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Foreword

This manuscript is the culmination of five years of teaching in the Department of Technical
Science at the University of Mohamed Boudiaf - M’ sila . This handout, consisting mainly of
exercises and course summaries, is intended for first-year ST, SM and renewable energy
students. The manuscript complies with the new program of the module entitled Structure of
matter developed by the educational committee of the science and technology field (CPND-
ST).

The handout is presented in the form of six chapters, respectively named (as presented):
Fundamental Notions, Main Constituents of Matter, Radioactivity, Electronic Structure of the

Atom, Periodic Classification of Chemical Elements and Chemical Bonds.
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I. Basic concepts
1. The atom
The atom is made up of a nucleus (the central part of the atom) formed of nucleons ( protons

and neutrons ), and an electronic procession formed of electrons .

i Masse atomique

A
ZX— Symbole

L Numéro atomique

2. Isotopes

Represents atoms that are equal in number of protons but different in number of neutrons.

number of atoms in a given isotope
total number of atoms of all isotopes of this element

Isotopic abundancex; (%) = x 100

M=) x; XxM; Xx;denoting the natural abundance of isotope i of molar mass M ;.

3. Number of moles (n)

e For aliquid or solid n=_—"2es _
molar mass M
\%
e Foragas n=—
Vm
. . b lut l
4. Molar concentration (Molarity) ¢, = Lumberof solutemoles _
volume of solution %4
|4
5. Molar volume V, = -
6. The molar fraction x; = -2
Ntot
7. Normality (N) Cn,=M*Z
8. Density p= %
9. Density
e Solid — Liquid: d = Peoud
PH20
Pgaz Mgaz
e Gas. d = = 99z
gaz Pair 29



Application exercises:
Exercise 1
We weigh 5.0 g of silver, whose molar mass is equal to 107.9 g.mol ™.

1

Calculate the amount of silver matter in these 5.0 g.

2- Calculate the number of silver atoms present in these 5.0 g.

3- Deduce the mass of a silver atom.

4

Calculate the mass of a silver atom knowing that the silver studied is : 1974g.
Compare this value with question 3.
Given: m proton = 1.67.10 27 kg (mass of electrons is negligible in this exercise and mass of a

neutron = mass of a proton).

Solution

1- Quantity of matter: n = m/M.

Numerical application: n = 5/107.9 = 4.6.10 *mol.

2-Number of silver atoms:

In 1 mole of silver atoms there is an Avogadro number (N 5= 6.02.10 %) of silver atoms.
In n moles of silver atoms there are N silver atoms.

So: N =n*N a/1=4.6.10 *6.02.10 **/1 = 2.77.10 *silver atoms.
3-Mass of a silver atom:

We know the molar mass of silver: M = 107.9 g.mol ™

So: In 107.9 g of silver there are 6.02.10 *®silver atoms.

In M 40m g Of silver there is 1 atom of silver.

S0: Matom = 107.9/6.02.10 #=1.79.10 %?g = 1.79.10 **kg.

4-Mass of a silver atom from the number of nucleons:
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The number of nucleons (A) = 107 = 47 proton + 60 neutron, or m , = m y (approximately) so

M atom = A* M , = 107 * 1.67.10 *" = 1.78.10 *°kg. The atomic masses found are the same.

Exercise 2
Calculate the molar mass of the following compounds: carbon dioxide, sucrose, ammonia,

methane, hydrogen chloride, sulfur dioxide.

Solution

Carbon dioxide: CO; : M =M ¢+ 2M =12 + 32 =44 g.mol *

Sucrose: C1H2011:M=12M ¢+ 22 M+ 11 M o= 12.12 + 22.1 + 11.16 = 342 g.mol
Ammonia: NH3z: M =M y+3.My=14+3=17 g.mol *

Methane: CH4:M=Mc+4My=12+4.1=16 gmol *

Sulfur dioxide: SO ,: M =32 + 2.16 = 64 g.mol ™

Hydrogen chloride: HCl : M =M y+ M ;=1 + 35.5 = 36.6 g.mol *

Exercise 3
A cylinder weighs 37.6 g when empty; it weighs 53.2 g when filled to 7.4 mL with an

unknown liquid. Calculate the density of the liquid.

Solution
The weight of the liquid is 53.2 - 37.6 g = 15.6 g.
The volume of the liquid is 7.4 ml.

The density of the liquid is m/v = 15.6/7.4 = 2.1 g/ml.

Exercise 4

11



A cylindrical rod weighing 45.0 g, measures 2.00 cm in diameter and 15.0 cm in length (L).

Find its density.

Solution
Mass m (rod) =45 g
The volume V(rod) = = r *L.=3.14 * 1 2* 15=47.1 cm *

Density d = m/v = 45/47.1 = 0.955 g/cm *

Exercise 5
Calculate the mass required to prepare 250 ml of a solution of AgNO 3 at a concentration

equal to 0.125 M, using solid AgNO 3.

Solution

From the given volume and concentration, we can calculate how many grams of AgNO 3 to
weigh:

We have n = C*V and m = n*M

So m= C*V*M agnos = 0.125 * 250.10 3%169.9=5.903 ¢

Exercise 6

What volume of 0.25 M Na2CrO4 will pe needed t0 0btain 8.1 g of Na2cros »
Solution

We have m = C*V*M

This implies V =8.1/0.25*162=0.2 L

12



Exercise 7
Calculate the mass required to prepare a solution of 0.0348 mole fractions of sucrose (C 12 H

220 11, M c12H22011 = 342 g/mole), using 100 g of water.

Solution

We first calculate the number of moles of H20 . n 120 = M 20 /M 20 = 100/18 = 5.55 mol.
We know that x ; (the mole fraction) =n i/ n

=X c12H22011 = N c12H22011 /( N c12H22011 + N H20)

N c12m22011 = (X c12r22011 N H20) /( 1- X c12m22011 )= (0.0348 * 5.55)/(1 - 0.0348) = 200 mol.
Now we calculate the mass of sucrose:

M c12H22011 = N c12H22011 -M c12H22011 =200 * 342 = 68.4 ¢

Exercise 8
Concentrated sulfuric acid is labeled as having a density of d=1840 g/l and being 96% pure by

weight. Calculate the molarity of this solution

Solution

We have

C Hzso4=n/V, n =m/M and m = density * purity=>»

C H2s04 = ( density * purity /M)/V = (1840.0 ,96 /98.1)/1

=18/1=18 M

Exercise 9

of 18.0 M H2S04 s needed to prepare 2.00 liters of 3.00 w H2so4 ?

13



Solution
To calculate the volume required for the preparation of 2.00 liters of 3.00 M of H , SO 4, we
apply the dilution law: C 1V 1=C,V ;

18*V,=3*2V ,=(3*2)/18=0.33 L

Exercise 10

Calculate the relative atomic mass (RAM) of boron from the following data:

Isotope Isotopic mass (u) Abundance (%)
g 10,0129 19,91
B 11.0093 80 .09

Solution

The relative atomic mass (RAM) of boron can be calculated by the following relationship:
MAR=(M1Pi+m,P,+m3Ps+...... )/100

P: Abundance (%)

m : isotopic mass

MAR = (10.0129 * 19.91 + 11.0093 * 80.09 = 10.81 u

Exercise 11
When a sample of aluminum (Al) is placed in a 25 mL graduated cylinder containing 10.5 mL

of water, the water level rises to 13.5 mL. What is the mass of the aluminum? d  =2.7 g/ mL

Solution
The volume of the sample is equal to the volume of water displaced in the cylinder.

Volume of aluminum =13.5-10.5=3 ml.

14



We Know gt Al=ma/ Va2 ma=da*Va=27*3=81g.

Exercise 12
What is the mass percentage of NaHCO3 i, a solution containing 20 g of NaHCO3 issolved iN

600 mL of H,O ?

Solution

That is, 1 liter of H20 s equivalent to 1 kg of H20

= Mi20 = 600 g

On the other hand ~ NaHCO 3 (%) = [M nancos /( M Nancos + M 20 )] * 100

NaHCO 3 (%) = [20 /( 20 + 600)] * 100 =3%

Exercise 13
What is the volume percentage of ethanol in a solution containing 35 ml of ethanol dissolved

in 155 ml of water?

Solution
We will follow the same method used in exercise 12.
CH3Hz H (%) = [Vchacrzon /(Vehachzon + V H2o0)] * 100

CH 3CH » OH (%) = [35 /( 35 + 155)] * 100 = 18%

Exercise 14

What is the molality of a solution containing 16.3 g of potassium chloride dissolved in 845 g

of water?

15



Solution
Convert the mass of solute to moles: n kci1=m kci/ M ke = 16.3/74.6 = 0.218 mol

M 20 = 845 g =0.845 Kg =>»molality (b) = n kci/m w20 = 0.2018/0.845 = 0.285 mol/Kg

Exercise 15
A piece of magnesium burns in the presence of oxygen (O2 y, forming magnesium oxide (
MgO ), according to the following equation: 2Mg (s) + 02 (g) — 2MgO(s)

How many moles of oxygen are needed to produce 12 moles of magnesium oxide?

Solution

2Mg + O , — 2MgO

From this equation, 2 moles of Mg react with 1 mole of O2 , so six moles of oxygen are
needed to produce 12 moles of magnesium oxide.

Exercise 16

Balance the following equation and answer the questions below.

KCIO 3(s) —» KCI (s) + O 2(9)

a. How many moles of O2 4. produced from 10 moles of kcio3 ?

b. How many moles of KCI are produced using 3 moles of KCIO 3?

c. How many moles of KCIO 3 are needed to produce 50 moles of O ,?

Solution

The equilibrium equation is as follows:

KCIO 3(s) — KCI (s) +3/2 O »( g)

has. 1 mole of KCIO 3 produces 3/2 moles of O ,

10 moles of KCIO 3 produced x moles of O ,

16



=X= 10 * 3/2 =15 moles of o;.

b. 1 mole of KCIO 3 produces 1 mole KCI

So 3 moles of KCIO3 proguces 3 moles of KCI

c. 1 mole of KCIO 3 produces 3/2 moles of O

x moles of KCIO 3 produces 50 moles of O , =x= 50 /( 3/2) =33.33 moles of KCIO ;.

17
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1. Main constituents of matter
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I1. Main constituents of matter

1. Experiments of JJ Thomson ( 1897)

It consists of sending electrons between two charged plates and then observing the deviation.

Plaque P,
y

F s
e
= A
X
Electron beam >
o7 v H
° lE

L Plaque P,

In this experiment he proves the existence of the electron and measures the ratio e/m:

e 2%xyxvd

m,  ExI?

y : la déviation apparente

e : la charge de 1’électron (C)

M, : la masse de ’¢électron (kg)

E : la valeur du champ électrique V.m™
x : la longueur des plaques

Vo : vitesse initiale de I’électron

In the presence of a magnetic field, of whichF ,=F . = q.v.B=e.E

e 2xy*E
> e _ &y

m BZx?2
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2. Millikan's experiment :

A spherical drop of oil, falling through a viscous medium such as air, will quickly reach a
constant velocity. When it reaches this equilibrium state, the viscous force is balanced by
other forces acting on the fall, such as gravity, buoyancy of the air, electrical forces, etc. By
measuring the speed of the oil drop falling under different conditions, the amount of charge

can be determined.

Source of -

ionizing , _:':.:{‘:_.....—: 9

radiation Atomizer

Positively
charged plate

;- Telescope

N—lifolol—+ . —————— Negatively
(=) g ’ cl|1arged
plate

The forces acting on an oil droplet in equilibrium:
q=4/3n*r > *g (p-p°) / E
Force due to gravitation ( p) Sens du mouvement

Force due to electric fieldf,

Stock force f (by immobilizing the drop, f=0)

22



3. Mass spectrometer
This technique is based on the determination of the atomic or molecular masses of the
individual species present in the sample. The ions are separated in the mass spectrometer

according to the ratio of mass to charge m/e of the ion

U ’
[—

Chambre lP,
d'ionisation
TF
Accélération ’

. |
des ions i

Chambre de
deéviation

0,

=

e
m Bxr

r : the radius of the trajectory (m)
B: the value of the magnetic field (Tesla)
v: Speed of the ions to be separated

4. The main characteristics of the constituents of the atom are given in the following table:

: Auteurs Masses (mg, my, m,)
Particule pe . R ;
des premieres Charge arrondies a4 chiffresaprésla
et symbole S
- mesures virgule

J. J. Thomson S |1 1573
. (1897) S — '?‘ﬁ e 9.1094.1031 kg
R. A. Millikan et (arrondie 2 9.11.103! kg)

Electron
du grec

o

¢lektron : ambre -1.6109¢
élektron : ambre (191 1) 1.6.1 )
Proton , : +e=+ 160210717 C
Sl ; E. Rutherford il o 1.6726.10% kg
TR I (1910) e (arrondie 2 1.67.107%7 kg)
protos : premier + 1.6.1077C) N
— " 1. Chadwick 3 1,6749.1072 kg
: (1932) (arrondie a 1.67.107%7 kg)

23



* The elementary charge e, and the masses me, mp , mn are fundamental constants.

Application exercises

Exercise 1

From the following terms: electron, proton, neutron, and nucleus, select the term that best
matches the following expressions:

a. Cathode ray

b. Discovered in 1932

c. Caused large deflections of alpha particles in Rutherford's experiment

d. Has a charge of 1-

e. Has no charge

F. Contains almost all the mass of an atom

g. In an atom, the number of these particles is equal to the number of protons.
h. Identified by Thomson

i. Site of the positive charge of an atom

J. Has a positive charge and a relative mass of 1

k. The center of an atom

. Symbolized by n °

Solution

a. electron
b. neutron
C. nucleus
d. electron
e. neutron

24



F. nucleus

g. electron
h. electron
i. nucleus
J. proton
K. nucleus
l. neutron
Exercise 2

Give the correct answer:
a) In an atom, we find:
e Electrons and protons Protons and neutrons
e Electrons, protons and neutrons
b)
The nucleus of an atom contains:
e Protons and electrons
e Neutrons and electrons
e Protons and neutrons
c)
In an atom the number of electrons is equal to:
e Neutrons
e Protons
d)
The diameter of an atom relative to that of its nucleus is:

e Smaller

25



e Equal
e Bigger
e) The order of magnitude of the diameter of an atom is:
10°m
10 m
10®%m
f)

The total electric charge of an atom is:

e Negative
e Positive
e None

g) The mass of an atom is approximately equal to:
e That of protons
e That of neutrons
e That of the core

h) The mass of a proton is approximately equal to:
e That of the electron
e That of the neutron

e That of the core

Solution
a) In an atom, we find:

e Electrons, protons and neutrons
b)

The nucleus of an atom contains:

26



e Protons and neutrons
c)
In an atom the number of electrons is equal to:
e Protons
d)
The diameter of an atom relative to that of its nucleus is:
e Bigger
e) The order of magnitude of the diameter of an atom is:
10 m
f) The total electric charge of an atom is:
e None
g) The mass of an atom is approximately equal to:
e That of the core
h) The mass of a proton is approximately equal to:

e That of the neutron

Exercise 5

The following study concerns the movement of an electron of the beam which penetrates

between two parallel and horizontal plates P1 and P2, in a zone where an electric field reigns

E assumed to be uniform and perpendicular to the two plates. At time t = 0 s, the electron

arrives at a point O with a horizontal speed v,.

The trajectory of the electron in a frame ( O ,x,y ) is provided in the figure below. The

electron of mass m ¢and charge g = - e, whose motion studied in the terrestrial frame assumed

to be Galilean, is subject only to the electrostatic force Fe

1. represent without concern for scale and justifying the lines:

27



- the force vector E,at a point in the electron's trajectory;

- the electric field vector Eat any point located between plates P1 and P2.
2. Using Newton's second law, determine the time equations x(t) and y(t) of the electron's
motion.

3. Check that the trajectory of the electron has the equation:

2

1(e*E) X
= = * —
Y= 2Um, Vg

4. At the exit from the zone between plates P1 and P2, the electron has undergone a vertical
deflection SH as shown in the diagram below. We measure SH = yS =2.0°10 Zm.
Determine, in this experiment, the value of the e/me ratio of the electron.

Conclude.

Data: Length of plates: L = 9.0°10 ?m
Initial speed of the electron: v o= 2.4x10 "ms *

Value of the electric field: E = 1.6x10 *Vm *

Solution
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1. The trajectory of the electron is curved towards the plate P1 because of the effect of the

electrostatic force E; We deduce that this force has the direction towards the plate P1. It is

indicated that the electric fieldE is perpendicular to the two plates and we know that
F: =—eE. Thus the fieldE has a direction opposite to that of the force I?(; and the force I?; is

also vertical in direction

y
—_—
F s
e
.
J X
Electron beam >

Pl P
:

2. Newton's second law is applied to the electron system, in the supposed Galilean terrestrial

frame of reference.

R
N —exE

Me

d: The acceleration vector (direction opposite to the field vector E)

o |&=0 - dv _ .
By projection a eE As a=— by integrating we obtain
ay = F dt
v, =0+C,;
v eE

Vy :m—.t+C2

e

where C ; and C ; are constants integration that depend on the initial conditions

29



— | Vox = Vo
Att=0 A =>Cl=vgand C2=0.
Vo, =0

X 0
SO Vv eE
v, =—-11
me
_ X=V,1+C,
Let G be the center of inertia of the electron, v = OIO—Gtherefore OG eE ,
t y= 2—.t +C,
m

e

— |x=0
At t = 0, point G coincides with the origin of the reference frame OG{ , We deduce that

C3:C4:O.

X=V,.t (1)

S00OG eE
y=-—1t" (2)
2m

e

1.3. From (1), we have t = X \which we report in (2). It comes:
VO

me ) v
: . eE L
1.4. We replace x and y by the coordinates of the point S(xs=L;ys),thenys= T
e VO
We deduce that Lyt
m B<x

e 2x20x10%x(24x107)

— ~—=1.8x10"C.kg ™
M. 16x10°x(9,0x10?)

Let us calculate the value of this same ratio with the currently accepted values:
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-19
e _ 13%;;68225 ’1(1)(_)31 - 1.7588201x10  C.kg .
, X

e

The two values are perfectly consistent, only the number of significant digits changes.

Exercise 6
In Millikan's laboratory experiment, a droplet of mass m and negative charge q arrives

between plates A and B. Archimedes' buoyancy is neglected. The droplet studied is subjected

to its weight Pand to the friction force fexerted by the air expressed by the relation f = -6.x.
n.rv in which g is the viscosity of the air, r the radius of the droplet and v its speed.

1. Vertical fall of the droplet

1.1. When the droplet falls in the absence of an electric field, write the vector relationship
between the friction force and the weight when the constant speed v1 is reached. Deduce the

expression for v ; as a function of n, r, mand g.

p.g.r?

1.2. The previous relation can also be written:v; = ;.

oIN

Or p is the density of the oil.

Determine the radius r of the droplet knowing that it travels, during its fall, a distance of 2.11
mm during a duration At =10 s.

1.3. In order to facilitate measurement under the microscope, the droplet should not be too
fast. Deduce whether it is preferable to select a large droplet or on the contrary a small
droplet.

2. Rise of the droplet

A uniform electric field being established between plates A and B, the droplet undergoes an
additional ﬁvertical force and then rises with a constant speed v ; reached almost instantly.

It can be shown that the charge q of the droplet is given by the relation:
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6.tn.r.(vi+vy)

q:

E

Several measurements were made for different droplets and collected in the table below :

Number of the Radius r of the Speed of Speed of Charge q of the
droplet droplet descent v ; ascentv droplet
(pm) (10 *ms™?) | (10%*ms™) (10 *C)

1 1.2 1.55 1.59 -6.4
2 1.3 1.82 181 -8

3 1.5 2.42 1.35 -9.6
4 1.6 2.76 3.13 -1.6
5 1.82 2.53 -9.6

2.1. Droplets #2 and #5 in the table have the same descent speed v ; but different ascent
speeds Vv ;.

Determine the radius of droplet no. 5 without calculation. Justify.

Why are their ascent speeds different?

2.2. Show, from the experimental results in the table, that the charge of these droplets is
“quantized”, that is to say that it only takes on values that are multiples of the same
elementary charge equal to 1.6.10 *°C.

3. How does the protocol of the experiment carried out by Millikan differ from that carried
out in the laboratory by JJ Thomson?

Data: Density of oil: p = 890 kg.m

Value of the gravitational field: g = 9.8 N.kg ™

Viscosity of air: 1= 1.8"10 *kg.m *.s*
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Solution
1. Vertical fall of the droplet
1.1. The droplet has a uniform rectilinear motion in the laboratory frame of reference.

According to Newton's first law (principle of inertia), the forces exerted on the droplet then

compensate each other P+f =0.

P=—f=6x. 77.r.V7
soP=f

mg==6.1. 7.1V

v, =_Mg
6.7.nr
2
1.2 Vlzg_pgr :i
9 n At
2= d77 g
p-gAt 2
[ dn 9
p.gAL 2

- \/2,11><10_3><1,8><10_5

2 = 1.4x10 ¥ m=14 Hm
890x9,8x10,0 2

2
1.3. According to the expression v ; = glp.g.r
n

, to decrease the speed v ; it is necessary to

decrease the radius of the droplet knowing that the other parameters p, g and n are considered
constant.
It is best to select a small droplet.

2. Rise of the droplet
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2
2.1. The expression for the descent speed isv ; = g PO
n

. It shows that two droplets which

have the same descent speed necessarily have the same radius, since p, g and 1 are constant
under the conditions of the experiment.

Droplet 5 therefore has a radiusrs=r = 1.3 pm.

Using the expression for the charge q of the droplet q = - 6.n1(Vy +V,)

, let us express the

E
velocity v , of ascent: — aE _ VitV
6.7.n.r
vo= %y,
6.7.n.r

We then notice that if the droplets do not have the same upward speed, it is because they have

different electric charges q.

Absolute value |q| of the
Droplet number Report |g|/e

charge q of the droplet

1 6.4x10 4

2 8.0x10 5

3 9.6x10 6

4 1.6x10 10

5 9.6x10 6

2.2. The ratio |g|/e is always equal to an integer, |g//e =nor|g| =ne.

The electric charge of the droplets is effectively quantified.

2.3. Millikan observed electrically charged droplets which he immobilized by varying the
value of the electric field while Thomson observed the deflection of an electron beam by

keeping the value of the electric field constant.
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It can also be noted that Thomson's protocol neglects the effects of gravitation, which only
allows the calculation of the ratio e/m; while Millikan's protocol takes them into account,

which allows the calculation of the charge g.

Exercise 7: Bainbridge mass spectrography

1)- Natural chlorine (CI) is a mixture of two isotopes35CI 37Cl. The atomic molar mass of
natural chlorine is 35.453 g/mol and that of the isotopes is 34.9688 g/mol for 35Cland 36.9659
g/mol for 37CL. Give the proportions of these isotopes in natural chlorine.

2)- To separate these isotopes, a Bainbridge mass spectrograph is used. In the ionization
chamber, C| 2* fons are formed.

2.a)- What should be the speed of the ions at the exit of the speed filter, if we want to obtain a
separation of their impact point of 1cm after passing through a magnetic field of intensity
0.15 Tesla.

2.b)- What is the intensity of the electric field in the speed filter, if the magnetic field in the

speed selector has an intensity of 0.2 Tesla.

Solution

1)- The proportions of the isotopes of natural chlorine.

The atomic molar mass of natural chlorine corresponds to the average atomic mass of
isotopes : ), M;x;with ), x; = 1(xi: relative isotopic abundance of isotope i)

in the natural mixture). We have:

lel + XZMZ = M

_ ¢> _ M-M; . __ 35453-34,9688
X1 + Xy = 1 Xy = My—M, en:heer = —36,9659—34,9688 = 0.2425
x, = 0,2425(2425%)  x, = 0,7575(75,25)

2.3)- In the magnetic field, the ions follow a circular trajectory of radius r j such that:
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m;v

r=— And d=2(,—n)
4B
_ mpy  mav| _ v . - __d.NA.B
d=2 qB CIB] T NAgB (M, — My)(0=2¢)= v = Ma—M;

_1.1072.6,02.1023.1,6.10719.0.15

=724.10*ms .
(36,9659—34,9688).10~3

2.b)- In the speed filter, we have v = g = E=v.B

E =7,24.10*.0,2 = E = 1,448.10*V/m

Exercise 8 (CAPES physics chemistry (from 2006 competition) Mass spectrograph)

A mass spectrograph consists of several parts as shown in the figure below:

G; (}l-\
Tonization E Acenlaration ; R
‘ ' M
N

- The ionization chamber in which potassium atoms 41K of 43Krespective masses m ; and m ,

+ ions

brought to high temperature are ionized into K . It is considered that at the exit of this
chamber, in O 1, the speed of these ions is almost zero.

- The acceleration chamber in which the ions are accelerated between O ; and O , under the
action of a potential difference established between the grids G ;and G ;.

- The deflection chamber in which the ions are deflected by a uniform magnetic field B of
direction perpendicular to the plane of the figure. A collector consisting of a photosensitive
plate is placed between M and N.

The chambers are under vacuum. The weight of the ions is neglected compared to the other

forces and it is assumed that at the exit of the acceleration chamber, the velocity vectors of the

ions are contained in the plane of the figure.
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1. Acceleration of ions:

a. What must be the sign of the potential difference VG 1 -VG ;so that the ions are accelerated
between O ;and O ;.

b. Establish the expressions for the speeds of the ions when they arrive in O2 4 a function of
ml m2 eand U -y -VG2.

2. lon deviation:

a. What must be the direction of the magnetic field B, prevailing in the deflection chamber, so
that the ions can reach the collector?

b. Show that in the deflection chamber, the trajectory of the ions is flat and that the motion is
uniform.

c. Show that the trajectory of each type of ion is a circle whose radius R ; (respectively R )
will be given as a function of m ; (respectively m ,), e, B and U.

d. Assuming that the ratio of the masses of the ions is equal to the ratio of their mass numbers,
express the ratio A /A ;1 as a function of the radii R ; and R , of the trajectories.

e. we observe on the photosensitive plate two spots T 1 and T , corresponding to the impact of
the ions of mass m ; and m , respectively and such that OT ; = 103.0 cm and OT ,=105.6 cm.
Determine A ; knowing that A ; = 39.

f. Describe qualitatively what the trajectory of the ions would be if their speed in O2 s NO

longer perpendicular to the magnetic field B.

Solution
1.
a. Sign of the potential difference VG1-VG2 so that the ions are accelerated between O ; and

02:
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On a path, the charge will have received an equal amount of energy from the electric field
called: the work of the electric force is: q (VG 1-VG ).

If a charge is abandoned, it moves under the action of the force, it acquires speed. It receives
positive work and moves in the direction of decreasing potentials. The electric field provides
it with energy which it transforms into kinetic energy.

We have g=e, positive charge of the ions, so VG 1-VG ;s positive.

b. Expressions of the velocities of the ions when they arrive in O2 55 a function of m1 m2 e
and U= ve1 - ve2.

We know that the Kkinetic energy E ¢ (i) = gqVi (i for any ion) and the initial velocity is zero.

E.(1)-0=q(VG,—-VG,) =

2.e.U1?
§m1U12:CIU:>U1:[ — ] ou
2.e.UT?
v =[]
2

2. lon deflection
a. Direction of the magnetic field B, prevailing in the deflection chamber, so that the ions can

reach the collector

F= _E:TMVQ%, ev

b. In the deflection chamber, the force F is perpendicular to the velocity vector and the
magnetic field vector: the trajectory of the ions is flat and located in a plane perpendicular to
B and containing the velocity vector.

The electromagnetic force is at all times perpendicular to the velocity vector . Now
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- .m
P(watt) = f(N).v(?)

consequently the power of the electromagnetic force is zero. This force does not work and
does not modify the kinetic energy of the charged particle. the norm of the velocity vector is
constant: uniform motion.

c. The charged particle is subject only to the centripetal Lorentz force. hence

2

m;v; . m;v;
e.v;.B = Soit Ry = ——
RL' eB
1 1
1/2 = =
2.e.U m;  [2.eU]z 2m.U]z
0|dv-=[ ] >R =—x ] =[ ]
9 t m; ! eB m; e.B?

R iis constant: the trajectory is a circle.
d. Expression of the ratio A ; /A ; as a function of the radii R ; and R , of the trajectories:
Using the previous equation of Ri, the ratio R 2 /R 1 is written:

R, m2]1/2
Ry B m,y

This implies that

A, mz]l/z
Ay B my
e. Two spots are observed OT ; =103 cm and OT ;= 105.6 cm. Knowing that A ; =39

R, OT, A, OT,.A, 39.105,6
R, OT, 4 T, 103

So the isotopes of potassium are 33K And{iK
f. If the speed of the O2 ions js no longer perpendicular to the magnetic field B, the trajectory

will be a helix. (the speed will have a component along B).
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I11. Radioactivity

1. Binding energy AE = E;, = (Am)c3 Am: mass defect, ¢ o: speed of light in vacuum.
Am = |Z x (my, + m,) + (A — Z) » my,| — m(4X)

m ,: mass of the proton, m . : mass of the electron, m , : mass of the neutron, m(4X) : mass of
the atom

2. Binding energy per nucleon%

3. Laws of radioactive decay N(t) = Nye ™ m(t) = mge ™™
N o : number of nuclei at t=0, m o : mass of nuclei at t=0, & : decay constant (s ),
4. Radioactive period T=ti= lnTz t1 : half-life time

2 2

5. Activitydy = A * Ny, A(t) = Ag xe
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Application exercises

Exercise 1

Calculate the mass defect of lithium-7 ( 3Li), let us know that its atomic mass is 7.016003
amu .

Proton mass = 1.00727 amu

Neutron mass = 1.00867 amu

Electron mass = 0.00054 amu

Solution :

Am = [Z* (mp +me) +(A-2) *mn] — Max)

Am = [3 * (1,007826) + (7 — 3) = 1,00867] — 7,016003

Am = 0,0421335 uma

Exercise 2

Calculate the mass defect and binding energy for uranium-235. An atom of uranium-235 has a
mass of 235.043924 amu .

Solution :

Step 1 : Applying the mass defect equation

we obtain Am = 1,91517 uma

Step 2: Using the mass defect and Einstein's equation we can calculate the binding energy.

AE = (Am)cé = 1,91517 x\1.66054 x 10727 x (2,9979 x 108)?

|

Ce produit est constant
1,4923 x 101° J = 931254168 eV=931,2 MeV

AE = Am(uma) X 931,2
AE = 1,91517 x 931,2 = 1784 MeV

Exercise 3
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1. Write the decay equation for radium?3§Ra

2. Calculate the energy released during the disintegration of a radium 226 nucleus (in MeV)

Core Mass (u)
Radium 225,9770
Radon 221,9702
Helium 4,0015

¢ =2.9979*10 8ms *

Solution
1. Radium decay equation
228Ra — %%2Rn + «
2. Energy released:

A E = A m*c2 = (225.9770 — (4.0015 + 221.9702))*1.66054*10 2" * (2.9979*10 ®)>

A E =0.0053*931.5 = 4.9369 MeV

Exercise 4
1) Calculate the initial activity of a sample of radium 226 of mass m = 1.0 g and a decay
constant A =4.3.10 year 1

2) Calculate the activity of this sample 1000 years later.

Solution :
1) Mass of a radium 226 nucleus, m = 226 u = 226x1.67.10 *" kg

1x1073
Number of cores : N = ———— = 2,7 X 10%'cores
226%1,67%x 10727
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_ 43x107*
T 365x24x3600

=1,36x 107!1s ™
A=136x10"11x2,7 x 1021= 3.6x10 *° Bq.
1) A() = A4, * e = A(1000 ans) = 3,6 X 1010 x ¢~1:36x10711x1000
A=23x10% Bg

Exercise 5
An ancient bone fragment contains 80 g of carbon (mainly carbon 12) and has an activity of
0.75 Bg. How old is this bone fragment?

+ carbon 12 is stable;

«  The period of carbon 14: T =5.7.10 * years;

«  The mass of a carbon 12 nucleus: m = 12 u =12x1.67.10 %' Kg

Solution :
We calculate the number of carbon 12 nuclei:

80x1073

——————— =4 x 10%*cores
12x1,67x 10~27

Number of nuclei : N (C12)=

We calculate the initial number of carbon 14 nuclei N ( (C14):

We have

1:—C = N(C14) = 4 x10%* x 1,3 x 10712 = 5,2 x 102 cores

t

We calculate the current number of carbon 14 nuclei N(C14):

The activity:A = AN = N = %
Gold 1=22 o y=2T
T In2

0,75 x 5,7 X 103 x 365 X 24 x 3600

T = 1,9 X 10noyaux

N(C14) =

Finally, we calculate the age of the bone fragment.
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We have :

A=A0*e_/1t: N=N0*€_M

= A — N At n2 t
—_— = _——= - = — — %
N, © "N, T
N . [1,9 x 1011]
N, 12
t=—2xT = 22X 10 x 5,7 %103 = 2,7 x 10* ans
n2 n2

So the age of the bone fragment is 270,000 years.

Exercise 6
Complete the equations for the following nuclear reactions, indicating the nature of the

particles represented by a question mark. In each case, consider the nature of the nuclear

reaction.
a. YIN+ JHe - 130 +7?
b. 7Be - ILi +7?
c. SLi+?->2%He+?
d. $3Cu+ 1H - 837Zn+7?
e. 31Si—->3P+7?

f. 2H+ 3H - n+7?

Solution

a. YN+ 3He - 70 + 1H

Decay of nitrogen by o bombardment, with emission of protons; the latter can also be written
1p,

b. 7Be - jLi + Jv
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Spontaneous disintegration of beryllium 7 with positron emission. The nature of the emission
indicates that 7Be it is an artificial isotope.
c. SLi+ 2H - 23He
Fission of lithium 6 by bombardment with deuterium nuclei, also called deuterons.
d. S3Cu+ 1H - $7Zn + in
Disintegration of copper 63 by bombardment with protons, and emission of neutrons.
e. 3Si-3P + e+ v
Spontaneous disintegration of silicon 31 with — emission.
f. 2H+ 3H - in + 3He
Fusion of deuterium and tritium, the subject of experiments for the production of energy

on Earth.

Exercise 7

A naturally occurring radioactive family is a family whose parent is the naturally occurring
radioactive isotope of a given element, and which is made up of isotopes of various elements
derived from each other by filiation; the last constituent is a stable isotope of lead. The three
natural families known on Earth today are those of uranium 238, uranium 235 and thorium
232. Radium 226 ( 22SRa) is the fifth daughter element of the uranium 238 family. After a

series of successive a or p— type decays, it finally gives rise to the stable lead nucleus ( ?35Pb)

a) What is the number of o and p— type decays that allow us to go from 235Rato 23SPb.
b) The first six steps are shown below. Complete them by indicating the

atomic numbers, mass numbers and type of radioactive emission:

? a ? ?
228Rq ——— goRn —— *8pg ——— ., Ph ——— 4.Bi
B 214 ?
—_— Po — 4,Pb
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Solution

a) If, during the transition from 22Rato 235Pbthere are x B emissions ~and y o emissions, we

can write:

228Ra—— x _Ye + y sHe + 235Pb (+x Jv)
So we have:
226 =xx0+yx4+206 ory=5
88=xx(-1)+yx2+82 orx=2y—-6=4

When passing from235Ra at 235Pb, 4 B— emissions and 5 o emissions occur.

b) The successive steps are:

B

a a a
?88Ra —— %3ZRn —— %P0 ——— *{3Pb 243Bi
. a
—— %P0 —— %pp
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IV. Electronic structure of the atom

1. Photoelectric effect

In the photoelectric effect, incident light ( E pnoton ) ON the surface of a metal ( E material ) Causes
the ejection of electrons. The number of electrons emitted and their kinetic energy ( E ) can
be measured as a function of the intensity and frequency of the light.

1

— — 2
Ec - Ephoton - Ematériau - Emv

g. the kinetic energy of electrons is linearly proportional to the frequency of the incident
radiation.

h. hthe number of electrons is proportional to the light intensity

2. Electromagnetic radiation

It is characterized by the following equations:

_ 1
v =~ and c = Axv thereforec = %

A : wavelength (nm). v : frequency (Hz). v : wave number (cm ™)

3. Emission and absorption of radiation by matter

These two phenomena occur when there is an exchange of energy through matter.
AE = hv = |E; — E||
E ¢: final state

E ;: initial state

4. Radiation emission

The passage of an electron from a higher level to a lower level causes the emission of light:

i. (Balmer 1885) : % =R, X (i _ i)

22 n2
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n : energy level (positive integer greater than 2), R ,: Rydberg constant=1.097373 10 'm

1

[~

J. (Rydberg 1988)AE = Ef — E; = h X R X ¢ X (

n

N

1)
-2
nj

nsand n;are integers such that n ¢<n ;.

5. Bohr Model
k. The angular momentum of the electron ( L)can only take integer values n ( quantization of
angular momentum):z = mvr = %

I. the distance between the nucleus and the electron T, = ag X n?

n: principal quantum number, a ¢ : Bohr radius

> Total energy E,, = —13.6 X =

n2

2
> For a hydrogenoid E,, = — 1;”6 7% 1, = ag X ”7,1; =Ry X ¢ X Z? (i — i)

6. Quantum numbers
» The principal quantum number n: 1, 2, 3, 4, 5, 6, 7: shell K, L, M, N, O, P, Q
respectively
» The secondary quantum number I: between 0 and (n-1)=0,1, 2, 3:s,p, d, f
respectively

» The magnetic quantum number m | = between —| and +I
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Application exercises

Exercise 1

1. Establish for a hydrogen atom (nucleus of charge + Ze around which an electron
gravitates), the formulas giving:

a- The radius of the orbit of rank n.

b- The energy of the nucleus-electron system corresponding to this orbit.

c- Express the radius and the total energy of rank n for the hydrogenoid as a function of the
same quantities relative to the hydrogen atom.

2. Calculate in eV and joules the energy of the first four levels of the hydrogenoid ion Li2+,
knowing that in the ground state, the energy of the nucleus-electron system of the hydrogen
atom is equal to -13.6 eV.

3. What energy must a Li2+ ion absorb for the electron to pass from the ground level to the
first excited level?

4. If this energy is supplied in the form of light, what is the wavelength of the radiation
capable of causing this transition?

We give: Li (Z=3) 1leV=1.6.10-19 Joules

h=6.62.10 % Js ¢ =3.108 ms *

Solution
1. Balance of forces: Two collinear forces in opposite directions are exerted on the electron,

Fe (electrostatic) and Fc (centrifugal due to motion).

B —— VA |Qer| _— ‘U2

IFll = —=%— IFll =m

amey 12

r
For the electron to remain in an orbit of radius r, it is necessary that: | F_e |=| F_c | then see

the course.
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13,6
n2

2. For a hydrogenoid E,, = — Z?This implies that the energy corresponding to the four

levels of Li 2*: Z=3 equals
n=1E1=-122.6 eV =-19.6.10 8]
n=2E2=-30.6 eV =-4.9.10 8]
n=3E3=-13.6eV =-2.18.10 J
n=4 E4=-7.65 eV = -1.22.10 8]

3. Let us imagine the transition between two energy levels n=1 and n=2 (absorption)

n=>2 T E,
n=1 E,

Absorbed energy: AE = E2 - E1 = -30.6-(-1224) = 918 eV

4. Conservation of energy

AE = (hC) R (hC)
~\2 ~ \AE
A =(6.62.10 *x3.10°)/ (91.8 x 1.6.10 ) =1.35.10 *m = 135 A.

(Radiation in the ultraviolet range)

Exercise 2

The energy levels of the hydrogen atom have the value in eV: En = - 13.6 / n2.

What is the wavelength of the radiation A emitted during de-excitation from level E4 to level
E2?

What area does this radiation belong to ?

Data: h = 6.626 . 10 **Js ;

¢=3.00.108ms *: 1.00eV = 1.60. 10 °J.

Solution

56



When de-energizing from level E4 to level E2,
an energy photon hv = |E, — E,|is emitted.

Or hv=hc/A

The wavelength of the radiation A associated with this photon is deduced from this:

hc

A= ———
|E; — E4l

Or numerically:
6,626 .107343.108

136 136
Z ' 716

1,6.10719

A =4.87.10 "m =487 nm

The corresponding radiation belongs to visible light (400 to 800 nm). It is blue in color.

Exercise 3

The energy levels of the hydrogen atom have the value in eV: En = - 13.6 / n2.

What is the wavelength of the radiation A emitted during de-excitation from level E4 to level
E2? To which domain does this radiation belong?

Data: h = 6.626 . 10 **Js ;

c=3.00.10%ms *:1.00eV =1.60.10 *°J.

Solution

When de-energizing from level E4 to level E2,

a photon of energy hv = |E, — E,|is emitted. Now hv =hc /A

The wavelength of the radiation A associated with this photon is deduced from this:

hc

A=
|E; — E4l

Or numerically:
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6,626 .1073*3.108

136 136
7 T 716

1,6.10-19 |

A =4.87.10 "m =487 nm

The corresponding radiation belongs to visible light (400 to 800 nm). It is blue in color.

Exercise 4

Among this series of quantum numbers {n, £, m{, ms}, which are possible and which are not
allowed?

a. {3,2,1,+1/2}

b. {2,2,0,—1/2}

c. {3,-1,0,+1/2}

Solution

a. The principal quantum number n must be an integer, which it is here. The quantum
number { must be less than n, which it is. The quantum number m{ must be between -{
and ¢, which it is. The spin quantum number is +1/2, which is allowed. Since this set of
quantum numbers meets all the restrictions, it is possible.

b. The quantum number n is an integer, but the quantum number { must be less than n,

which it is not. So it is not a permitted set of quantum numbers.

c. The principal quantum number n is an integer, but £ cannot be negative, so it is not a

permitted set of quantum numbers.

Exercise 5
Among this series of quantum numbers {n, £, m{, ms}, which are possible and which are not

allowed?
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a. {4,2,-2,1}

b. {3,1,0,-1/2}

Solution
c. The spin must be either +1/2 or -1/2, so this set of quantum numbers is not allowed.

d. Allowed

Exercise 6
a. What are the shapes of the s, p, and d orbitals respectively?
b. How many 1s orbitals are there in an atom? 4p orbitals? 4d orbitals?

¢c. What is the maximum number of orbitals with:

e n=41=1
e N=21=2
e N=31=2

e N=51=1 mi=-1
d. Which orbitals cannot exist?
e. Write a set of quantum numbers for a 4f orbital.

f. Describe the electrons defined by the following quantum numbers:

n I mi

3 00

2 11

4 2 -1

3 1 2
Solution
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a. s =spherical p = dumbbell d = clover
b. 1s:1 4p: 3 4d: 5
c. M

e 3 (4porbitals)

e no (I mustbe <n)

e 5 (3dorbitals)

e 1(3gn.define a unique orbital)
d. 3fand2d
e. n=4 =3 ml=3,210,-1-2,-3
f. 3s

2p

4d

Not allowed (| must be <n)

Not allowed (ml must be between —I and +I)

Exercise 7

Are the following statements true or false? Why?
An electron for which n=4 and m=2.

has) Must necessarily have 1=2

b) can have =2

c) must necessarily have a spin equal to + %2

d) is necessarily in a sublevel d

Solution

an=4=>1=01,2,3

60



[=0Pm=0

I=1=Im=-1,0,1

I=2=Im=-2,-1,0,1,2

I=3=m=-3,-2,-1,0,1,2,3

I must be equal to either 3 or 2

It is therefore not obligatory that I be equal to 2: false

b) true

c) No, because a quantum box of given m can contain two electrons with antiparallel spins. s
can therefore have indifferently the two values +1/2 or -1/2: false.

d) false: | can have the values 2 or 3, it can be a sublevel d or f.

Exercise 8

Are the following statements true or false? Why?

a. If I=1, the electron is in a d subshell.

b. If n=4 the electron is in the O shell.

c. Forad electron, m can be equal to 3.

d. If1=2, the corresponding subshell can receive at most 6 electrons

e. The number n of an electron in an f subshell can be equal to 3.

f. If two "atomic structures” have the same electronic configuration, they are necessarily the
same element.

g. If two "atomic structures” have different electronic configurations, they are necessarily

two different elements.

Solution

a. Ifl=1,theelectronisin ad subshell.
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| = 1 with subshell p: false
b. If n =4 the electron is in the O shell.
n =4 at layer N: false
c. Forad electron, m can be equal to 3.
dtol=2tom,=-2,-1,0, 1, 2 : false
d. If I =2, the corresponding subshell can receive at most 6 electrons.
I=2tom=-2,-1,0, 1, 2to5 quantum boxes with 10 electrons maximum: false
e. The number n of an electron in an f subshell can be equal to 3.
n=3atl=0,1,2(s,p,d)with f steps on layer 3: false
f. If two "atomic structures” have the same electronic configuration, they are necessarily the
same element. "atomic structure” = "neutral” atom or ion
An ion has the same electronic configuration as a neutral atom of another element: false.
Example : Na*, Ne and O2- " the same electronic configuration.
g. If two "atomic structures” have different electronic configurations, they are necessarily
two different elements.
The ion and the neutral atom of the same element necessarily have different electronic

configurations: false

Exercise 9

Calculate the number of photons per m2 @ per second in monochromatic radiation of

wavelength 2 = 5000 A (yellow) and intensity 0.1 watt m ~ (intensity of a desk lamp).

Solution

A wavelength of 5000 A gives a frequency:

__3.10%0
"~ 51075

V= = 6.10" Hz

PN

62



The energy of a photon is:

E=hv=662.1073%6.10"* =4.10"19J
To find the intensity in number of photons per square meter, we divide the intensity of
monochromatic radiation in (watt m “2) by the energy of a photon whichish v :

2 1_01wattm™2) _ 01(Js7).m™2

— 17 2 -1
N photon .M .8 7= s is D) _4.10—19(1.5—1.5—1)_2’5'10 photons.m “.s ™.

Exercise 10
What is the energy (in eV) of the ground state of the Be **'°¥? Can the energy be calculated

of the ground state of the Be atom?

Solution
The Be **™jsa hydrogenoid, with Z= 4. We can therefore apply Bohr's formula to it:

~13,672 —13,6.4°
En=———=—7 —=-2176eV

For the beryllium atom (Be), it is not a hydrogenoid, so we cannot calculate its ground state

energy.

Exercise 11

A monochromatic radiation of frequency 9.12 10 s s sent

onto a hydrogen atom (H) already
excited to the level n = 2. Is the energy of the radiation sufficient to tear the electron from the

H atom? Calculate the speed of the ejected electron.

Solution:

13,6

- The energy of level n=2 is written:E, = —>= = —3,4 eV

The energy of monochromatic radiation is written as:
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E=hv=662.107349,12.10'* = 60,43.1072°] = 3,78 eV

E>E , this means that this energy is sufficient to tear the electron from level 2 of the hydrogen
atom.

- there remains a remainder of energy which is equal to the difference between the two
energies:

E,-E=3.78 —3.4=0.38 ¢V, which must be equal to the kinetic energy ( E ) of the ejected

electron.

R S 2E _ 203816107 o
= - = = = = . .
cT MV V= o 9,1.10-31 ’ m-s

Exercise 12

1. The photoelectric effect is the emission of electrons extracted from a metal by light
radiation. Einstein explained it in 1905 by considering that light is made up of photons.
We have a photoelectric cell with an extraction threshold of 2.4 eV. It is illuminated by a
polychromatic beam composed of two radiations of wavelengths A ; = 430 nm and A , =
580 nm.
Does the corresponding maximum energy increase if the light intensity emitted by the
lamp is increased?

2. In the case of a photoelectric effect, is the energy of the incident photons absorbed entirely
or partially? Write the expression for this energy.

3. Do both radiations produce the photoelectric effect?

4. What is the maximum speed of electrons that are torn from the photocathode?

Solution

1. Frequency calculation v,_,:
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B AE|

|4E| = hvg 3 = ve T moreover. | AE| = |E 3-E 4|
- ' = ,6
Es= — = —151(eV)And Es= —— = —0,38(eV) = | 4E| = 1.14 (eV) = 1.18 .10 ™ J
3 6
_ 4.-1
v6_>3—2,74.101 s

Wavelength of transition b:

Transitions a and b correspond to a single emission and absorption line, respectively.

Thereforev, , = v,

c c 3.108

—— =4
ﬂ’(S—)G)

Vase 274108

Furthermore we have: v

(356) 356

M =1095,22.10"9m =1095,22 nm

2. a- Calculation of the wavelength A, ,:

1 1
_ Rh(l_lJ:: Rh(l_l]= Rhlx15
ﬂ'(n»m) n> m? ’1(1»4) 12 42 6

Ay, =96,97.10"%m ;2 e domaine UV

b- Calculation of the radius r 4.

Fn=ao.n°=>r,=a,.4%=0.53.16 =8.48 (A°) =T ,=8.48 .10 °(m)

e Calculation of speed v 4.

~ 218.10°

6
218.10
=T S o= T Ve = 0,545 10° (mis)

n

Un

e Calculation of kinetic energy Ec .
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1
Ec = S Mevs” = Ec=1.35.10 °J.

e Calculation of potential energy Ep -

Ke2

Ep=—-—" =Ep=-272.10""°J.
ra

c- calculation of the total energy E -

*Er=Ec+Ep

“Er= En= ‘1:;”6 (V) E 1= —0.85 (eV)
n

Exercise 13

1. Photoelectric threshold

A photovoltaic cell with a caesium cathode is illuminated with a wavelength of A = 495 nm
and then with radiation of wavelength A = 720 nm. The extraction energy of a caesium
electron is E o= 3.00.10 *°J

a. Calculate the wavelength A 0 which corresponds to the photoelectric threshold

b. Check that the photoelectric emission exists only with one of the two previous radiations.

2. Speed of electron emission

A vacuum photoelectric cell is illuminated with monochromatic light. The extraction energy
of an electron from the cathode metal is E ¢=3.00.10—19 J . The wavelength of the radiation is
600 nm a. What is the maximum Kinetic energy Ecmax of an emitted electron?

b. What is the maximum speed Vmax of an emitted electron?

Solution
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Wave model of the atom

> Louise De Broglie's hypothesis

all matter has a wave

h h
A= = -
p

m#*v

p: the quantity of movement, h Planck’s constant.
> Heisenberg's uncertainty principle
Not all physical quantities of the macroscopic world are simultaneously observable in the

submicroscopic world.

h

Ax x Av =
27T+ m

A X: uncertainty about its position and
A p: the uncertainty about its momentum p
> The psi wave function ¥
WY is a purely mathematical function, it is the wave function of the electron. :
- it has no physical meaning,
- it is a function of the coordinates of the electron,
- it is defined by the 3 quantum numbers:n, land m:y | m.
> Schrodinger equation
- Fundamental equation of wave mechanics
- It allows to calculate ¥
> Probability density
The electron is characterized by:
- its energy state,

- its probability of presence at a given location
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»
»

- Probability of presence.
The probability of finding the electron in a volume dV at point M(X, y, z)
It is written:

dP = |¥|? x dV

- The classical notion of position is replaced by the notion of density of
probability of presence:
|W|2: probability volume density of presence or electron density
> The normalization condition :
For an infinite volume we are certain to find it there and therefore the probability equal to
lisf YZxdy =1
espace
Solving the Schrédinger equation ¥, (7,6, @)= R 1 (1) . © 1 jmi (0) . @ mi (9)

> Representation of Functionsy

nlmy;
k In the case of an ns orbital, the volume corresponding to a maximum probability of presence is

spherical. The wave function ;40,1 = 0, does not depend on 6 or ¢ but it does depend on r. Its value
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is the same in all directions. The probability of presence is also independent of the direction, the

orbitals will be spherical.

The p orbitals (I = 1) can be represented by two approximately spherical lobes, joined
together, having as axes of symmetry the x, y and z axes of the reference trihedron. They are

therefore called "n px", "n py " and "n pz" depending on the value of m | (n>2).

z z z
4 A
+ / e
- : -
> ) e ) —‘o >y
X X a I X
2p, 2p, 2p,
o J
-
m;=0 m,=+1

In the case of nd orbitals , the wave function depends on the angular quantities ®(8), ®(p). The
probability of presence takes different values depending on the direction. The symmetry of
these orbitals is no longer spherical. To represent this geometric shape, we use the square of
their angular part. We then obtain a lobe-shaped envelope. | =2 =m =-2, -1, 0, 1, 2 (n>3)

(Figure 1V.18).
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z z z
y y y
x
X
d2 dy, dzx

A
! y
X

d2 2

v

VA
! y
X

d
Xy

Table : Radial and angular parts of some wave functions of the hydrogen atom. These
expressions involve the Bohr radius a = 52.9 pm.
n { Come Y6, ¢) ‘orbitale
I 0 Rio=|L] .2¢% 0 ' I's
1.0 a f—n
) 0 o ¢ . ) VI 1 )
& ag ao) e L e i
o) | Ry, = i [3 cos @ 2
~ 21= w5 N 0 V ag o =p:
n 4r 4r2 T
0 e .e 3a 1 3
’ ) % 9a5) il Vir '
n \ - ;
1 . _2r| .3 a3 :
s ) (4 ao) ¢ 0 Vi Tl 3p:
42 -3 /
2 ={— = 3a / _5 2.0 - 2
3 : 2=(a] 373 %" 9 V Tos (GEE@=) 2a
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7. Polyelectronic atoms (Screening effect: Slater approximation)

The effective charge is calculated by considering that the numerous electrostatic interactions
(attractions-repulsions) in an atom can be reduced to a small number of interactions that are
easy to quantify.

The charge Z of the nucleus of the atom then becomes an effective charge Z* relative to the

electron E:

With O'] = Z O'ij
oij : screening constant for each electron i that exerts a screening effect on an electron j

oj , screen constant

- %7 *2
jth electron is calculated by the following relation: E =327

the
f '] n*2

The energy o

*n*2
The radius between the atom and this electron equals r= 0'532*”

n * = apparent quantum number introduced by Slater to reduce the differences between

experimental and calculated values (Table 1V.5).
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Electron Electron

1s 2s, 3s, 3d 4s, 4d af
2p 3p 4p
15 0.30
25, 2p 0.85 0.35
3s, 3p 1 0.85 0.35
3d 1 1 1 0.35
4s . 4p 1 1 0.85 0.85 0.35
4d 1 1 1 1 1 0.35
Af 1 NP 1 1 1 1 1

Table : Apparent quantum number values for each principal quantum number value n ..

e

n |
n* 1

4 5 6
3.7 . 4.2

(RO ]
20

In the Slater approximation, the energy E of an atom is equal to the sum of the energies of the

electrons of the different electron groups:

Application exercises

Exercise 1

1. Using the relationships between the three quantum numbers n, | and m, determine the
number of orbitals in the first three energy levels of the hydrogen atom.

2. Show that the maximum number of electrons that can be contained in the shell of quantum

number n is equal to 2n 2.

3. Give the usual designation of the following orbitals: ¥3,0,0 ; ¥3,2,0 ; ¥2,1,-1.
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Solution

1. Each orbital is designated by the term W i, as shown in the following table

n 1 m orbitale
1 0 0 W00 (15)
0 0 W00 (25)
N -1 Y11 (2px)
i l 0 Y0 (2py)
1 Y11 (2p2)
0 0 Wioo (3s)
-1 Wi (3px)
| 0 WYii10 (3py)
l ¥ (3p2)
3 -2 Wi,.2(3d)
-1 Yira (3d)
2 0 Wiz (3d)
1 W11 (3d)
2 Y., (3d)

2. the maximum number of electrons that can be contained in the shell of quantum number n:
In the n = 1 shell we have an atomic orbital (AO) =>n?=1

In the n = 2 shell we have four atomic orbitals => n 2= 4

In the n = 3 shell we have nine atomic orbitals =>n?=9

The number of OAs for each value of n (or level) isn 2.

In each orbital we have two electrons at most. So the maximum number of electrons that the
quantum number shell can hold is equal to 2n 2. (This is no longer valid for n>4).

3. The wave function ( or orbital) is determined by three quantum numbers n, | and m.
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¥Y3,00=¥nlIm=> n=3,1=0(sorbital) and m =0 => 3s orbital
Y 320=%¥nlIm=>n=3,1=2(dorbital) and m = 0=> 3d orbital

Y2,1,-1=%¥nlm=>n=21=1(porbital) and m=-1=> 2p orbital

Exercise 2

1. What is the dimension of the quantity: h/mv?

2. What is the associated wavelength?

- to an electron whose kinetic energy is 54 eV,

- to a ball whose speed is 300 ms *and whose mass is 2g.

- to a proton accelerated under a potential difference of 1 MV (10 ® V).

Data: electron mass: me = 9.109.10 ' kg, proton mass: mp =1.672x10 " kg, Planck constant:
h=6.6210Js

3. What is the condition for an electron to generate a standing wave on a circular trajectory?

Can we deduce Bohr's quantization condition from this?

Solution

1

1. We have h Planck constant is in kg.m 2.s ™, m in kg and vm.s **, so the relation %can be

written:

h(kg.m?.s™")  h
mv(kg.m.s™1)  mv

(m)

The quantity %has the dimension of a length

2
2B, ="~ Andl= L h

—— (2m.E.)1/2
- The associated wavelength for an electron

6,62.1073*

A= =0,1668.10"° =167 4"
2(9,1091.10*31) . (541,6. 10-19)1/2
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- The associated wavelength for a ball = 1.1.10 2 A => For the ball, the associated
wavelength A is unobservable. There is no physical significance at the macroscopic scale.
The de Broglie postulate is not applicable in this case.

- The associated wavelength for a proton = 9.10 > A => For the proton, the associated
wavelength A is of the order of the dimensions of nuclear problems.

3. The wave associated with the electron will be stationary if after having made one turn, the
electron is in the same vibrational state. For this, the circumference of the trajectory would

have to be equal to an integer times the wavelength.

n h
2.MTr=nNl=—=—Dmuv.r =n—
mv 2T

Bohr quantization condition

Exercise 3
Apply Heisenberg's principle to the following two systems:
1. An electron moving in a straight line ( A x = 1A). Calculate A v.

2. A ball of mass 10g moving in a straight line (A x =1 pm). Calculate m. A v .

Solution
According to Heisenberg's uncertainty principle, it is impossible to determine precisely both
the position of the particle and its momentum (or momentum).

The uncertainty relation obeys the relation:
h

Ap,.AX = P

A, is the uncertainty about the position

Ap, Uncertainty about the quantity of movement.

Following a straight line, we have:
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h h
Ap,.Ax > — Ap=m.Av = Av > — Ax >———
Px-8X =50 etip =m.Aav Ve orm Ax ethx = 2m.m. Av

1. For the electron:Ax = 14" = 107 %m et m, = 9,109.10 3'kg

6,62.10734
v =
2.3,14.9,109.10731,10-10

A =1,16.10° m.s~!

Ax > 1,16.10° m.s™ 1!

At the atomic scale, the uncertainty in the speed ( A v) is very large.
2. For the ball A x = 1 u m=10 °*m and m=10g=10.10 * kg)

Av >1,05.10"%° m.s™ 1!
This uncertainty is too small (not measurable). Heisenberg's principle has no physical
meaning at the macroscopic scale.
Conclusion: The position and speed of an atomic particle cannot be measured simultaneously.
Thus, the position of an electron, having a well-defined momentum, will only be defined with
a certain uncertainty. Its presence will therefore be described in a probability domain of

presence and not by its position on an orbit.

Exercise 4

The 1s orbital of the hydrogen atom is expressed as:

-r

Y = N1sea_°
1. Express the probability of the presence of the electron inside a volume between the spheres
randr+dr.
2. Define the radial presence probability density.
3. What is the radius r of the sphere on which the probability density of presence is

maximum?

n!
a(n+1)

We give: fooo rte*dr = with o> and n integer > 0
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Solution

The wave associated with an electron is a standing wave. Its amplitude at each point in space
is independent of time. It is given by a mathematical function called the wave or orbital
function.

Y : wave function, solution of the Schrodinger equation: H WY=EY

The wave function Y has no physical meaning. On the other hand, the value at a point of its
square ¥ % (or of the square of its modulus | ¥ ?1, if it is a complex function) determines the
probability dP of finding the electron in a volume dv around this point.

The probability of presence at a point: | ¥, 12.

In avolume dv: dP =: | ¥ ¢ | 2dv.

The ratio dP / dv is called the probability density of the presence of the electron at the point
considered (or electron density).

1. 1. The probability of presence in a space limited by two spheres of
radius rand r+dr P44y = [ sinfd6 fozn do fr”drrz Yo W, dr
= 47Tfrr+drr2 LIls]LII *5] dl’

2. The probability of radial presence:

dPr=1¥¢ 1%2dv=4nr?l¥, 12%dr

= The radial probability density is: D, = % = 4mr? | W12

Exercise 5

We have three chemical elements : a - gF ~ b-11Na” c- 10 Ne.
1- Write the electronic structures of the following ions and atom:

2- Determine the effective charge to which an electron in the outer shell is subjected
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i

Is 0,31
2s2p 0,85 0,35
3s3p | 0,85 0,35

3- Calculate the energy of an clectron E(€) of the external shell of each of these chemical
species: 4- Compare the stability S of these electrons.

5- For these three species, compare without doing any calculation:

a- the rays (r).

b- first ionization energies (El).

Data: EH = -13.6 eV. Table of values of screening constants (j is the electron that screens

electron i).

Solution:

1)a- 1s%2s22p®

b-1s22s22p®

c-1s22s%2p°®

The three species are isoelectronic with different + Ze charges of the 3 nuclei.

2) For an electron in the outer shell, the electrons which screen it are 7 e from the 2s2p shell
and 2 e from the 1s shell, i.e.:

a-ForoF ", Z"(F ) = Z—7 0 asapiaszp— 2 G 15252p = 9 — 7*0.35 — 2*0.85 = 4.85
b-For;uNa*,Z" (Na™)=Z—7 6 sspassp— 2 6 15252p = 11 — 7*0.35 — 2*0.85 = 6.85
c- For ;oNe, Z " (Ne) = Z — 7 & aspr2s2p— 2 © 15/252p = 10 — 7*0.35 — 2*0.85 = 5.85
3)a-ForgF "E@) =E u(Z 220 *) ?/In *= -13.6* (4.85)/2 *= -79.97 eV

b- For " Na* E(@) =E n(Z 252p* ) 2/n = -13.6* (6.85) */2 *= -159.54 eV
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c- For1oNe, E(8) =E n(Z 252p* ) */n *=-13.6* (5.85) */2 *= -116.36 eV

4) For the same number of electrons, Na * has the highest nuclear charge and attracts the
electron the most, The highest energy value to tear off a 2s2p electron is that of Na * equal to
+159, 54 eV

The electron of Na " is then the most stable, i.e.:

S(Na™)>S(Ne)>S(F")

5)

a- The nucleus — external electron attraction force being the highest for Na *and as this force
varies in 1/r 2then r(Na ") < r(Ne) < r(F ).

b - For the same reason as 4) EI( Na ™) > EI(Ne) > EI(F ).
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7. Electronic configuration
» Pauli exclusion principle.

Two electrons in the same atom cannot have all four numbers.

identical quantum .

- Two electrons in the same atomic orbital must differ in their spin quantum number,

which can only take two values m ¢=1/2 (}) or -1/2 (1)

- An atomic orbital can only "contain" a maximum of 2 electrons which in this case will

have opposite spins: they are antiparallel or paired 1]

Tl

- If the orbital contains only one electron, it is said to be unpaired or single .
- An empty orbital constitutes an electron vacancy.

» Stability principle

- In the ground state, an atom is in its most stable energy state corresponding to the lowest
energy.

- The electrons start by saturating the lowest energy levels, in the order: "1s", "2s", "2p",
"3s", "3p"... this is the so-called "(n + I) minimal™ rule.

The first sublayer to be filled is the one with the smallest sum (n + I).

» Klechkowski rule:
The electronic configuration of any chemical element is of the following form:
1s%,25%,2p%, 352'3p%452:3d1° 4p°>2 4d° 5p°® 652, 4f'* 5d1°, 6p°, 752, 5f1,

6d 10
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Exceptions to Klechkowski's Rule
(n-1)d*ns ?replaced by (n - 1)d ®>ns * (example 24 Cr : [Ar]4s ? 3d * becomes », Cr : [Ar]4s *
3d°)
(n - 1)d ?ns ?replaced by (n - 1)d *° ns * (example 5 Cu : [Ar]4s 2 3d ? becomes 5o Cu :
[Ar]4s 13d 9)
(n-1)f 2nd °replaced by (n-1)f * nd * (example Ce: [Xe] 6s % 4f 24d ° becomes This: [Xe]
6s25d 1 4f "
» Hund's Rule
For a given subshell , the lowest energy electronic configuration is obtained by placing a
maximum of electrons of the same spin (same ms value) in different orbitals, before

pairing electrons of opposite spins (opposite ms values).

TR

I
2p5 2p§. 2p

E
A

1
z

~

25 O : 1s2/ 252 2p*

4
%lsz =3/ \1=1

- Use of quantum boxes each symbolizing an atomic orbital.
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Application exercises

Exercises 1
Among the following electronic structures, which ones do not respect the filling rules?

Explain

Solution

a) Inexact state: the two spins must be opposite (Pauli rule).
b) Ground state

c) Excited state

d) Ground state

e) Excited state

Hund 's rule and Pauli principle are not

g) Ground state

Exercise 2

Let the following electronic structures be
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Is* 25 2p° 3s'

1s? 25" 21)w 3s°

s 2§° 2p° 3§

ls" 28 2p° 2d"°  3¢°

st 28° 2p° 3¢’ 3p°  3d°  3f°

Which of these structures are in the ground state, which are in the excited state, and which are

inexact?

Solution

1s 225 22p ®3s * Ground state

1s 225 22p " 3s ? Inexact state (6 electrons maximum on p)
1s%2s%2p °3s ! State excited

15225 22p °2d 1°3s 2 Inexact state (no d orbital for n=2)

1s22522p ®3s23p °3d 19 3f ® Inexact state (no f orbital for n=3)

Exercise 3
What is the number of valence electrons in vanadium V (Z=23) and gallium Ga (Z=31)? Give

the four quantum numbers of these valence electrons.

Solution

For transition elements, valence electrons occupy the last shell and the subshell being filled.
- For vanadium, there are five valence electrons (s-type and d-type)

V (Z=23) 1s 225 %2p ©35 23p ° 45 23d * (according to Klechkowski's rule)

3d correspondston=3,1=2m=-2,-1,0,1,2ms =+ 1/2

4s correspondston=41=0m=0ms=x1/2

- For gallium, there are three valence electrons (s-type and p-type)

Ga(Z=31)1s22s22p®3s%3p°3d°4s24p?
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4s correspondston=4,1=0m=0ms = £1/2

4p correspondston=4,1=1m=-1,0, 1 ms = +1/2

Exercise 4
Find the electronic configuration of the following elements and give the possible ions they
can form:

1. Of an alkali with atomic number Z greater than 12.

N

. Of an alkaline earth with atomic number equal to 12.

w

. Of a halogen with atomic number less than 18.

SN

. From a rare gas of the same period as chlorine (Z = 17).

(62}

. Of the third halogen.
6. From the second transition metal.

7. Of the fourth alkali.

Solution

1. K (19): [Ar] 4s only one possible ion K *. K tends to have the stable structure of the inert
gas argon.

2. Mg (12): [Ne ]3s ?two possible ions Mg ** and Mg *

3. Cl (17): [Ne ]3s % 3p ®only one possible ion Cl- (structure of argon: inert gas

4. Ar (18): [Ne ]13s 3p ® there is no possible ionization because its state is stable; it is an inert
gas

5. Br (35): [Ar ]3d *°4s 24p ® only one possible ion Br ~ (structure of the inert gas krypton)

6. Ti (22): [Ar]3d 24s *four possible ions Ti **, Ti **, Ti**and Ti *.(Ti **, Ti * are the most
stable)

7. Rb (37): [Kr ]5s *only one possible ion Rb *
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Exercise 5
Molybdenum (Mo) belongs to the chromium family Cr (Z=24) and to the fifth period. Give its

electronic configuration and atomic number .

Solution
The electronic structure of chromium Cr: [Ar] 3d ° 4s * .It belongs to the family of transition
metals with an electronic structure of the valence layer of type (n-1)d °ns !

h Peiod therefore the

Molybdenum Mo belongs to the same family as chromium and to the 5t
structure of its valence layer is of type (n-1 )d5ns1 with n=5:

Mo: [Kr]4d °5s'=>7 = 42

Exercise 6

We consider two elements of the fourth period whose external electronic structure has three
single electrons.

1. Write the complete electronic structures of each of these elements and determine their
atomic number.

2. Justifying your answer, determine the atomic number and give the electronic configuration
of the element located in the same period as iron (Z = 26) and belonging to the same family as

carbon (Z = 6).

Solution
1. The two elements are vanadium and arsenic.

Vanadium V: 1s 225 22p ®3s%3p © 45234 3
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According to Klechkowski's rule

V:1s%25%2p©3s23p°3d34s?

According to the spatial arrangement The atomic number is : Z = 23

Note: By not respecting Klechkowski's rule, the structure would be as follows:

1s 225 22p ®3s23p °3d ° This structure is inaccurate.

It will therefore be necessary to respect the Klechkowski rule to have the existing electronic
structure.

This can be explained that before filling, the level of the 4s orbital is slightly lower than that
of the 3d atomic orbitals, and that after filling, this 4s level becomes higher than the 3d level.
Electronic structure of arsenic

Ace: 1s 2252 2p ®3s23p ° 45 23d *° 4p *according to Klechkowski's rule

15225 %2p ©3s23p °3d %45 2 4p *according to the spatial arrangement

The atomic number is Z = 33

2- Electronic structure of iron Fe (Z=26):

[Ar] 3d ®4s ?; Iron belongs to the 4th period n= 4

Electronic structure of carbon C (Z=6) 1s 22s 2 %p 2

2 np ?valence shell electronic structure family .

So the electronic structure of germanium is: Ge [Ar] 3d *°4s 24p 2

Exercise 7
How many electrons can the third shell hold at most?
How many elements are in the third period of the periodic table?

For what value of Z (number of protons) will the third layer be completely filled?

Solution

87



The third layer can contain a maximum of 2n2 electrons, i.e. 18 electrons.
The third period has 8 elements (s block and p block)

The two values of Z, for which the 3rd layer would be filled are:
15%25%2p°3s23p °4s23d 127 = 30 (Zinc Zn)

15%25%2p°3s23p °4s13d 127 = 29 (exception) ( Copper Cu)

Exercise 8

Give the symbols and name the main elements (their valence shell is of type nsx npy where |
<x< 2.and 0 < y< 6.) having an outer shell with 8§ electrons.

What is the name of their group?

Do they have varied chemical properties?

What are their physical characteristics?

Do they have any uses in industry?

Solution

The main elements with an eight-electron outer shell are the noble gases:
Ne (Z=10); Ar (Z=18); Kr (Z=36); Xe (Z=54); Rn (Z=86)

The six noble gases are inert.

They are not harmful to us, which is why they have several uses.
We give some examples of their applications.

Helium :

- In deep-sea diving tanks

- In cryogenics because of its low temperature in the liquid state.
Argon and neon :

- In illuminated signs and in lasers.

Radon:
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- In industries, it is used to initiate and influence chemical reactions.
- In devices used to prevent earthquakes.

- In medicine, for anti-cancer treatments.

Xenon:

- In high intensity lamp manufacturing industries

- In ultraviolet lasers.

- In medicine, especially for anesthesia.

Krypton:

- In some incandescent and fluorescent light bulbs

- In lasers and holography

1.Sn:

15%25%2p°3s23p°4s23d 04p°5524d °5p 2

According to Klechkowski's rule

15%25%2p°3s23p°4s23d 04p©4d °5525p 2

According to the spatial arrangement

The tin atom has four valence electrons and its atomic number is 50.

2. No, it is not part of the transition metals because the 4d subshell is filled.
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V. Periodic table of elements
1. Inthe periodic table, the elements are arranged from left to right in order of increasing
atomic number Z.
2. A new period is used each time the electronic configuration of the atom corresponding
to the element considered involves a new value of the principal quantum number n.
3. The atoms of chemical elements in the same column have the same valence electronic

configuration; these elements constitute a chemical family and have similar chemical

properties.
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4. The physical and chemical properties of the elements are periodic functions of their
atomic numbers :

5. Atomic radius: In a column of the periodic table, when the period number (n)
increases, the atomic radius increases. In a period, n is constant, Z increases. The
screening effect varies little, the electrons tend to be more attracted by the nucleus and
consequently the radius decreases.

6. lonization energy: This is the energy required to provide an atom in its ground state
(first ionization) or an ion (second or third ionization) to remove an electron from it. It
decreases when the atomic radius increases and it increases when the radius decreases.

7. Electron affinity: this is the energy released (released in many cases) when an electron
is captured by an atom to form an anion.

8. Electronegativity: This is the tendency of an atom to attract the electrons of the bond.

It varies in the same direction as the ionization energy.
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Application exercises

Exercise 1

Let the following atoms be:

N (Z=7), K (Z=19), Sc (Z=21), Cr (Z=24), Mn (Z=25), Fe (Z=26),

Cu (Z=29), Zn (Z=30), Ag (Z=47), Au ( Z=79)

1. Give the electronic configurations of the atoms. Present the valence electrons for each
atom. Deduce the number of valence electrons.

2. Place these atoms in the periodic table and group them if possible by family or by period.

3. Cesium (Cs) belongs to the same family as potassium (K) and to the same period as gold

(Au). Give its electronic configuration and atomic number.

Solution

1. We will write for each element its electronic structure according to the Klechkowski rule
and according to the spatial arrangement, and give the number of valence electrons:
Representation of the valence shell using quantum boxes:

la regle de Klechkowski  la disposition spatiale Nombre d’électrons

N (7): 1s? 26 2p° [He]2s* 2p° 5
K (19): 1s* 25 2p° 3% 3p°4s’ [Ar]4s’ 1
Sc (21) 152 252 2p° 357 3p° 4s*3d'  [Ar] 3d" 4¢° 3
Cr (24) 15 257 2p° 357 3p® 4s' 3d°  [Ar] 3d° 4s' 6
Mn (25)1s% 25" 2p° 35" 3p° 4s° 3d*  [Ar]3d’ 4¢° 7
Fe (26) 1s° 25" 2p°® 357 3p°® 4s73d°  [Ar]3d°® 4s° 8
Cu (29) 15" 25" 2p° 357 3p° 4s'3d"  [Ar]3d" 4s' 11

Zn (30) 1s" 25" 2p® 357 3p°® 4s°3d"  [Ar]3d" 4s°

L

Ag (47) 15> 25% 2p° 357 3p° 3d"° 4% 4p° §s' 44"
g I I I
[Kr]4d" 5s' 11

Au (79) 1s? 257 2p° 357 3p° 457 3d"°4p® 5574d" 5p° 6s' 41'°5d"
I I I I
[Xe]5d" 6s' 11
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Noticed :

In the case of chromium Cr (Z=24), the structure of the valence shell must be according to the
Klechkowski rule: 4s 23d *. This structure is unstable. The most stable structure is therefore
4s1 3d5. The electronic structure of the 3d subshell is half filled.

In the case of copper Cu (Z=29), the structure of the valence layer must be according to the
Klechkowski rule: 4s 3d °, this structure is unstable. The most stable structure is therefore 4s
1'3d *° . The electronic structure of the 3d sublayer is completely filled. "Half-filled or
completely filled d orbitals are more stable"

2. 2. Only one element belongs to the period n=2: N (Z=7) (group VA)

- The elements that belong to period n=4 are: K (group 1A), Sc (group 111B), Cr (group VIB),
Mn (group VIIB), Fe (group VI1IIB), Cu (group I1B), Zn (group I1B)

- The elements that belong to the IB family are: Cu (4th period) Ag (5th period), Au (6th
period)

- Elements that belong to the transition metal family (their valence shell is of type (n-1) dy
nsx where 1 < x< 2.and 1 <y< 10) are: Sc (group IIIB), Cr (group VIB), Mn (group VIIB), Fe
(group V1IB), Cu (group IB), Zn (group IIB).

3.Cs:1s22522p®3s23p ®4523d 194p °55 24d *°5p ® 65 * 4f 1* According to Klechkowski 's
rule

152 252 2p6 3s 23p ©3d 45 24p ©4d ° 4f 1 55 2. 5p ® 6s ! According to the spatial
arrangement

The electronic structure of the cesium atom is:

[Xe] 65 *and its atomic number is equal to 55 (Z=55).

Exercise 2
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There are currently 6 known elements belonging to the alkaline earth family which are
(classified in ascending order of their atomic number): Beryllium — Magnesium - Calcium —
Strontium — Barium and Radium.

1) Which column of the periodic table does the alkaline earth family occupy?

2) Give each one its atomic number and electronic configuration.

3) Another element should normally belong in this family but has been excluded. Which one
and for what reason?

4) If one day we succeed in obtaining a seventh alkaline earth, what will its atomic number
and electronic configuration be?

5) Using Sanderson 's rule show that these elements are metals.

6) What type of ion do alkaline earth metals give?

7) What are the formulas of the alkaline earth oxides knowing that they are ionic compounds?

8) Are these oxides acidic or basic?

Solution
1) Column 2
2) It is enough to know that an alkaline earth is equivalent to "a rare gas to which 2 electrons

have been added"

Z Electronic configuration
Beryllium Be | 4 1s“2s = (He) 25 °
Magnesium Mg | 12 (He) 25 °2p °3 s “=(Ne) 3s *
Calcium That | 20 (Ne) 35°3p °4s*=(Ar)4s*
Strontium Mr. | 38 (Ar)3d™*4s?4p°5s5%=(Kr) 5s *
Barium Well | 56 (Kr) 4d 155 ?5p 65 “ = (Xe) 65 *
Radium Ra | 88 (Xe)af*5d ¥65%6p °7s°=(Rn) 7s?
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3) Helium He: Z = 2 or 1s % 2s ? but it belongs to the family of rare gases (chemically almost

inert) and is therefore placed in column 18.
4)Z=120
(Rn) 7s 25f 1 6d 12 7p ©8s 2

Sanderson 's rule states that elements whose number of electrons in the outer shell is less than
their period are metals; otherwise, they are non-metals.

6) They lose their two ns2 electrons to resemble the previous noble gas: X **.
7) O takes 2 electrons to look like Ne or O %
M*+0%9MB

8) With only 2 electrons in their valence shell, alkaline earths are all metals and their oxides

are therefore basic. ( Sanderson 's rule ).

Exercise 3
An element has less than 18 electrons and has 2 unpaired electrons. What are the possible
electronic configurations for this element? What is this element knowing that it belongs to the

lithium period(3) and the tin group(50).

Solution

The element in question belongs to one of the first three lines of the classification.

4 configurations have "

The quantum box representation shows that only the p >and p exactly” two

3 configuration

single electrons. We can also consider that the s 2 p can be suitable since it has 3

single electrons. The element in question can therefore only be: C, Si, O, S, N or P.

98



We know that it belongs to the lithium period, so Si, S and P are eliminated.
Let's look for the configuration of tin (Z = 50)
50 = 36 + 14 to (Kr) 4d %55 ?5p ?

The element sought belonging to the same group as tin is therefore Carbon C.

Exercise 2

What are the elements that are different? Explain.
a. Lithium and potassium

b. Carbon and Neon

c. Sulfur and oxygen

d. Aluminum and thallium

Solution
b. Carbon and neon, because they belong to different groups. Neon is a noble gas with 8

valence electrons. Carbon is a nonmetal with only 4 valence electrons.

Exercise 3

Determine which atom is larger in each pair of elements.
a. Na or Mg

b. Gaor Al

c.AsorCs

d. Bror Fe

Solution

a) Na or Mg:

99



If we look at the periodic table on the far left, you will find both sodium and magnesium. If

you look in the first row, you will find sodium and to the right of it, you will find magnesium.

Looking at our rules, from left to right the atomic radius decreases, so sodium has a larger

atomic radius! Na is larger than Mg.

B) Ga or Al

When you locate the two elements on the periodic table, you will notice that both of them are

in the same column.

From our rules, we know that the lower the element is in the periodic table, the larger the

radius! So, of the two elements, gallium is the larger of the two in terms of atomic radius!
Ga is larger than Al .

C) AsorCs

With Cesium on the first row, and almost at the bottom of the table of elements, we assume

from our rules that Cesium carries a large atomic radius. We locate the Ace which is two rows

below and to the far right of the table.

The rules state that from left to right, atoms decrease, and going down the slope of the table,

they increase. So for both cases of these rules, cesium has a larger radius, making it the larger

atom.

Cs is greater than As .

D) Bror Fe

Located on the same row, we see that Iron is located further to the left of the periodic table

than Bromine. The rules once again state that as the elements move from left to right, the

atomic radius decreases, making Bromine the smallest atom.

because of its location in the periodic table relative to iron. Iron in this case is the largest

atom.

Fe is greater than Br.
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Exercise 4

List these elements in descending order of their first ionization energy: In, F, Se, Br.

Solution

a. Determine the location of the elements on the periodic table

b. Recall the increasing trend of ionization energy in KJ/mol (exception in the case of boron)
from left to right on the periodic table

c. Remember the decreasing trend of ionization energies ( Kj /mol) from top to bottom (Cs is
the exception in the first group).

So in descending order of first ionization energy:

F>Br>Se>In

Exercise 5

To which second period element do these ionization values belong?

Solution

To understand and solve this problem, you must first understand the definition of ionization
energy. You must also know which elements belong to which period.

From left to right, the ionization energy increases, which makes sense because metals (left
side) lose electrons easily, while nonmetals (right side) do not. That being said, every
ionization energy of an element means we have lost an electron.

The question gives you 4 values, which means that this particular element can lose 4

electrons. This eliminates lithium since it only has 3 all together. Also, when there is a big
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jump from one value to another, it means that you have gone from valence electrons to core
electrons. This is because core electrons are harder to remove. Notice that between the second
and third values, there is a significant jump in energy. This means that after removing two
valence electrons, we have entered core electron territory. The only element that has 2 valence

electrons in the second period is beryllium.

Exercise 6

According to the given ionization energies, how many valence electrons does the following
atom have?

IE =1,402.3 kJ/mol

IE = 2,856.0 kJ/mol

IE =4,578.1 kJ/mol

IE =7,475.0 kJ/mol

IE =9,444.9 kJ/mol

IE =53,266.6 kJ/mol

IE = 64,360.0 kd/mol

Solution

We know that the ionization energy is much larger for the inner orbitals than for the outer
orbitals. So, looking at the given ionization energies, we can see that the 6 ionization energy is
much larger than the 5.

This means that electron 5 is the last electron in the outer shell, which means that this atom

has 5 valence electrons .

Exercise 7:
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1) Determine the Pauling electronegativities of the F and Cl atoms. We will take k = 2.2 for
H.
We know that HF and HCI are acids that dissociate into X “and H ¥, so F and CI are more

electronegative than H.

Solution
Pauling electronegativity can be calculated using either the arithmetic mean or the geometric
mean.

Arithmetic mean : DX ?={ E ag- 1/2 (E an+E g8) }/ k

If we use energies in kJ.mol-1: k =N e /1000 = F / 1000 = 96.5
Xe=Xu)?={Enr- 12 (Emy+E )}/ k

(X

(X=X 4)=1.676

X g=2.2+1.676=23.88

(X=X 1) ?={Enci- U2 (E uu+E cic1)} / k

(X c—Xn)?={431-1/2 (435+242)} / 96.5 = 0.958
(X - X 1) =0.979

X ¢=2.2+0.979=3.18

Geometric mean : DX 2= { E ag- (E aa*E gs) ¥}/ k

If we use energies in kJ.mol-1: k =N e /1000 = F /1000 = 96.5
Xe=Xn)?={En-(Em+Er)} /K

(XF=

(Xp—Xp)=178

XF=22+178=3.98

(Xc—=Xn)2={Enci- Enuu*Ecia) ?}/k
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(Xci—
(Xc|—XH):1.05

Xc=22+1.05=3.25

Exercise 8

Let the elements of the periodic table be: 11 Na, 13 Al, 17 Cl, 22 Ti, 26 Fe, 29 Cu, 35 Br, 37 Rb, 40 Zr.
1°/ Give the electronic configuration in the ground state of each of the elements in simple form

and in abbreviated form (core structure ) .

2°/ Place the different elements in the periodic table by giving the period, group, subgroup,

column, block and family.
3°/ Which ions will they give preferentially? Justify the answer.

4°/ Classify the elements 17 Cl, 22 Ti, 26 Fe, 29 Cu, 35 Br, 37 Rb, 40 Zr in decreasing order of atomic

radius and ionization energy.

Solution

1°/ Electronic configuration in the ground state
- **Simple form**: distribution of electrons in subshells.

- **Short form*>*: use of rare gases as "core structure”.

Element Simple form Short form
11 Na 152252 2p © 35t [Ne] 3st
13Al 1s22522p©3s23pt [Ne] 3s2 3p?
17ClI 1s22522p©3s23p ° [Ne] 3s23p °
2o Ti 1s22s22p ©3s23p ©4s23d2 [Ar] 4s2 3d2
26 Fe 1s22522p©3s23p©4s523d © [Ar] 4s2 3d ©

104



29 CU 1s22s22p©3s23p©4s13d1° [Ar] 4st 3dt ©

35 Br 1s22s22p ©3s23p©4s23d1%4p° [Ar] 452301 ° 4p ®
37Rb 152252 2p©3s23p©4s23d1%4p©5s! [Kr] 5st

a0 Zr 1s22522p©3s23p©4s23d1°4p©5s524d2 | [Kr] 5s2 4d?

2°/ Location in the periodic table

Element | Period | Band Subgroup Column | Block | Family

11 Na 3 I Main 1 S Alkali metals

13 Al 3 ] Main 13 p Poor metals

17Cl 3 VIl Main 17 p Halogens

22 Ti 4 v Secondary 4 d Transition metals
o6 Fe 4 VI Secondary 8 d Transition metals
29 Cu 4 I Secondary 11 d Transition metals
35 Br 4 VII Main 17 p Halogens

37Rb 5 | Main 1 S Alkali metals

a0 Zr 5 v Secondary 4 d Transition metals

3°/ Preferential ions and justification

Element | Preferential ions | Justification

11 Na Na* Loss of 1 electron to reach [Ne].

13Al AR Loss of 3 electrons to reach [Ne].

17ClI Cl- Gain 1 electron to reach [Ar].

2 Ti Tie*, Ti** Loss of 3 or 4 electrons to reach a stable configuration ([Ar]).

o6 Fe Fe2* Fes3* Loss of 2 or 3 electrons for a d subshell and a stable rare gas.

29 CU Cu*,Cu?* Loss of 1 or 2 electrons , stabilization by the complete d subshell.
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35 Br Br- Gain 1 electron to reach [Kr].
37Rb Rb* Loss of 1 electron to reach [Kr].
a0Zr Zr * Loss of 4 electrons to reach [Kr].

4°/ Sorting in descending order

**Criteria**:

- **Atomic radius**: Increases when descending in a group and decreases when advancing in

a period. - **lonization energy**: Decreases when descending in a group and increases when

advancing in a period. **a) Atomic radius (decreasing order )* *:

37Rb > 40Zr > 35Br > 29Cu > 26Fe > 22Ti > 17Cl

**) lonization energy (decreasing order )* * :

17CI > 35Br > 29Cu > 26Fe > 22Ti > 40Zr > 37Rb

Exercise 9

Let the elements of the periodic table be: A, B, C, D, E, Fand G

Elément A B C D E F G
Groupe IIa IIa Il Vs Ia VIa VIIIa
Période 4 5 4 4 5 4 4

1°/ Establish the electronic configurations and deduce the atomic number Z of each element.

Indicate the family to which each element belongs.

2°/ Give the valence shell. Indicate the number of core electrons and the number of valence

electrons.

3°/ Give the most stable ion likely to form for each element.

4°/ Assign to each element its atomic radius and its electronegativity among the following

values:
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Rayons (A) 2.48 1.74 1.17 1.25 1.91 1.22
Electronégativite 1.66 1.04 2.74 0.99 1.45 0.89
Solution

1°/ Electronic configuration and atomic humber

Element Electronic Z Family
configuration

HAS [ Ar] 4s? 20 Metals alkaline earth

B [Kr] 552 38 Metals alkaline earth

C [ Ar] 4s23d:° 30 Transition metals

D [ Ar] 4s?3d? 23 Transition metals

E [Kr] 5st 37 Metals alkaline

F [Ar]4s23d:°4p> 35 Halogens

G [Ar]4s23d1°4p® 36 Noble gases

2°/ Valence layer and electrons

Element Valence layer Heart Electrons Valence electrons
HAS 4g2 18 2

B 5s? 36 2

Cc 452 31 ° 18 12

D 4s2 373 18 5

E 5st 36 1

F 4s2 301 ° 4p © 18 7

G 45231 %4p © 18 8

3°/ Most stable ions

Element Stable ion Justification

HAS Az* Loss of 2 electrons to reach [Ar].

107




B B2+ Loss of 2 electrons to reach [Kr].

C c2* Loss of 2 electrons for stabilization.

D D3+ Loss of 3 electrons to reach a stable

configuration.

E E* Loss of 1 electron to reach [Kr].
F F- Gain 1 electron to reach [Ar].
G G Noble gas, does not form ions.

4°/ Atomic radius And electronegativity

Element Atomic radius (A) Electronegativity
HAS 1.74 1.66

B 248 1.04

C 1.22 1.45

D 1.25 1.89

E 2.48 0.99

F 1.17 2.74

G 1.22 0.89

Exercise 10

Find the electronic configuration of the following elements and determine the
stable ions they can form:

a. The 6th transition element.

b. An alkali metal from the 3rd period.

c. An alkaline earth metal from the 4th period.

d. A halogen from the 5th period.

e. A noble gas in the same period as 3*Se.

f. An element in the same period as 20Ca and the same group as BTe,

g. An element in the same period as 2V and the same group as '8S.
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Solutions

a. The 6th transition element

e Element: Cr (Chromium)
e Electronic Configuration: :A’r]3d5431

e Stable lon: Cr3*

b. An alkali metal from the 3rd period

s Element: Na (Sodium)
« Electronic Configuration: [Ne|3s*

e Stable lon: Na™

c. An alkaline earth metal from the 4th period

e Element: Ca (Calcium)
e Electronic Configuration: :AT’]4S2

e Stable lon: Ca?t

d. A halogen from the 5th period

¢ Element: I (lodine)
¢ Electronic Configuration: :K?‘}4d105325p5

s Stable lon: I~

e. A noble gas in the same period as 3Ge
e Element: Kr (Krypton)
e Electronic Configuration: :A’P]Sdmélsz'élpﬁ

¢ Stable lon: None, noble gases are chemically inert.

f. An element in the same period as 2’C'a and the same group as **T'c
e Element Mn (Manganese)
e Electronic Configuration: :AT]SdaﬁLSQ

e Stable lon: Mn2", Mn*t

d. An element in the same period as 23V and the same group as 165
e Element: P (Phosphorus)
« Electronic Configuration: [N e] 3523p?

« Stable lon: P3~
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The chemical bond
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V1. Chemical bond

1. Valence electrons: The last electron shell partially or completely filled

If: 15225 %2p ® 35%3p?

Centrals Valence

[Ne] 3s%3p?

=> If: [Ne] 35 %3p ?

2. Covalent bond: is a chemical bond in which two atoms share two electrons from one of
their outer shells in order to form an electron doublet linking the two atoms.

Liaison covalente

Doublets libres

3. Dative bond (coordination bond): Is a description of the covalent bond between two

atoms for which the two electrons shared in the bond come from the same atom.

N\ -+
Al + :B——A—B

ICIl H ICll H
I I PR
ICL-All+IN-H— ICI- Al —N-H
| | | |

Icll H icll H

4. lonic bond: Can be formed by a pair of atoms having a large difference in electronegativity

Nao + .Cl:—VNa++ CI'— NacCl
[ N ]

5. The Lewis Molecular Diagram
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In the Lewis Molecular diagram, we present the molecule by showing how the atoms are
linked together. We show not only the chemical bonds between atoms (X doublets) but also

the electrons that do not participate in the bonds (E doublets).

Doublets libres ( E )
/ N
|A —— B|

f

St M 17 nding the element symbol.

Lewis notation represents valence e

_—» Une paire d'électrons

L 1 ]
°N°*
® ’) électrons célibataires

6. Dipole moment: Equal to tt of each of its bonds:

I
—
lall=p=26+d 5 g
u= vector quantity having a direction, a sense and a module @
g = coulomb charge > 0
d

d = distance between charges in meters

7. Geometry of molecules: Gillespie theory or VSEPR

m+n Basic Geometries
2 linear
3 triangular plane
4 tetrahedral
5 trigonal bipyramid
6 octahedral
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Bm+n=2

AX E : I'édifice est linéaire ; BeHy COy HCN,...

B m + n = 3 : doublets d’électrons pointant vers les sommets d'un triangle

E
AX;3Ey : I'édifice triangulaire ; AX3E | : édifice coudé ;
AICI3 NOg, SO;,... SnCly, 03, SO;,....

B m + n =4 : doublets d"électrons pointant vers les sommets d’un tétraédre

A

N

AX4Ey : édifice tétraédrique ; AXzEq : édifice pyramidal AX;E; : édifice coudé ;
CHy. SO}‘. OPCls,... a base triangulaire ; H,0, SCl,, C103,...
NHj, OSCl,....

B m + n =5 : doublets d"électrons pointant vers les sommets d’une bipyramide a base triangulaire

@

AX;sEy : édifice bipyramidal ~ AX4E| : édifice tétraédrique  AX3E; :édificeenT; AX;E 3 : édifice
a base triangulaire irrégulier en papillon CIF;,... linéaire ;
PCls, SOF,,... SFy XeF,0,.... I5,...

M m + n = 6 : doublets d’électrons pointant vers les sommets d’un octaédre

"’aﬁ"
AXgEy : édifice octaédrique ; AXsE | : édifice pyramidal AX4E; : édifice carré ;
SFg, PClg, 1Fs0.... a base carrée, BrFs, XeF40.... BrFz. XeFy
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Exercise 1

Draw the best Lewis dot structure for each of the following species.

a) BeF », b) BCl 3, ¢) CCl 4, d) PBrs, ) Sl ¢

Solution
Species Name Lewis Dot Structure Electronic Arrangement Molecular Geometry
BeF, (F—Be—F: lnear linear
i . P-4
BCl tnigonal planar trigonal planar
HoH
:Zi'lz
cCly €l —i——g tetrahedral tetrahedral
sies .
Bre
PBrs B _i<; trigonal bipyranudal trigonal bipyramidal
] I
/L n
Slg =1>%\3= octahedral octahedral
BH;™ H '—'(g,—'“ trigonal planar bent
31
NIy :rl — tetrahedral tngonal pyramidal
o
0
. LR
QFy” ' b Cj:u., trigonal bipyranudal see saw
Fr
F _F:
SFs~ S octahedral square pyranudal
>
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Exercise 2
Are these compounds ionic or covalent?

CH ., FeO ;3 KNO ; ) Cy H,O BEC|2

Solution

From left to right: Covalent, lonic, lonic, Covalent, Covalent, Covalent, lonic.

Exercise 3

Draw the Lewis structures of the following molecules and, if necessary, assign charges, and
identify the polar covalent bonds with 6+ and -6 on the atoms based on their electronegativity.
a. Brr

b. CICN

c. SOCl ;

d.CH3CH ;NH,

e. CH3CH,OCH ;CH 3

f.(CH3)2NNH

g. CH 3NCNCH 3

h. CH 3 COOH

I.N20,4

Solution

Lewis structures of molecules
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I
'CL:§:Cl: ——:Cl:§:Cl: 1 C
69’ O H: C :H
() @ "
i
H:C:H H
HH  HH SR
H:C:C:0:C:C:H HiC:H  H
e HiH i g H

(a) ‘BriF (b) *Cl:C::N

H H H 0 Q6: :0° 08 :0°
e . oy 3% 8 D1 . w® @ . U0
H:CiN2CxN3C:H H:C:C:0:H NiN"e— N:N

H H H 0 o 0::0:

(8) (h) (i) e

Polar covalent bonds

H

g H:N:

o 9 e B 0. oo 48 H. .(:"'.H
fC1:S:Cl: —:C1:8:Cl: L

..:(.j:.. etz oee Hi.C: ‘H

H LR . Q.‘
(h) (D))= =

Exercise 4

Draw the Lewis structures of the following species and, if necessary, assign charges.

a.H30+
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b. NH ;"

C.CH;J,CHZJr

d.CH3;CH,"

e.CH3CH,

f.CH3;CH

g.H”

h.CH;COO"

Solution
H oH H H_ H.H@
foH H:NH H:C:C H:C:C
i H HH i H

(a) (b) (c) (d)
IT H HH .
H:C:Cr IECICE e
H H H H: :C:C:0:

() (f) (g) (h) -

Exercise 5

Let us find the formal charges in Cl 3 AINH 3.

Solution

e The aluminum atom (Z = 13), with the electronic configuration in its state

o fundamental 1s2 2s2 2p6 3s2 3p1l, has three valence electrons, Nv (Al) = 3.

e the chlorine atom (Z = 17), with the electronic configuration in its ground state 1s2 2s2

2p6 3s2 3p5, has seven, Nv (Cl) =7,

e the nitrogen atom has five and the hydrogen atom has one.

Hence the number of valence electrons in the molecule to be taken into account:
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Ne=3x7+3+5+3x1=32

Let there be sixteen doublets to place (D = % = 16).

Knowing the sequence of atoms, we first obtain:

IClIl H

| |
ICI-Al-N-H

| |

IClll H

In this structure, the aluminum atom has four bonding pairs, so we can assign it four valence
electrons and a formal charge number z¢=N - N ;=3-4=-1.

the nitrogen atom also has four doublets, i.e.

N,=4andz{=N,-—N,=5-4=+1.

Chlorine atoms have three lone pairs and one bonding pair, i.e.

Ny=N,andz¢=0.

Hydrogen atoms have a bonding pair, i.e.

Ny=N,andz¢=0.

Lewis's representation of this building is deduced from this:

ICII H
_ |€J I+
IC1-Al-N—-H
| |

ICll H
Exercise 6

Add charges to the following Lewis structures, if they are neutral, add no charges.

H

H
H2 e HaC C
CSOH e \C/..\H
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Solution
H ®H H
2 | : 0 o
_C___0O: I HsC C
Hae OO H _C. NN
(a) Hy MG CHs (R
@
‘\'H/
o HO.__.OH H,C™CH
~ - 2 ! I 7
AN B HoC. . -CH;
(d) V() OH neutral (f) H;
Exercise 7

Predict the geometry for each atom highlighted in red and give the hybridization of this

center.
_CH
H2 O HZC‘; 3
Gl 6 " W 1. TR
¢l o Cuy  HC=G-CHy ) L
(a) H, (b) ' '3 (©) H (d) HC=CH (e) Hy H (f)
H3C‘CH2
@ _CcH
H3C\C”}J\C’ 3
HH H,
Solution

a. dichloroethane : The carbon center highlighted is tetrahedral with sp hybridization ; it is
linked to four other groups.
sp hybridization ; it is bonded to three groups and has no lone pairs.
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c. propene: The carbon center is trigonal planar with sp hybridization ; it is bonded to three
groups and has no lone pairs.

sp hybridization ; it is bonded to two groups without lone pairs.

e. triethylamine : The nitrogen center is tetrahedral with sp hybridization ; it is linked to three
groups with a lone pair.

triethylammonium ion : The nitrogen center is tetrahedral with sp hybridization ; it is linked to
four groups without

pairs . All are sigma bonds.
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