Atomic Structure Vidyamandir Classes

SUBJECTIVE SOLVED EXAMPLES

m Calculate the wavelength and wave number of the spectral line when an electron in H-atom falls from
higher energy state n = 3 to a state n = 2. Also determine the energy of a photon to ionize this atom by removing the electron

from 2nd Bohr’s orbit. Compare it with the energy of photon required to ionize the atom by removing the electron from the
ground state.

SOLUTION :
Photon absorbed

Photon emitted

First calculate the energy (AE) between the Bohr orbits

n=3andn=2using:

Photon absorbed

=136 22 [L_L]ev

n12 n22 » Toionize the atom from n =2, the transition will be
| | n=2-—-n=oo,
AE; =136 (1y {_2__2] eV 1 1
273 AE, =136 x1>x| 5 ~—5 | eV
2 )
=1.89eV
=34eV
Now this energy difference is the energy of the photon

emitted. » To ionize the atom from ground state (n = 1), the
_ 12400 . transition is 1 — oo,
= Photon )y (lIl A) ) |
AE=13.6 eV x12x [———)= 13.6 eV
2 2
= 7u=11i8090=6560.3A I o

and V= % =1.52x10°m™

MA hydrogen atom in the ground state is hit by a photon exciting the electron to 3rd excited state.
The electron then drops to 2nd Bohr orbit. What is the frequency of radiation emitted and absorbed in the process ?

SOLUTION : Photon absorbed

Energy is absorbed when electron moves from ground state (n = 1) to 3rd excited
state (n=4).

First calculate the energy difference betweenn =1 and n=4.

Use:  AEq 4 =2.18x107"% xZ? x[i—ij;

Photon emitted
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Here Z=1,n=1,n,=4

18 12 1 1
=204x107'%]

This is the energy of the photon absorbed.

Use:  Eppyon =hv =2.04 x107'%J to get:

= v=3.08x10"Hz

»  Similarly, when electron jumps fromn=4ton =2,

energy is emitted and is given by the same relation.

Atomic Structure

Putn, =2 and n, = 4 in the expression of AE, to get :

AE(4%2)=2.18X10 X1 X(?—“.—zJJ
=4.08x107"7

This is the energy of the photon emitted.

Use:  Eppoon =hv =4.08x 1077 ]

= v =6.16 x 10'* Hz

m A hydrogen like ion, He* (Z = 2) is exposed to electromagnetic waves of 256.2 A. The excited electron

gives out induced radiations. Find the wavelength of the induced radiations, when electron de-excites back to the ground

state. R =109737 cm™".

SOLUTION :

He* ion contains only one electron, so Bohr’s model is
applicable here. It absorbs a photon of wavelength
A =256.4 A. Assume the electron to be in ground state

initially. Let it jumps to an excited state n,.
Use the relation, to find n,.
godl_rz2| L_L
A

nf n3

Substitute for A= 256.2 A =256.2x 10~ cm,
R=109737,Z=2forHe*ion, n, =1

Now, Find n, .

%: 109737 x (2)* iz - iz
256.2x10~ 2 n3

= n2=3

From n = 3, the electron can fall back to the ground

state in three possible ways (transitions) :

351, 352, 21

Hence three possible radiations are emitted. Find the

wavelengths corresponding to these transitions.

The wavelength (A) for transition, 3 — 1 will be same
i.e.,256.4A. Find A for3 —2and2 — 1 using the same
relation.
AB—>1)=2564A,L(3—>2)=1641.3 A,
A2 —>1)=3039A

AEUTIEREES 1y drogen gas when subjected to photo-dissociation, yields one normal atom and one atom possessing

1.97 eV more energy than normal atom. The bond dissociation energy of hydrogen molecule into normal atoms is

103 kcal mol™. Compute the wave length of effective photon for photo dissociation of hydrogen molecule in the given

case.
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SOLUTION :
H,->H+H"
where H is normal H-atom and H" is excited H-atom.

So the energy required to dissociate H, in this manner

Vidyamandir Classes

The extra energy possessed by excited atom is 1.97 eV

=1.97x1.6x101°J=3.15x10"J

E (absorbed)=7.175x 1072+ 3.15x 10719J

will be greater than the usual bond energy of H,

=1.03x107'8J
molecule.

E(absorbed) = dissociation energy of H, + extra Now calculate the wavelength of photon

energy of excited atom corresponding to this energy.

hc —18
Energy required to dissociate in normal manner Ephoton = N =1.03x10 " J
=103x10°cal permol  (given) = A=1930 A

103 x10°x 4.18

TeT =7.17x107" J/molecule
X

m An electron in the first excited state of H-atom absorbs a photon and is further excited. The de Broglie
wavelength of the electron in this state is found to 13.4 A. Find the wavelength of photon absorbed by the electron in A.

Also find the longest and shortest wavelength emitted when this electron de-excites back to ground state.

SOLUTION :

Note: The energy state n = 1 is known as Ground State
The energy state n = 2 is known as First Excited State.

The energy state n = 3 is known as Second excited

State and so on.

The electron from n = 2 absorbs a photon and is further

excited to a higher energy level (let us say n).

The electron in this energy level (n) has a de Broglie
wavelength (L) = 13.4 A.

)
Nte s |
ahal / Photon
7/

and v, =2.18 x 1052 ms!
n

[ve is the velocity of e~ in nth Bohr orbit]

L w2808 (lj
Am n

6.626 x107* 18108 x L
(13.4x107) x (9.1x107") ' n

= n=4

Now find the wavelength of the photon responsible

for the excitation fromn=2ton =4

Using the relation :

AE =13672| Lo L |ev
2-4 n? n}

=255¢v  [n,=2,n,=4,Z=1]

_ 12400
= 2-4 A(inA)
= 4= —2300 & _ise31 A
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Note:

The longest wavelength emitted when this electron
(from n = 4) falls back to the ground state will
corresponds to the minimum energy transition.

The transition corresponding to minimum energy will
be 4 —3.

The transition corresponding to maximum energy
will be 4 — 1.

hc

AE(Energy diff.) = Ephoton = 7 =hv

AE o<

= or AE VPhoton

Photon

Using the same relation :

of 1 1
AE(4_>3)= 13.6 Z (—2——2JCV
np 0y

[n1=3,n2=4,Z=1]

Atomic Structure

12400
AE=E =—2c¢
Photon 2\ (in A)

= A=18752.8 A

Shortest wavelength : 4 -1

, (11
AE(4_)1) =13.6 x1 X(—z——zjeV
2 4
=12.75eV

12400
AE =E =—
= 41 Photon % (in A)

= A =973.2A

Example - 6 ) single electron orbits around a stationary nucleus of charge +Ze, where Z is a constant and e is the

magnitude of electronic charge. It requires 47.2 eV to excite the electron from second Bohr orbit to the third Bohr.

(b) Therequired transitionisn, =3 — n,=4 by absorbing

Find :
(a) the value of Z
(b) the energy required to excite the electron fromn =3 ton = 4
() the wavelength of radiation required to remove electron from 2nd Bohr’s orbit to infinity
d) the kinetic energy, potential energy and angular momentum of the electron in the first orbit.
(e) the ionisation energy of above one electron system in eV.
SOLUTION :
Since the nucleus has a charge +Ze, the atomic number
of the ionis ‘Z’. a photon of energy AE.
(a) The transition is n, =2 — n, = 3 by absorbing a Find AE by using the relation :

photon of energy 47.2 eV.
= AE=472eV

Using the relation :
2 1 1
AE=13.6Z (—2——2}:\;
oy nj
= 47.2=13.622(i2—i2j = Z=5
2° 3

o 1 1
AE =13.6Z [—2 _T]eV
ny 03

B (1 1
= AE=16.53¢eV

(¢) The required transitionisn, =2 — n, = e by absorb-

ing a photon of energy AE.
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Example - 7

Find AE by using the relation :

1 |
AE=13.6 (5) (—2 - —ZJ — AE=85eV
2 oo

Find A of radiation corresponding to energy 85 eV.

12400
85

A

= A=

=146.16 A

(d) Ifenergy of electronbe E , then KE=-E and PE =2E_

13677 -13.6x5”

n =
n’ 1?

E

=-340eV
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KE=—(-340ev)=340eV

PE=2(=340eV)=—680eV

h
Angular momentum ({) = n (2_71:)

(6.626 x 10—34j
N (=1x| 200X
21

=1.05x10734J-s

Note : Angular momentum of e is also equal to m_v,r.

(e) The ionisation energy (IE) is the energy required to

remove the electron from ground state to infinity.
So the required transition is 1 — oo. The ionisation
energy (IE)=-E =13.6(Z\eV
= 1IE=+13.6x5*=340¢V.

The hydrogen-like species Li** is in a spherically symmetric state S | with one radial node. Upon absorbing

light the ion undergoes transition to a state S,. The state S, has one radial node and its energy is equal to the ground state

energy of the H-atom.
(i) The state S| is :
(A) Ls (B) 2s
© 2 D)  3s
(ii) Energy of the state S| in units of the hydrogen atom
ground state energy is :
SOLUTION : (i)-(B) (ii)-(C) (iii)-(B)

Radial node=n-/-1

S, =2s (Asitis spherically symmetric and has one
radial node)

S,=3p (Asits energy is equal to ground state energy
of H-atom hence, its principal quantum number is 3
and it contains only 1 radial node)

Hence its Orbital angular momentum quantum number
isl.(1=3-/-1= (=1)

(iii)

(A) 0.75 B) 1.50
©) 2.25 (D) 4.50

The orbital angular momentum quantum number
of the state S, is :

A 0 (B) 1

< 2 D 3

Energy of electronin S,
7? 3?
=—13.6 X —eV=-13.6 X —eV
n 2

Energy of hydrogen in ground state =—13.6 eV
= Energy of electron in S, is 2.55 times the
energy hydrogen atom in ground state.

Example - 8 Find the energy required to excite 1.10 litre of hydrogen atoms gas at 1.0 atm and 298 K to the first
excited state of atomic hydrogen. The energy required for the dissociation of H—H bond is 436 kJ/mol. Also calculate the

minimum frequency of a photon to break this bond.

SOLUTION :

Let us, first find the number of moles of hydrogen

atoms.

PV 1x1.10

— = 2 = 0045
RT  0.0821x298

nH2
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Thus the energy required to break 0.045 moles of H,
(H-Hbond) = 0.045x436=19.62kJ.

Now calculate the energy needed to excite the H—atoms
to first excited state i.e., to n = 2 (First excited state is

referred ton =2).

AE=2.18 x107'% (1)2 L Ly atom
12 2

=1.635x10'8 J/atom

No. of H atoms = (No. of H, molecules) X 2
=(0.05%6.02x10%)x 2 =6.02 % 10??

Atomic Structure

The energy required to excite the given number of
H-atoms =6.02 x 102 x 1.635x 1078 J=98.43 kJ

So the total energy required
=19.62+98.43=118.05kJ
Now the energy required to break a single

436x10°

m = 7.238X10_19J/atm
. X

H-H bond =

= Energy supplied by the photon
= 7.238 x 1071 = hv =6.626 X 10734 (v)

= v=1.09x10"Hz.

SEWLIESIY Estimate the difference in energy between st and 2nd Bohr’s orbit for a H-atom. At what minimum
atomic number (Z), a transition fromn = 2 to n = 1 energy level would result in the emission of radiation with wavelength

A =3.0x 10 m? Which Hydrogen atom like species this atomic number corresponds to ? How much ionisation potential

is needed to ionise this species 7 (R = 1.097 x 107 m™")

SOLUTION :

The difference in energy is given by AE :

AE=2.18 x 10718 (1) (iz - izj J/atom
? 2

=1.65x107"8J=1.65x 107" ergs =10.2eV

For a H-like atom, A=3.0 X 10~ m.

= AE =2.18x1078 x 22| L - L |;
21 1?2 22
hc

= Ephoton :T = 1=2

Hence the H-like atom is He* ion.
To ionise, He* ion, ionisation energy (IE) =—(E,)
IE=—(-13.6x2%)=+54.4¢eV

The ionisation potential (IP) is the voltage difference
required to generate this much energy.

= [E=qV=e(P)=54.4¢eV

= IP (required) = 54.4 Volts

DEINIEERNE Vatch the following :

(CY)
®)
©
D)

List 1

Orbital angular momentum of the electron in a hydrogen-like atomic orbital (p)

A hydrogen-like one-electron wave function obeying Pauli principle @

Shape, size and orientation of hydrogen-like atomic orbitals

Probability density of electron at the nucleus in hydrogen-like atom (s)

SOLUTION : [A-q,r] [B-p, q, 1, s] [C-p, q, r] [D-p, q]

(A)  Orbital angular momentum of the electron in a

hydrogen like atomic orbital depends on type of
atomic orbital (¢) and its orientation (m,).

(B)  As per Pauli's principle, every electron is unique,

hence all four quantum numbers are required.

©

(D)

List 2

Principal quantum number
Azimuthal quantum number
(r) Magnetic quantum number

Electron spin quantum number

Shape, size and orientation of hydrogen-like atomic
orbital are indicated by ¢, n, m,.

Probability density of electron at the nucleus in
hydrogen-like atom is obtained by the square
of the wave functions. (\1/2) and it depends on n and /

Self Study Course for IITJEE with Online Support Subjective Solved Examples 45



Atomic Structure Vidyamandir Classes

m A stationary He* ion emits a photon corresponding to the first line (H ) of Lyman series. The photon thus
emitted, strikes a H—atom in the ground state. Find the velocity of the photoelectron ejected out of the hydrogen atom.
The value of R = 1.097 x 10" m™.

SOLUTION :

The difference in energy (AE) will be equal to the energy = Ve = /M
me

of the photon emitted.

First line in Lyman series corresponds to the transition \/ 2 (6.54 x107"% —2.18x107'8 )
= Ve =
2=l ° 9.1x107!
18 42 (11
AE=218x10""" (2) 1—2—2—2 J/atom = v, =3.09x10°m/s
—6.54% 1087 We can also calculate the wavelength of electron

. , , ejected out =236 x 10" m = 2.36A
The photon of this much energy strikes a H-atom in ! o

the ground state. Note that the ionisation energy of A = h 6.626 x 10734
H-atom s +2.18 x 10~% J. This will be the work function ©omeve  9.1x107! % 3.09 x 10°

of H—atom. Using the Einstein’s photoelectric

m=236A

equation :

1
KE=E,-W_= 5 m, Ve2 [E = Incident energy]

m electronin a hydrogen like species, makes a transition from nth Bohr orbit to next outer Bohr (= n + 1) .

Find an approximate relation between the dependence of the frequency of the photon absorbed as a function of ‘n’.

Assume ‘n’ to be a large value (n >> 1).

SOLUTION :
_ 1 1

AE : =hv=218x108xZ? | ——-—— I

(e(rrlleniy rihifz;r)ence) nz (Il + 1)2
= hy =2.18 x 1078 x 72 % J

n“(n+1)

Since n>> 1 (given)
= n+1l~n;2n+1=2n
N hv =~ 2.18x 1078 zzxi—Z‘J =  vend
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