
(containing Ni in addition to Cu and Zn) prepared by dissolving in nitric acid, was reacted in separate beakers
with NaOH (aq) and NHs (aq), respectively. In both beakers, stable precipitates were observed. The pH of the
supernatant containing ammonia was 9.5.

1.6 Write the metal ion(s) and their form (ions/complex/compound) present in the supernatant and the
composition of the precipitate in the two reactions in the following table:

Reaction Metal ion(s) and their form in the | Composition of precipitate
supernatant

Ni-brass solution +

excess NaOH (aqg.)

Ni-brass solution

+ excess NHs(ag.)
till pHis 9.5

1.7 Metalloenzymes have proteins with various amino acid side groups providing suitable coordination
environment for the metal ions at the active sites. A protective enzyme superoxide dismutase (SOD)
contains Cu?* and Zn?* at its active sites and hence, is aptly called as “Brass Enzyme”. The active center in
SOD has a metal binding site with near-square-planar coordination geometry (site A) and another with
tetrahedral coordination geometry (site B).

i) Which metal ions occupies site A and B, respectively?

The active site undergoes a reversible redox reaction during the dismutation (simultaneous oxidation and
reduction) of superoxide, which can be represented as

20, > 0227 + 0,

ii) Write the metal ion actively participating in the catalytic reaction.

Problem 2 25 marks

Hydrogen Peroxide- a Versatile Reagent

Hydrogen peroxide, H,O; is an important chemical widely used in households as well as industry. Dilute
solutions of H.O- are used as domestic disinfectants and anti-septic agents. It is used as a bleaching agent in
textile, paper, food and pharmaceuticals industries.

This problem consists of two parts- Part | is about some chemical properties of hydrogen peroxide which
make it highly useful, and Part Il is on use of H,O, for metal recovery from spent catalysts.
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Part I: Chemical Properties of H2O;

2.1 When H;0: is mixed with a base, it forms a new ion, A.
i) Draw the Lewis structure of A.
ii) Write balanced equation for the formation of A.

2.2 H,O, is a weak acid (pk, = 11.75). Determine the pH of 3% (w/w) aqueous solution of H,O- (density =
1.01gcm3).

2.3 When H,0, is mixed with a dilute solution of H,SO4, it forms solution X in which H.O; is converted to
species B.

i) Draw the Lewis structure of B.

ii) Write balanced equation for formation of B.

2.4 Write the balanced equations for the following two reactions.

i) When solution X is mixed with another colorless solution, it resulted in a yellow-brown color solution
which developed dark blue color on the addition of starch.

i) When solution X is mixed with a Mn-containing solution having deep violet color, it resulted in
decolorization of the solution.

Part I1: Recycling of Spent Catalyst

Crude petroleum and natural gas usually contain sulphur compounds which are removed industrially using

catalysts containing Mo, Co, and Ni, and their oxides supported on alumina. This process is called

hydrodesulfurization (HDS). After many cycles, these catalysts lose their activity due to formation of their

respective sulphides and are disposed in landfills. However, metals can be recovered from these spent catalysts.

For effective recovery, these materials are ground into fine powder. Extraction of metals from this powder can

be done by two methods:

¢ Roasting + Leaching: The powdered catalyst is heated in an open furnace at 850 °C in presence of air. The
metal sulphides get converted to oxides with 95% conversion. The oxides are then leached using H,SO..

e Direct Leaching (without roasting): Hydrogen peroxide (30%) and sulfuric acid are used directly to
dissolve the metal sulphides. Typically, 89% of the metal sulphides get dissolved in this method.

A flow diagram of the two processes is shown below.

H>O +H,S0O;

3

Roasting Leach Solution
—» Leach —_

ing Mo, Co. Ni

3

Fresh Catalyst

Spent

Mo (8.72 %) Spent Grinding
Co (1.97 %) Catalyst Sieving | Powder

Catalyst

v
A A

b

Ni (1.04 %) Without : Leach Solution
- Leaching Mo. Co. Ni
HDS Process Roasting b

H>0:+ H>SO4

Recovery of Metals

Fig. 1 Flow diagram of dissolution process of spent catalyst

Subsequently, individual metals are extracted from the leach solutions using the following process.
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Leach Solution
Mo, Co, N1

Step-1

{NH4))MOO4 - Solld
Liquid

HCl+ DMG  Step-2

to pH=6

Ni(DMG): + Solid

_ Liquid

NaOH

—op=11 Step3

Co(OH).« Solid
~ Liquid—bRecycle

Fig. 2 Flow diagram of metal separation from leach solution

2.5 A metallurgical plant received 10 kg of spent catalyst powder (Mo = 8.72%, Co = 1.97%, Ni = 1.04%) to
recover metals. As a trial, one staff tried roasting method for 1 kg of the catalyst. Molybdenum sulphide
gets oxidized as per the following chemical reaction.

2M0S; +70; —  2MoOs +  4S0(q)

i) Write balanced equations for the roasting of Co and Ni sulphides (where Co remains in +2 oxidation state
under the roasting condition).

ii) Determine the volume of SO- released in the above process at the furnace temperature and atmospheric
pressure.

2.6 Another staff dissolved 1 kg catalyst using the direct leaching method, by using 1 kg of 15% w/w H,SO4

solution and stoichiometrically equivalent amount of hydrogen peroxide (30% wi/w solution). The H2SO4

predominantly helps dissolving metal sulphides. Note that 89% of the metals in the catalyst get dissolved.

The balanced equations for reactions during dissolution of metal sulphides are given below.
MoS; (s) + 9H,02 (ag) — Mo02%*(aq) + 2S04* (aq) + 8H.0 + 2H*(aq)

CoS (s) +4H,0,(ag) — Co?(aq) +SO4*(ag) +4H.0
NiS (s) + 4H,02(agq) — Ni*(aq) + SO4*(ag) +4H.0

i) Calculate the molality of Mo obtained in this solution.

ii) Identify the major species present in the final filtrate obtained at the end of Step 3 of metal extraction.
(Assume that each precipitating reagent was added about 5% in excess and the metal precipitations were
complete).

iii) The final filtrate is concentrated by boiling. Identify the compound which can be recovered in largest
amount from this process.

iv) After concentration and separation of solids, remaining filtrate can be added back to one of the steps (1
or 2 or 3) shown in Fig 2., with a specific advantage. In the table below, mention this step number in
Row I, and the advantage(s) in appropriate column(s) in that row. In Row Il, mention disadvantage(s) if
it is added in any one of the other steps.
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reduces
consumption of

enhances Yyield | decreases

of

contamination in

increases
contamination in

I. When added in the
chosen step :

II. When added in

another step ,

2.7 The advantage of hydrogen peroxide leaching over roasting + leaching process is (mark X in box for the
applicable statement(s) and for marked statements, write the appropriate substances in the blank spaces).

a) It prevents formation of
b) It enhances formation of

c) It reduces consumption of

as waste product.
as a useful by-product.

as input chemicals.

Problem 3

21 Marks

Structure Elucidation of a Drug

Determining the structure of an active component from natural sources (such as plants and microorganisms)
which acts as a drug/medicine can help to produce it on a large scale. In this question, we will work out the
structure of a drug (A) isolated from a natural source.

Analytical experiments indicate that A is a heterocyclic compound with molecular formula C1sH1804N>S.
Compounds with free thiol (-SH) group give strong colours when treated with aqueous FeCls. A does not give
color when reacted with aqueous FeCls.

3.1 A gives effervescence with a solution of sodium bicarbonate and forms a mono-sodium salt. When A is
treated with nitrous acid, no gas is evolved. From these observations, the inference that can be drawn is that
molecules of A have (Mark X for the correct option(s))

a) presence of -COOH and -NH groups.

b) presence of -COOH, phenolic -OH and absence of -NH; groups.
c) presence of -COOH and absence of -NH, groups.

d) presence of phenolic -OH and absence of -NH; groups.

On hydrolysis with hot dilute hydrochloric acid, A gives B (CsH1102NS) and C (C10H1102N) as shown in the

following reaction.

A

dil. HCI

A

B

3.2 Compound B can be synthesized in the lab via the following steps.

(CH;CO),0,
(CH3)2CHC|HCOOH 1. CH,CICOCl Glacial acetic acid,
NH, 2. aq. NaOH 60 °C
-HCI
(Anhydride acts as
dehydrating agent)
Ring Openin
1. Conc. HC1 g Ypening
B € H G [F]
2. Neutralizing CH,sO5NS Intermediate

agent (Pyridine)
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i) Draw the structures of the major products D and E.

i) Among the following, identify the correct structure of intermediate E’ formed in the above reaction
scheme. (Mark X against the correct option)

HS
) >:N—§/; HNIfO
OMe
HN _§ (0] O)\/O
SH HO
HO HS"(
N HN
OMe
(@)

iv) pH metric titration of compound B showed three pK, values 1.8, 7.9 and 10.5. Write the functional
groups present in molecules of B corresponding to these pK, values.

HS
d) >:N e)
OMe
O

iii) Draw the structures of intermediate F and products G and B.

In a class, two teams of students were given compound B for functional group analysis. Team 1 students
dissolved compound B in water while team 2 students dissolved it in acetone. Both teams treated their
solutions of B with aqueous FeCls and with nitrous acid separately. Students of one of the two teams could
observe color change with aqueous FeClz and nitrogen gas evolution with nitrous acid, while students of
the other team did not obtain these two observations.

V) ldentify the team that got reaction(s) with the two reagents, and the correct statement(s) from the options
given below (a-e) explaining the results of Team 1 and Team 2.
a) B got hydrolyzed in water.
b) B reacted with acetone.
c) B got dissolved in water thus gave positive results for functional group analysis.
d) B did not dissolve in acetone and thus could not give results for functional group analysis.
e) B did not dissolve in water and thus could not give positive result.

3.3 Compound C on heating with concentrated HCI gives phenylacetic acid and a-amino acetaldehyde. Write
the structure of C.

3.4 Drug A can also be synthesized from B through the following route.

(0]
EtOH - H,O 1.N,H,
o) (1:1) 2. HCI, H20 NH
+ B —— 3 H— 1+ |
CH3 NH

N O
© tBuOOC COOH 0
tBuOOC H H
1. PhCH,COCl 1. HCL, CH,Cl,
I » K TN " > L
2. Neutralisi t . Neutralising agent
cutralising agen (Pyrldlne) (C|6H2005st)

(NEty)

i) Draw the structures of H, I, K and L.
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A can be obtained from L by reacting it with Dicyclohexylcarbodiimide (DCC).
L + DCC —8>» A

DCC is a common reagent used to combine amino acids in peptide synthesis. The general mechanism of the
above reaction with DCC is as given below.

E M + N

R!-COOH + N=C=N

O (Both M and N are ionic species)
Proton ) 0
Transfer R“NH, R1—< HN
P + Q «—— <«— 0 - o
A\Y
N

O

ii) Draw the structures of M, N, O, P and Q.
iii) Draw the structure of A.

iv) An ideal drug molecule must have both polar and non-polar groups. Polar groups are required for its
transport through blood while non-polar groups ensure crossing of the drug molecule through the lipid
cell membrane. Redraw the structure of drug A and draw circles around the polar groups and draw
rectangles around the non-polar parts of the molecule.

Problem 4 24 marks
An acid from sugar

A compound (A) named as hexuronic acid was isolated from Hungarian Paprika (Capsicum annuum). A is a
white to very pale-yellow crystalline powder with a sharp acidic taste. It is a carbohydrate derivative with the
following structure:

4.1 Draw other possible stereoisomers for A.
4.2 Molecules of A exhibit tautomerism. Draw all the tautomeric forms of A.

An experimentalist prepared 0.10 M solution of compound A and found its pH to be 2.6. Its second acid
dissociation constant, pKa, was found to be 11.4.

4.3 Calculate pKa of A.
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4.4 Draw the structure of the predominant ionic forms of A with correct stereochemistry (its bioactive form)
present at i) physiological pH 7.3 and ii) pH 12.0.

A reacts rapidly with diazomethane, giving derivative B (CgH130s). On reaction with reagent X, B gives
formaldehyde as one of the products.
4.5 Give the structure of B and molecular formula of the reagent X.

B on further treatment with moist Ag.0 and CHsl forms C. Action of ozone on C yields a neutral compound
D which on elemental analysis gave 48.38% carbon and 6.45% hydrogen.

4.6 Derive the molecular formula of D and draw the structures of C and D. Show all the calculations involved
in the derivation.

4.7 The reaction of moist Ag.O + CHjsl with B proceeds via (Mark X for the correct option):
a) nucleophilic substitution b) nucleophilic addition
c) electrophilic addition d) electrophilic substitution
4.8 In the given reaction, moist Ag.0 is acting as a (Mark X for the correct option):
a) source of nucleophile b) source of electrophile c) acid
d) base e) amphoteric initiator

A, on mild oxidation by iodine under aqueous acidic conditions gives a compound E (CsHsOs). If (A) is
oxidized using sodium hypoiodite in alkaline solution, oxalic acid and a monobasic acid F are formed. F on
further oxidation yields tartaric acid (C4HgOg).

4.9 Draw the structures of E and F. If the structure(s) is/are acyclic, draw it using Fischer Projection.

A cannot be produced by humans, and hence, it must be obtained through diet. But some other species can
convert D-glucose into A by a biochemical pathway. In this biochemical conversion, D-Glucose is first
oxidized to a compound G having 57.70% oxygen.

4.10 Choose the correct structure of G from the following (Mark X for the correct option):

CHO COOH COOH CHO

H——OH H——OH H——OH H——OH
HO——H HO——H HO——H HO——H

a) H——OH b) H——OH c) H——OH d) H——OH

H——OH H——OH H——OH H——OH
COOH CH,0H COOH CHO

Under physiological conditions, G is converted to a compound H (CsHsOs), which undergoes reduction to
yield a compound I. Finally, I undergoes dehydrogenation to produce A.

4.11 Draw the structures of H and I with correct stereochemistry.
A is a powerful enhancer of non-heme iron absorption and is used in the treatment of anaemia. It reacts with
Fe®" ions to form an octahedral complex having a molecular formula [C12H16Fe014] .

4.12 Draw the structure of the iron complex of A.

*OH is the most reactive of all the ROS (reactive oxygen species) and interacts with DNA causing its damage.
The bioactive form of compound A (the form at physiological pH) reacts with *OH through a single electron
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transfer to form J and K. On subsequent deprotonation, J yields a stable radical L, which does not cause DNA
damage.
4.13 Draw the structures of J, K and L.

A is estimated in food substances by titrating it with ceric ammonium sulphate which acts as a one electron
oxidizing agent.

4.14. Write the product in the given equation for the above titration and balance it.

A+C€(NH4)4(SO4)4 —» E +

Problem 5 16 marks

The purple hydrogen

When high voltage is applied to hydrogen gas enclosed in an electric discharge tube, it gives a purple glow. In
nature, such colour can be observed in light coming from some stars. Origin of this colour in hydrogen
remained a mystery for long. In an experiment in the 19" century, scientists passed the light from a hydrogen
discharge tube through a slit followed by a glass prism. On a screen kept behind the glass prism, multiple lines
could be seen with a very bright red line followed by a blue and few closely spaced violet lines. In experiments
in early 20" century when diffraction grating was used instead of glass prism, few additional lines could be
detected as non-visible extensions of the spectrum as shown below.

656.3 nm 656.3 nm
486.1 nm
434.0 nm ) . .
' " Grating
Hydrogen - Glass Prism Hydrogen .~
discharge ‘ Discharge .
Lamp Lamp
Spectrum S1 Spectrum S2

In later experiments, several more lines at higher wavelengths were detected in the spectrum of hydrogen
discharge, but no lines were detected at wavelengths lower than those seen in spectrum S2.

5.1Each of these lines originated from a specific decrease in energy of hydrogen atoms as the atoms
transitioned from one well-defined energy state to another. Determine the frequency of light originating
from the lowest energy transition observed in spectrum S2.

The wavelengths obtained in the above spectra were analyzed by many mathematicians. Finally, it was
recognized that the wavelengths corresponded to change in energy states of hydrogen atom, where energy of
each state would be of the form E, = — C/n?, where C is a constant and n is a natural number.

5.2 i) Using the wavelength data in S1 and S2, determine the value of C in Joules and in cm. Give detailed
steps followed to obtain the answers.

ii) Determine the n values for states, transitions between which produces light of wavelengths 102.6 nm
and 434.0 nm.
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According to the Bohr atomic model, electrons in an atom move in circular orbits

around the nucleus (as depicted in the figure). The hydrogen atom is stable because
2

2
the magnitude of the centrifugal force (mu j and electrostatic force [426 2) at
r 7e,r

distance, apare equal.

5.3 Find the magnitude of velocity of the electron in hydrogen atom and find its ratio
to the speed of light.

Imagine that we can capture snapshots of the electron orbiting in the circular path. Four representative
snapshots among several are illustrated below:

Snapshot 1 Snapshot 2 Snapshot 3 Snapshot 4
Alternatively, several snapshots can be collectively represented in a single @ """"" Q
figure as given on the right-hand side image. This figure shows that the ( @
probability of finding the electron on the orbit of radius r = ap is 100% H ®
(according to the Bohr model). R~ » BRI :

Q d ©
@@

On the contrary, different experiments collectively exhibit the following superimposed snapshots for the
position of the electron in a hydrogen atom. Here, the nucleus is located at the origin and position of the
electron (shown by dots) can be anywhere around the nucleus; however, there are regions where the electron
is found more frequently than the other regions.

Quantum mechanical model provides a possible explanation for the above experimental realization using a
mathematical function, called the probability density function. The probability density of the electron in
hydrogen atom or hydrogen like atoms/ions (with atomic number Z) in lowest energy state at a distance r

obtained from quantum mechanical model, can be expressed as:
3 zZr

f@r) = —prte a0
2h)

This function for hydrogen is plotted in the following figure:
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Probability Density

r
5.4 Find the most probable value of r (the distance from the origin where the probability density of finding the

electron is maximum) for a hydrogen atom.
5.5 Based on the most probable value of r, possible true statements among the following is/are (Mark X for
the correct option(s)):

a) Bohr model predicted locations of electron which are impossible in reality.
b) In quantum mechanical model, circular motion is not possible, only linear motion is possible.

c) In quantum mechanical model, electron motion is not possible.
d) In quantum mechanical model, electron in lowest energy state can be found at a distance r = 8a,.

5.6 Curves representing the ground state probability density functions of electron in H atom, He* ion and Li?*
ion are given in diagram below. Identify which curve corresponds to which specie.

T T

Probability Density

...........

e
~—— A

r (in Angstrom

Assume that a specially designed hydrogen discharge lamp DL creates excited hydrogen atoms in n = 2 state
only. Electronically excited atoms finally transition back to the ground state by emitting photons with
appropriate frequency. One can monitor the emission intensity, 1 atany given time, t, using a photosensitive

detector.
Assume that at time t =0 (i.e., when the excited hydrogen atoms were generated), the emission intensity was
I,. Change of emission intensity as a function of time can be expressed by the following rate equation:

—% =kl ; where, K =10%s* for n = 2 — n = 1 transition and depends on the electron distribution

in the initial and final states.
5.7 Find the time at which the intensity of discharge lamp drops to 10% of the initial intensity after it is
switched off.

5.8 Identify the colour of emission of this discharge lamp DL.
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