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Preamble of the handout

The study of the "Structure of Matter" module holds paramount importance
in the field of science and technology. This module offers a comprehensive
understanding of the fundamental building blocks of the universe, providing
invaluable insights into the very fabric of our physical world.

One of the primary benefits of delving into the Structure of Matter lies
in its ability to unravel the mysteries of the atomic and molecular realms.
By exploring the inner workings of atoms and molecules, scientists and re-
searchers gain profound insights into chemical reactions, material proper-
ties, and the behavior of substances under various conditions.This knowledge
forms the bedrock of chemistry and physics, enabling advancements in fields
such as material science, nanotechnology, and pharmaceuticals.

Furthermore, the Structure of Matter module plays a pivotal role in fos-
tering innovation. It serves as a cornerstone for developing cutting-edge
technologies and engineering solutions. Understanding the arrangement and
behavior of particles at the atomic level allows us to design new materials
with tailored properties, improving the efficiency and functionality of count-
less products, from electronics to healthcare devices.

The present tutorial booklet for the "Structure of Matter" module is
intended for students in their first years of the common core programs in
Science and Technology, as well as Material Sciences. It may also prove
valuable to students in the fields of biology and pharmacy. Additionally, it
can cater to the needs of students in preparatory schools and other disciplines
requiring fundamental knowledge in general chemistry.

The exercises and problems covered here have been carefully selected
from the tutorial sheets provided in various universities in Western Algeria
and from various textbooks. The manual is divided into several chapters,
primarily based on the curriculum of the "Structure of Matter" module es-
tablished by the National Pedagogical Committee of the Algerian Ministry
of Higher Education and Scientific Research.

Each set of exercises and problems is preceded by a brief review of the
course and important concepts. Some necessary data and constants re-
quired for solving the exercises are provided in the appendix. The choice
and quantity of exercises per chapter are based on both the objective-based
and competency-based approaches, aiming to meet the needs of the learner.
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Chapter 1

Fundamental Concepts

1.1 Important Concepts and Course Review










1.2 Exercise Statements

Exercise 01

1. Why is the atomic number of a chemical element defined by the number
of protons and not by the number of electrons?

2. Complete the following sentences:

e 12 um.ais the mass of .........cccoovieeiiiinnn.l.
e 12 gisthemass of .........oeee

e One mole of electrons contains ....................

Exercise 02
Which of the following samples contains the most iron?

1. 0.2 moles of FegSOy
2. 20 g of iron
3. 2.5 x 1023 iron atoms

Data: Mp, = 56 g/mol, Mg = 32 g/mol, Avogadro’s number .4 = 6.023 x
102

Exercise 03
In a sample of copper oxide CuO with a mass m = 1.59 g, how many:

e moles of CuO are there?

e moles of Cu and moles of O7
e molecules of CuO?

e grams of Cu and grams of O7
e atoms of Cu and atoms of O7

Data: Mg, = 63.54 g/mol, Mp = 16 g/mol

Exercise 04
Balance and indicate, for each of the following chemical reactions, the num-
ber of phases (homogeneous, heterogeneous) and the simple or compound
substances:



Calculate the densities for the gases relative to air under normal temperature
and pressure conditions, knowing that the density of air p = 1.293 x 1073
g/cm3.

Exercise 05
A concentrated solution of hydrochloric acid HCI with a volume of 20 cm?
containing 8.36 g of pure HCI has a density of 1.18 g/cm3. Determine for

this solution:

e Molarity.

Normality.

Molality.
e Mass percentage of HCL.
e Molar and mass fractions of HCI in the solution.

Exercise 06
1) Weigh 10 g of NaCl using a balance. What is the quantity of moles of
NaCl in the measured mass?
2) Place the 10 g of NaCl in a 250 ml flask. What is the molar concentration
of the solution? Given: Myqcr = 58.5 g/mol.

Exercise 07
We want to prepare 250 ml of a 2.5 mol/l copper sulfate CuSO4 solution.
Given: M Cu = 63.55 g/mol, M' S = 32 g/mol, and M O = 16 g/mol.
1) What mass of CuSO4 should be weighed?
2) Pipette 10 ml of this solution and place it in a 250 ml volumetric flask.
What is the concentration of the resulting solution?

Exercise 08
5 g of FeCls is dissolved in a 250 ml volumetric flask. Given: M Fe = 55.9
g/mol and M Cl = 35.5 g/mol.

e Calculate the molar mass of FeCls.
e What is the molar concentration of the FeCls solution?
e What is the molar concentration of CI~ ions?

Exercise 09
We want to prepare a solution Sy of hydrochloric acid with a concentration
of Co = 0.05 mol/l and a volume of V = 200 ml from a solution S; of
hydrochloric acid with a concentration of C7 = 1 mol/l. What volume of
solution Sy should be taken?

Exercise 10
Calculate the number of moles of ethanol CoH50 in 1 liter.Given d = 0.79.
Also, given the density of air pe;r = 1 g/cm?, and the molar masses of C, H,
and O are respectively: 12 g/mol, 1 g/mol, 16 g/mol.



Exercise 11
We have a concentrated hydrochloric acid solution at 37% with a density of
1.18 g/cm®. We take 10 ml of this acid and dilute it in a 1-liter flask. What
is the concentration of the resulting solution? Given: My¢c; = 36.5 g/mol,
and the density of air pg; = 1 g/cm?®.

Exercise 12
We have a 1 M solution of potassium chloride (KCl) in water. An evaporation
reduces the volume to 300 ml.

e What is the number of moles of KCI in the solution before and after
water evaporation?

e What is the new concentration of the solution?

e The solubility of KCl is 344 g/l. What will be the final volume of the
solution if we evaporate water to the limit of KCl solubility? Given:
Molar mass of KCl = 74.55 g/mol.

Exercise 13
Mix 50 ml of a 1072 mol /L FeCls solution with 100 ml of a 10~ mol /L NaCl
solution. What is the final concentration of Na*t, Fe3*, and Cl~ ions?
Exercise 14
We want to prepare 1 liter of a normal solution of sulfuric acid. We have
98% sulfuric acid with a density of 1.84. How much acid should be taken?
Given: Molar mass of HoSO4 = 98 g/mol, and the density of air pg = 1
g/cm3.
Exercise 15
An organic compound with the general formula C,H,Oz is in a gaseous state
at a temperature of 23°C and a pressure of 760 mmHg. Its density is d =
1.585, and the percentages of its components are: C = 52.17%, H% = C%/4.
Find its general formula.
Exercise 16
An analysis of a 1.23 g sample of an alkane revealed that it contains 0.223
moles of hydrogen (H). What is the empirical formula of the alkane?
Exercise 17
Eosin is a colored chemical species with antiseptic and drying properties.
The aqueous solution used has a concentration C = 2.90 x10~2 mol/1.

e How much eosin needs to be dissolved in distilled water to prepare 250
ml of the solution?

e What is the corresponding mass?

e What is the mass concentration (mass percentage) of eosin in the so-
lution? Given: Molar mass of eosin: M (Eosin) = 693.6 g/mol.



Exercise 18
The alcohol content of a wine is given by the volume value expressed in ml
of pure ethanol CoHgO present in 100 ml of the wine. A bottle of white wine
at 12°has a capacity of 75 cl.

e How much ethanol would need to be added to distilled water to obtain
a solution with the same volume and alcohol content as this wine?

e What is the ethanol concentration of this solution?
e Define alcohol poisoning.

Given: Density of pure ethanol: d = 0.79, Density of water: p = 1.0 g/ml.
Exercise 19

The label of a box of vitamin-enriched aspirin indicates that one tablet con-

tains 500 mg of aspirin (acetylsalicylic acid C9HgO4) and 200 mg of vitamin

C (ascorbic acid CgHgOg).

e Determine the molar masses of aspirin and vitamin C.

e Determine the amounts of aspirin and ascorbic acid in 150 ml of a
solution obtained by dissolving one tablet in a glass of water.

e Determine the molar concentrations of aspirin and vitamin C in the
above solution.

Exercise 20
Vinegar at 8°C is an aqueous solution primarily containing acetic acid Co H4O>.
We aim to determine the molar concentration of acetic acid in this vinegar.

e What is the molar mass of acetic acid?

e What is the mass of acetic acid in 1 liter of vinegar, given that the
density of acetic acid is p = 1.05g/cm®?

e What is the amount of vinegar substance in 1 liter of vinegar? What
is the desired concentration?

Exercise 21
At 25°C, the solubility of aspirin CgHgOy is 1.00 g in 300 ml of water: For
a higher mass of aspirin, a solution with a volume of 300 ml is considered
saturated.

1. What is the maximum molar concentration of an aspirin solution?

2. At 25°C, 400 ml of aspirin solution is prepared from 1.20 g of pure
aspirin crystals. Is the solution saturated? What is the molar concen-
tration of the resulting solution? Explain the effect of temperature on
dissolution.



Exercise 22
The label of a bottle containing ammonia NHg provides the following infor-
mation: Density: 0.950; mass percentage of ammonia: 28%

1. Determine the molar concentration of this solution.
2. Water density: p = 1.00 g/cm3

Exercise 23
During a blood analysis, the person’s blood sugar level, known as glycemia,
is studied. An analysis provides the following results: Fasting glycemia is 8
mmol/1.

1. What does the number 8 correspond to?
2. Convert 8 mmol/1 to mol/l.

3. Calculate the molecular molar mass of glucose, which has the chemical
formula, CﬁHlQOG.

4. Determine the mass concentration of glucose.

5. Normal glycemia falls within the mass concentration range of 0.75 g/1
to 1.10 g/1. Is the person’s glycemia normal?

Exercise 24
At a certain temperature, the vapor pressure of pure benzene CgHg is 706.8
mmHg. 15.0 g of a non-volatile, non-electrolyte solute is dissolved in 117 g
of benzene at this temperature. The vapor pressure of the solution is then
684 mmHg. Assuming ideal solution behavior, calculate the molar mass of
the solute.

Exercise 25
Toluene and benzene form an ideal mixture. At 25°C, their vapor pressures
are 28 torr and 95 torr, respectively. What must be the composition of the
liquid phase if the molar fraction of benzene is 13 times that of toluene in
the vapor phase?

Exercise 26
At 25°C, the vapor in equilibrium with a supposed ideal solution of carbon
disulfide CSs and acetonitrile CH3CN has a total pressure of 0.346 atm,
with a mole fraction of carbon disulfide equal to 0.855. Calculate the mole
fraction of carbon disulfide in the solution, knowing that at this temperature,
the vapor pressure of CSg is 0.493 atm. Assuming an ideal solution, calculate
the molar mass of the solute.

Exercise 27
0.5 g of a compound were dissolved in 50 g of benzene. This solution freezes
0.44°C lower than pure benzene. What is the molar mass of this compound?



Exercise 28
How much urea CONoH4 must be added to 40 g of water to obtain a solution
that freezes at -8°C?

Exercise 29
Determine the empirical formula of a compound for which 1.627 g produce
3.254 g of CO4 and 1.331 g of water by combustion, given that it contains
only carbon, hydrogen, and oxygen. The measurement of molar mass by
cryoscopy results in a 0.86°C depression in the freezing point of the aqueous
solution at 4.07 g per 100.0 g of water.
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1.3 Exercise Solutions

Exercise 01

1. The atomic number of a chemical element is defined by the number of
protons because it never changes, unlike the number of neutrons and
electrons.

2. e 12 atomic mass units (a.m.u) is the mass of an atom of carbon.

e 12 g is the mass of one mole of carbon.

e One mole of electrons contains 6.023 x 1023 electrons.

Exercise 02
In this case, the samples are of different natures. To determine which one
contains the most iron, we can consider either the number of moles of iron
in each sample, the mass of iron, or the number of iron atoms. Let’s opt for
the number of moles.

1. 0.2 moles of FesSOy4 contains 0.4 moles of Fe.

2. In the second sample, the number of moles of iron, n, is calculated as

fi 2
n— 1ass o 1ror‘1 . Therefore, n = —0, which equals 0.357 moles.
molar mass of iron 56

3. In the third sample, the number of moles of iron, n, is calculated as n
number of atoms 2.5 x 10?3 i

— (/1/ . Therefore, n — m, which equals 0.415

moles. We can conclude that the third sample contains the most iron.

Exercise 03

mass 1.59

. 1 f = — = o =4 1a
1. Number of moles of CuO, n olar Thass 0, I 63.54 + 16

0.01999 moles.
2. Number of moles of Cu = number of moles of O = 0.01999 moles.

3. Number of molecules of CuO = 0.01999 x 6.023 x 1023 = 0.12 x 1023
molecules.

4. Number of atoms of Cu = number of atoms of O = 0.01999 x 6.023 x
102 = 0.12 x 103 atoms.

Exercise 04
Balanced equations:

3F€(S) + 4HQO(9) — F€304(S) + 4H2(g)
Hygy + 209(g) + S5 = H2504)

11



Table of Equilibriums:

Equilibrium | Number of Phases | Type of Mixture | Types of  Sub-
stances

1 2 Heterogeneous | Simple (Fes,
Hyg)), compound
(H2Oy), Fe30ys))

2 3 Heterogeneous | Simple (Hy, Oo,
S), compound
(H2504q))

Calculation of gas densities (Hy(g), Og(g), H20(g)): Let the density (vo-

/
lumic mass) of air be pir = M 1293 x 1073 g/cm3, and Pras = ™ be
the density of a gas. The density of a perfect gas compared to air is given

0 m' |V m'
by d=— = = — for the same volume V (1 cm®). We calculate the
p m/V. m
mass of each gas for 1 cm?. Note that 1 molecule of a perfect gas occupies a
volume of 22.4 liter, so 1 cm? of that gas corresponds to the mass in grams

equivalent to:

1 mole — M (g/mole) — 22.4 T = 22400 cm?
m'(g) =V =1 cm?

1 3
Therefore, m = M x ﬁ
2
For Ho :M = 2 g/mole = m’ = 52100 = 593 1075 g
32
For Oy :M = 32 g/mole = m’ = 32400 = 1.43x 1073 g
18
For HoO :M = 18 g/mole = m/ = 52100 = 804 % 1071 g
The density of a perfect gas compared to air is:
8.93 x 107° 5
For Hy :dyy, = X107 glem” 6 00 % 10-2

1.293 x 103 g/cm®
1.43 x 1073 3
For Oy :do, = 420 % fg/cmg —1.10
1.293 x 103 g/cm
8.04 x 10~* g/cm®

1.293 x 103 g/cm?®

= 0.621

For H2O :dp,0 =

Note: The formula d = M /29 can also be applied.

12



Exercise 05
1) Molarity (M, mol/1) is also known as molar concentration (C) and can

()
n
be calculated as C' = V= %
The molar mass of HCl is 35.5 4+ 1 = 36.5 g/mol.
ngcr = % = % ZS).2222;) moles.
C = W = 11.45 mol/liter.

2) Normality (N) is calculated as N = C'x Z, where for HCl, Z = 1, repre-
senting the number of HT ions that can be released. So, N = (11.45mol/1) x
1 =11.45.

3) Molality (b) is defined as moles of solute

in mol/kg).
mass of solvent ( /kg)
Mgolution

We have p = .
P Vsolution

Mgolution = (p X V) = (1.18 g/cm®) x (20 cm?) = 23.6 g.

Exercise 06
1) The number of moles contained in 10 g of NaCl is given by

which is equal to 0.17094 moles.

mass
molar mass’

b [
2) The molar concentration (C) is calculated as number of mo S There-
0.17094

205 x 103

volume
fore, C = = 0.68376 mol/L.

Exercise 07

1) To determine the mass to be weighed, we first need to find the number
of moles contained in 250 ml.
We have a molar concentration of 2.5 mol/l.
= n = Molar concentration x volume
=1 = 2.5 x 250 x 107% = 0.625 moles.
= The mass (m) that needs to be weighed is equal to: number of moles
(0.625) x the molar mass of CuSQOy.
= m = 0.625 x(63.55 + 32+ 16) = 69.7187 g.

2) To determine the concentration of the resulting solution, we need to
know the number of moles in 10 ml of the stock solution.
The concentration of the stock solution is 2.5 mol/l. = In 1000 ml, there

10 x 2.
are 2.5 moles. = 10 ml contains % = 0.025 moles.
0.025
The concentration of the new solution (C) is equal to 0 x 103 0.1 mol/L.

13



Exercise 08

1) The molar mass of FeClz = (55.9 + 3 x (35.5)) = 162.4 g/mol.
number of moles

2) Molar concentration (C) =

volume
(75 )
162.4
= C = ——2= _— —(.12315 1/1.
250 x 103 mol/

3) Molar concentration of CI~ = 3 x 0.12315 = 0.369458 mol /1.

Exercise 09

To determine the volume to be withdrawn, we apply the following re-
lationship: C; x Vi = Cg x V. Knowing that (Cy, Vg) are the data for
solution 2 and (Cq, V1) are the data for solution 1.

= The volume V; to be withdrawn = 025 VQ.
1
-3
ooy = 205X 2004077 6y~ 40 .

1

Exercise 10
To find the number of moles, we must first find the mass of ethanol.
We have the density d = M_
Pair

. : mass
= Py ethanol — 0-79 g/cm?, while knowing that p =

volume'
The volume is 1 liter

= Mass (m) = 0.79 g.

= The number of molesn = ———.
0.79 molar mass

=1 — = 0.01755 mole.
BT e x12) T (1x5) + (16) Hose
Exercise 11
We are looking for the mass of the solution, knowing that the density

d= PHCI‘ = PHCl = 1.18 g/cm3.
Pair

mass
pHCT —

volume
= mass (m) = 1000 x 1.18 = 1180 g.
A concentrated HCI solution at 37% means that in 1000 g of the solution,
there is 37% pure HCL

37 x 1180

= 1180 g of the solution contains: >1<7 = 436.6 g of pure HCI.
=- 1000 ml of the solution contains 436.6 g of HCI.

mass

and with a volume of 1000 ml.

10 x 436.6
= The withdrawn volume (10 ml of the solution) corresponds to %
= 4.366 g of HCI.

So the number of moles contained in 10 ml of the solution = % = 0.1196

mole.

14



ber of mol 11
= The concentration C = number of mo’es 0 : 96 = 0.1196 mol/l.
volume 1liter

Exercise 12

1) We have 1 liter of KCI with a concentration (C) of 1M and the molar
mass of KCl = 74.55 g/mol = the number of moles (n) = C x V = 1 mole.
Before and after evaporation, the number of moles is the same and equal to

1 mole.
1

————— = 3.333 mol/L.
300 x 103 mol/

3) To find out the solubility volume, we must find the mass of KCI in the
solution.

We have the molar mass of KCl = 74.55 g/mol

= the mass (m) = 1 x 74.55 = 74.55 g. Knowing that the solubility limit
74 x 1000

344

2) The new concentration of the solution C’ =

is 344 g/1 = the final volume of the solution will be equal to
216.715 ml.

Exercise 13

1) We need to calculate the number of moles of FeCls in 50 ml of the
solution and consequently the number of moles of Fe and C1~. The number
of moles (n) of FeClg = (0.01 mol/1) x (50 x1072 1) = 0.0005 = 5 x10~4
moles.
= In the FeCls solution, we have the number of moles of Fet = 5 x107*
mol, and the number of moles of C1~ = 3 x 5 x 1074 = 15 x10~% mol/l.
In the NaCl solution, the number of moles of NaCl = (0.1) x 100 x1073 1
= (.01 moles.
= Number of moles of Na™ = Number of moles of CI~ = 0.01 moles.

5x 1074 ‘
Fet] = = 3. 1073 mol /1.
= [Fe™] (50 -+ 100) x 10°3 333 X107 mol/
. (15 x107%) + (0.01) .
= |Cl7] (50 100) x 103 7.66 x10~“ mol/
1
= [Nat] = 0.0 = 6.66 x1072 mol/l.

(50 + 100) x 10-3

Exercise 14

In this case, we want to prepare a 1N sulfuric acid solution. To do this,
we need to find the molar concentration of the solution to be prepared, and
consequently, find the number of moles (or the mass) of pure HoSO4 to be
taken from the stock solution.

We know that normality (N) = C x Z (Z is the number of exchanged
protons) with HoSO4 — 2HT + SO?{.
=7Z=2=C=1/2=0.5mol/L

Knowing that the density of air pe = 1 g/em?® — poy furic acid — 1.84
g/cm?
= the mass of HySO4 = 0.5 x 98 = 49 g/liter.

15



mass
And knowing that pgeiq = —————
volume

4
= Volume to be taken — 1—:4 = 26.630 cm?.

Exercise 15
In this case, we calculate the mass of carbon. We have the number of
moles of hydrogen equal to 0.223 moles, so the mass of hydrogen is 0.223
g. The mass of carbon is (the mass of the alkane - the mass of hydrogen)
= (1.23 - 0.223) = 1.007 g. Regarding the number of atoms, we have the
(1.007/12) n

followi tio: = =n=3.
ollowing ratio 593 o+ 2 n

The empirical formula of the alkane is CsHs.

Exercise 16
We have an organic compound C,H,O. with a density of 1.585. The

conditions of 23°C and 760 mmHg allow us to apply the following gas law:

M
d= 29 = M = 46 g/mol. We have C% = 52.17% and H% = C%/4, so O%

= 100% - (52.17% + (52.17/4) = 34.79%. To find x, y, and z, we apply:

46 x 52.17
o X020 2

B <15.03 ;
4653479
N

z 1

So, the compound is CoHgO.

Exercise 17
1) Calculation of the corresponding mass:
Masse

C — masse molaire

We have C' =
volume volume
Therefore, mass (m) = C x Volume x molar mass = 2.9 x 1072 x 250 x

1073 x 693.6 = 5.0286 g.

2) The mass concentration =

number of moles

mass 5.0286
volume 250 x 10—3

= 20.1144 g/1.

Exercise 18
1) Amount of ethanol required. First step: Volume of pure ethanol V(ol)
present in 75 cl of this wine. We note V (b) the volume of the bottle: V (b)
= 75 cl = 750 ml. We note V the volume of pure ethanol present in Vo =
100 ml of this wine.
Wine | Vp =100 ml | V(b) = 75 ¢l = 750 ml
Ethanol | V = 12 ml V(ol)

We use the following relation:

b
V(ol) =V x Véo) =12 x 750,/100 = 90 ml.

16



2) Concentration of the solution: We have d = 0.79 and pyater = 1
g/cm?3,

the vol
Since d = mass of the volume , we get 0.79 = mass (be-
mass of the same volume of water
cause the mass of 90 ml of water is equal to 90 g).
71.1

Therefore, mass = 0.79x90 = 71.1 g. The number of moles = =
& (12 x 2) + (8) + (16)
1.48125 moles.

1.48125
So, the concentration C = 8

Exercise 19
Hints:
1) Amount of substance of aspirin: ngs, >~ 2.78 x 1073 moles.
2) Amount of substance of ascorbic acid: ngs ~ 1.14 X 1073 moles.
Molar concentrations:
Casp =~ 1.85 x 1072 mol/1
Csp =~ 7.58 x 1071 mol/1

Exercise 20

Hints:
1) Amount of substance of vinegar in one liter: n ~ 1.4 moles
2) Concentration of acetic acid: €'~ 1.4 mol/l

Exercise 21
Hints:
1) Maximum concentration: C' ~ 1.85 x 1072 mol/1.
2) Concentration of the obtained solution: At 25 °C, the solubility of as-
pirin is 1.0 g in 300 ml, so for 400 ml of solution, we can dissolve: Mmyqy =
1.0 x (400/300).
Therefore, muq, ~ 1.33 g.
Since m < Mynqz, the solution is not saturated.
Concentration of the obtained solution: C' ~ 1.67 x 1072 mol/1.

Exercise 22
Hints:
Molar concentration of this solution.
- Mass percentage: 28.0%. This means that 100 g of solution contains 28.0
g of pure ammonia.
- Molar mass of ammonia: M = 17 g/mol.
- Mass of 1.00 liter of commercial solution: m ~ 950 g.
- Mass of ammonia in 1.00 liter of commercial solution: m (N H3) ~ 266 g.
- Mass of ammonia in 1.00 liter of the commercial solution: m(N Hs) ~ 266

g.
- Amount of ammonia substance: n(N Hs) ~ 15.7 mol.

17



- Concentration of the commercial solution: C' = 15.7 x 10~2 mol/1.

Exercise 23
1) Molar concentration of glucose in millimoles per liter.
2) 0.008 mol/L.
3) Molar mass (M) of CgH1206 = 180 g/mol.
4) Cp, =144 g,
5) NO, 1.44 > 1.10.

Exercise 24

684
X - 0%
Cots 7068
684 228
7 706.8  706.8
117
NCgHg — 778 = 1.5 mol
228 N
706.8 ns+ 1.5
ns = 0.050 mol
Mg 15
My =T 22 1.
. 0.05 300 g/mo

Exercise 25
Let X; and X3 be the sought mole fractions:

P, =3P, (1)
P=X,x28 (2
Pb = Xb x 95 (3)
Xe+Xp=1 (4

Solving this system of 4 equations with 4 unknowns yields: X; = 0.91006 ,
Xp = 0.0894

Exercise 26

In the vapor phase:

Pecs,
0.346
Pcg, =0.296 atm

0.855 =

In the liquid phase (Raoult’s law):

0.296 = X¢g, x 0.493
Xcs, = 0.600
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Exercise 27
Let b = benzene and s — solute

1000 x n 1000 X m,

Hs my B MS X my
K pys x 1000 x mg 1000 x 4.90 x 0.5
= M = —=
AT = fusps , so My my X AT 0.44 x 50
= ’MS = 1llg/mol‘
Exercise 28
Let p = urea and e = water
~ 1000 x n. 1000 x my,
= Me a M, x me
1000 x m
=1 —_r =10.3
= 8 86 x 60X40,somu g

Exercise 29
Let ¢ = compound and e = water

- 1000 x n. 1000 x m
a me B Me X Me

e

O = Bt o0 1000 x 1.86 x 4.07
X X Mg x 1.86 x 4.
M, = =5 Mo AT T T osoxio0 - o80s/mol
The mass of carbon in 1 mole = 88 g.
- 3.254 x 12 " 88.0
44 1.627
Hydrogen in 1 mole = 88 g.

88-48-8 =32 |, 32g = 2 mol — empirical formula: C4HgO2

~ 48.0 g = 4 mol.
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1.4 Problems

Problem 01

What volume of 0.250 M NayCO,4 will be needed in order to obtain 8.10 g
of NaQCO4 ?

Solution

If V = liters of solution needed it must supply the number of moles con-
tained in 8.10 g of NayCOy

Moles of NagCO4 needed = 8.10 g NagCO,4 = 0.0500 moles
162.0 9 Na2C0u

mole NazCO; Y
les N
Moles of NagCOy in V liters = (0.250 moles NasCOy

liter
= 0.250V moles
V = 0.200 liter = 200 ml needed

)

This problem illustrates the two most common ways of calculating moles
of a compound: (a) weight divided by mole weight, and (b) molarity times
volume in liters.

Problem 02

Prepare a 2.00 m (molality)naphthalene (CjoHg) solution using 50.0 g CCly
as the solvent.

Solution

You are given the molality of the solution and the weight of the solvent, from
which you can find x , the number of moles of C19Hg needed.

x moles C1oHsg

=2.00
0.0500K g CCly
x = 0.100 moles C19Hg needed

Weight of C19Hg needed = (0.1000 moles C19Hg)(128
=128 g Clng

Molality = m =

g C1oHg
moles C1oHg

To prepare the solution, dissolve 12.8 g C1gHg in 50.0 g CCly. If you knew
that the density of CCly is 1.59 g/ml, you could measure out :

50
Y 314 ml CCl
15 Sl4mlCCL
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Problem 03
Prepare a 0.0348 mole fraction solution of sucrose (C12H92011, mole weight
= 342 g/mole), using 100 g (that is, 100 ml)of water.
Solution
You are given the mole fraction of sucrose and the moles of water

100
;8 = 5.55 moles

What you don’t know is x the moles of sucrose needed By definition,

x moles sucrose
(5.55 moles HyO) + (x mole sucrose)

mole fraction = 0.348 =

Therefore,

5.55)(0.0348
¥ — (1—)(()()348) = 0.200 mole sucrose.

Weight of sucrose needed = (0.200 mole sucrose) x (342 L7222 —)
= 68.4 g sucrose.

Prepare the solution by dissolving 68.4 g sucrose in 100 g water.

Problem 04

Commercial concentrated sulfuric acid is labeled as having a density of 1.84
g/ml and being 96 0% H2SO4 by weight Calculate the molarity of this solu-
tion.

Solution

This is a typical conversion problem in which we want to go from grams of
solution per liter to moles of HySO4 per liter

g solution g HoSOy4 ., 1 mole HySO, mole Ha SOy
1840=———)(0.960 = 18.00 ————
( liter I g solution)( 98.1 g H,SO, ) liter
=18 M
Problem 05

What are (a) the molality and (b) the mole fraction of the commercial HoSO4
solution in the previous problem 7
Solution

e (a)To find the molality we need to know, for a given amount of solution,
the moles of HoSO4 and the kg of HoO. If we take a liter of solution,
we shall have 1840 g solution, of which 4.0% is water, so (0.040)(1840
g) = 74 g HyO.Because there are 18.0 moles of HySOy in this liter, we
have :
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. 18.0 moles H3 504
lality = m = =24 lal H
molality = m 0.074 kg H,0 3 molal HoSOy4

e (b)To find the mole fraction, we need to know (for a given amount of
solution) the moles of HySO4 and the moles of HoO. If we take a liter
of solution, we shall have 18.0 moles of HoSO,4 and

74 g H,O

g H20
18 mole HoO

= 4.1 moles of HyO

Therefore the mole fraction is :

18.0 moles H3 50,
18.0 moles H2SO4) + (4.1 moles Hy0)

XHQSO4 — ( — 0814

Note that it is not possible to convert from molarity to molality or
mole fraction unless some information about the density or weight
composition of the solution is given.

Problem 06
What volume of 18.0 M HsSOy is needed for the preparation of 2.00 liters
Solution
We are given the initial and final concentrations of the two solutions, along
with the final volume Therefore,

(18.0 meles (V liters) = (2.00 liters) (3.00 Zoles)

liter liter

2.00)(3.00 :
V= COUEI0 — 0,333 liter

To prepare the solution measure out 333 ml of 18.0 M HySO4 and dilute
it to 2.00 liters in a volumetric flask Shake well for uniformity because the
interaction of concentrated HySO4 with HoO evolves mm h heat and can
cause hazardous splattering, it is better to do a partial dilution with about
one liter of water first in a beaker Then, after cooling, transfer the contents
to the volumetric flask, and complete the dilution The final dilution to the
mark must be made with the solution at room temperature.
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Chapter 2

Major Constituents of Matter

2.1 Important Concepts and Course Review

23



24



2.2 Exercise Statements

Exercise 01

Joseph John Thomson devised a device in which a beam of electrons is de-
flected as it passes between two plates where an electric field prevails. The
following study concerns the motion of an electron from the beam that enters
between two parallel and horizontal plates P, and P, in a region where a
uniform electric field is assumed to be perpendicular to the two plates. At
time ¢ = 0 s, the electron arrives at point O (origin of the Oxy coordinate
system) with a velocity vg such that the vector forms an angle a with the
Ox axis.

Given:

YIP e Particle: electron

P1 o v — 15°
Y l“ o o = 8.20 x 10° m/s
I i 5
o= l > X | « E= 670 V/m

Vo e L=90x102m
P,
1 e m, =911 x 1073 kg

e c=160x10"1
Figure 2.1: Experimental Setup
g =9.81 m/s?

1. Determine the polarity of plates P; and Ps. Justify your answer.

2. Provide the vector expression for the electric force experienced by the
electron.
Compare the direction and magnitude of the electric force F, to that
of the electric field E.
Represent the electric force on the diagram.

3. Show that the weight of the electron is negligible compared to the
electric force.

Exercise 02

In J.J. Thomson’s experiment, the deflection of an electron beam by the
electric field E = 3.6 x 107% V/m is canceled out by the opposing action of
a magnetic field with induction B = 9 x 10~* Tesla acting in the same space
as E.

25



1) Determine the velocity of the electrons and their kinetic energy.
2) What is the accelerating potential V that must be applied between the
cathode and the anode to give the electrons this kinetic energy? Given:
me = 9.1 x 1073 kg; |[e™| = 1.6 x 10719 C.

Exercise 03

In Millikan’s experiment, the motion of an oil drop introduced between the
horizontal plates of a planar capacitor is studied using a microscope. A ad-
justable potential difference V4 — Vg = Uy is applied between the plates,
creating a uniform electric field E. The distance between the plates is d. In
the presence of the electric field, the drop attains a constant velocity Vo
greater than V;, with its motion remaining vertical and descending. We
measure the value of Vo. The known constants during the experiment are:
g, 1, p (p is the density of the oil); the settings Uy and d; and the measure-
ments Vi and Va. We neglect the Archimedes’ buoyancy force relative to
the weight of the drop.

1- Using dimensional analysis, express the SI unit of viscosity 7.
2- Derive the expression for the radius in terms of velocity V1 and relevant
data.
3- Establish the expression for the electronic charge in terms of r, Vi, and
V.
4- A series of measurements on several drops yield the following results:
31x1071 C;64x10719 C; 1.6 x107 C; 9.6 x 1071 C; and 11.2 x 10~
C. Interpret these results.

Exercise 04
A droplet of oil with radius r and mass m is subjected to Millikan’s exper-
iment. When the droplet carries a charge ¢, it remains stationary between
the plates of the capacitor. If the charge is equal to 2¢, the droplet rises
with a velocity V. Calculate this velocity. Given: r = 1.41 x 1076 m; m
— 105.5 x 10716 g; n = 1.8 x 107%; g — 9.81. Units are in the SI system.
Neglect Archimedes’ buoyancy (air’s buoyancy on the droplet).

Exercise 05
In a MILIKAN-type device, we study the behavior of a single charged droplet.

a. In the absence of an electric field, the droplet descends by 2.61 cm in 12
seconds. Determine the radius and mass of the droplet.

b. An electric field is applied to the droplet, and it becomes stationary. The
capacitor plates are 2 cm apart, and the potential difference is 4320
volts.

1. What is the charge of the droplet?
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2. Compare this charge to the elementary charge of the electron and
draw a conclusion.

Given: p =900 kg/m?; n = 18 x 1076 MKSA; g — 9.81 m/s>.

Exercise 06
The MILIKAN experiment is used to track the free fall of an oil droplet in
the air, and its velocity is equal to 0.217 mm/s.

a. Under the influence of an electric field E , the droplet acquires a charge of
value 6.49 x 10712 Cb and rises with a velocity of 2.174 x 10~% mm/s.
Calculate the value of E.

b. During the experiment, the droplet acquires an elementary charge. Cal-
culate the new velocity under the influence of the same electric field
E.

Exercise 07
We analyze a mixture of two isotopes of Boron B using the Bainbridge spec-
trometer. Two ions with charge +1 are subjected to the action of both
electric and magnetic fields, such that E/B = 4.5 x 10 m/s™!. An ion 2C*
heavier than the Boron ions is introduced. In the presence of a magnetic field
B = 0.2 T, the three ions separate, and the deviation radius of the 2C'T ion
is 24.92 cm on the photographic plate where two points are observed at dis-
tances of 4.17 cm and 8.34 cm from the '2C¥ ion.
1- Calculate the atomic mass of the two Boron ions.
2- The heaviest isotope of Boron is 4.3 times more abundant than the lighter
isotope. Calculate the natural atomic mass of Boron.

Exercise 08
a) Convert the masses of the proton and neutron into unified atomic mass
units (u).
b) Deduce the sum of the masses of the nucleons in helium 3He, expressed
in u.
c¢) Given that the mass of an a particle is 4.0015 u, calculate the binding
energy of the helium nucleus in MeV /nucleon.

Exercise 09
Natural chlorine, with a mass of 35.5 atomic mass units (a.m.u), is a mixture
of two isotopes, 3°Cl and 37CL.
a) What are their respective proportions? What is the average molecular
mass of dichlorine Cly?
b) However, just as there are no atoms with a mass of 35.5, there are no
molecules of Cly with a mass of 71 either.
Dichlorine is a mixture of molecules having various possible isotopic compo-
sitions. How many different types of Cly molecules exist?
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c¢) There are three types of Cls molecules, knowing that the two combina-
tions CIC1 and CICI are equivalent (with Cl representing isotope 35 and Cl
representing isotope 37). What are their relative proportions?

d) Calculate the molecular mass of dichlorine based on the weighted average
of the molecular masses (70, 72, and 74) of the different types of molecules.
What observation can you make? e) Same questions for AlCl3 as in the
previous parts (b, ¢, and d) for Clg, with the atomic mass of Al being 27.

2.3 Exercise Solutions
Exercise 01
1. Plate Py is positively charged, and plate Py is negatively charged be-

cause the electric field lowers potentials, and it is directed from plate
P1 to plate Po.

T+ + ++++
Fo=qgxE=—-exFE lr =
We can deduce that the vectors for | i ¢ s .
2. electric force and electric field have | ° . '
the same direction but are — S P,
in opposite sens. L

Figure 2.2: Experimental Setup

3. F.=ex E=160x10"" %670 =1.70 x 10716 N
P=m¢xg=911x10"3 x9.81 =894 x 103" N
F 1. 1016
e _ LT0XI07 o o 1013

P 894x10730
Therefore, the weight of the electron is negligible compared to the

electric force.
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Exercise 02

y
Screen
L
FHE+ 4+ +
* K )
1_’ ‘ o IY“
e D\_’ lf’ P, X

Figure 2.3: Experimental Setup

When e (antielectrons) are deflected due to an electric field E over a
distance L, they are subject to the force F' = —¢ x E, and an electric charge
g moving in a magnetic induction field B with a velocity V is subjected to
the magnetic force:

Fmagnetic =qgX (V A B)

According to Laplace’s law, its model is: Fragnetic = ¢ A Bsina ; a = 90°
= Fmagnetic =g B

To measure V, we must compensate for the deflection caused by the electric
field with an opposing magnetic field B, that is: g x E=q¢xV x B
—>V=g=4>< 10" m/s,

Similarly, Exinetic = ¢ X V = (1/2) x m x V2

S0, Fyinetic = 7.28 x 10716 J

NOW7 Ekinetic =q X V= (1/2) X m X V2 )

Eh: .
= V = M — 4550 v
q

Exercise 03

1) n; the viscosity constant, Fsiokes = 6mnrv

1 1

_ F kg xm™ x s~
F kg xmoxs 2—H7:67rrv: mxm x s~ !
’n:kgxmflxsfl‘

U

=M x L' x T
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2) Expression of the radius as a function of Vy in the absence of E (Figure
2.4)

In the absence of an In the presence of an
electric field (diagram 1) electric field (diagram 2)

E:"o Fsro
Vi Vs 2 E
7 P
+ + + 4+ + + + + + 4+

Figure 2.4: Millikan’s Oil Drop Experiment 1911

At equilibrium, the sum of forces acting on the droplet is zero: > F=0
Force balance on the droplet: P+ F Stokes = 0
By projecting into a vertically downward-oriented axis,

4
we obtain: P — Fgyopes = 0, and we get P = Fgyopes, Where (§7T7‘3ph) is the
mass of the droplet and Fgiopes = 6mnro;

P=mxg=mxg=6mnrv

= §7rr3ph X g = 6mnruy

SR RS
2 X pn

3) Establishment of the expression for the electronic charge ¢

At equilibrium, the sum of forces actlng on the droplet is zero: > F,=0
Force balance on the droplet P+ F Stokes T F =0 , where the electric force
is given by: F =q X E and Fsiokes = 6mmrog

We assume ¢ > 0 and a field oriented from top to bottom.

By projecting onto a vertically downward-oriented axis, we obtain: P+ F, =

FStok:es
= m X g+ q X E = 6mnrvs with m x g = 6wnru;

6mnrv; + q X E = 6mnruy

= g x E = 6mnr(vy —vy)

6mnr(ve — vq)
E

3) The results obtained confirm that the charges of the droplets are multiples
of the electronic charge, which is the charge of the electron: 1.6 x 107 C.

=q=

30



)

Exercise 04

—

Figure 2.5: Immobile Phase

2)

Figure 2.6: Mobile Phase

Exercise 05

a. In the absence of an electric field, there is a down-

ward motion.

Fs=P

4 3

gwr pg = 6TNTYU
18

S0; T = i
4pg

Calculating the mass:

= 1.38 x 1076 Angstrom

4 .
m=—-mrip=99x10"1 kg

During the immobile phase;
mxg=qxFE

Y F=0
=m X g+ 6mnrv = 2qF

We have qF = m X g = 2qF =
2xXxmxg

== mXg+6mmrv=2xXxmxg

m X
=V = 9

= =21.64 x 107°
6mnro % m /s

il

ol

3

<----
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b. The droplet is stationary when the field is created: Fr 4

F, =0
Fp="P ]
qFf = mg = q = mg(-) O

u
q=4.49 x10719 Cb = 3x1.6x1071 Cb
We conclude that this charge is a multiple of the ele-
mentary charge |e| = 1.6 x 10719 Cb.

sl

Exercise 06

a. Using the same method as the first question in the previous exercise,
we deduce:
r=141x10"%m and m = 1.06 x 1074 kg
Fp =P+ F;
@1 E =mg+ 6mnro
o 1061071 X 9.81+6 x 3.14 X 1.41 x 1070 x 18 x 107% x 2.174 x 10~

6.408 x 1019
E =3245 x 104 V/m

b. During the experiment, the droplet acquires an elementary charge
g2 = q1 + |e| = 8.008 x 10719 C
Under the same electric field, we have:
@ E =mg+ 6mnrvg = vy = 0.76 m/s

Exercise 07

4.17 cm

< s + b e

|O| B Bzf_/\_\‘c

8.34 cm

Figure 2.7: Experiment Diagram
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We have;
Rizg = 24.92 cm, and TB® = B;,* B® = By
0= B1  (Ruig+ x2)—834

Rp, —
24:92 x 2) — 8.34

Ry, = 249 Xz) 834 2075 em
0— BQ (R120+ X 2) —4.17

RB2 g 2 =
24:92 x 2) — 4.1

Ry, = 249 X2) T 9984 em

1) In the velocity filter
Fo=Fgec=>qxE=qxvxB

with F,, = magnetic force, and Fj.. = electric force, = V = B

2) In the analyzer

2
v
Fm:mxaéqxvaoszE(m: mass)
q v
= — =
m RXBO
q E
=t _-__ =
m Rx B x B
4 ___ B
m1 Ry x B x By ;&@:&
q E mo Ry

mo B R2 x B x Bo
mp, R31 . 20.75

= e e
meaz2 R012 2492
= B _ 83
mez2

= mp, = mez X 0.83

= |mp, = 10 a.m.u

We also have:
mp, Rp, 2284

meaiz2 Rom 2492
= mp, = 12 x 0.91

=mp, = 11 a.m.u

The atomic mass of the two boron ions is mp, = 10 a.m.u and mp, = 11
a.m.u
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Exercise 08
a. Knowing that 1 a.m.u (u) = 1.66054 x 10727 kg:
1.6726 x 1027 1.6749 x 10~27

- -1 n = =1
"= 166054 x 1027 00T " = 166054 < 102 00T

b. The helium nucleus jHe contains 4 nucleons: 2p-+2n.
The sum of the masses of the nucleons is: (2x1.0073)+(2x1.0087) =4.032 a.m.u
Deficiency in the mass of the helium nucleus:
Am =4.032-4.0015=0.0305 a.m.u The cohesion energy is given by the fol-
lowing relation: AE —(Am)c?
In this relation, Am is in kg and AE is obtained in J. To obtain it in eV, you
need to divide the value in J by 1.602 x 10719, To relate AE to a nucleon,
you then need to divide the result by 4.
AR (ev/nucleon):0'00305 x 1.66054 x 1_()’27 X (3 x 108)2

1.602 x 1019 x 4
So: ’AE ~ 7.1 MeV/nucleon‘

Exercise 09

a) Molecular weight of dichlorine, equal to twice the atomic weight of chlo-
rine, is 71.
b) CICl (M = 70), CICI and CICl (M = 72), CICI (M = 74) ¢) Knowing the
different probabilities of finding Cl (75 %) or Cl (25 %), the probabilities of
finding both simultaneously being multiplicative, we get:

(0.75)2 = 0.562 or 56.2 % for CICI

(0.25)2 = 0.0625 or 6.2 % for CICI

(0.75 x 0.25) x 2 = 0.375 or 37.5 % for CICL.
It can be verified that the sum of the percentages is equal to 100 %.
d) 70 x 0.562 + 74 x 0.0625 + 72 x 0.375 =71
A value that can be determined directly from the atomic mass (35.5) of nat-
ural chlorine.
e) Mass of AlCl3 : 3 x 35.5 + 27 = 133.5.
There are four types of AlCls molecules:
— with three C1 (M = 132) in proportion (probability) of (0.75)% = 0.422 or
42.2 %.
— with two Cl and one Cl (M = 134) (three equivalent combinations) in
proportion of 3 x (0.75)%? x 0.25 = 0.422 or 42.2 %.
— with one Cl and two Cl (M = 136) (three equivalent combinations) in
proportion of 3 x 0.75 x (0.25)2 = 0.141 or 14.1 %.
— with three Cl (M = 138) in proportion of (0.25)3 = 0.016 or 1.6 %.
The sum of the percentages is equal to 100 %.
It can be verified that the weighted average of the molecular masses of the
four types of molecules is equal to 133.5, in agreement with the one obtained
by simply summing the atomic masses of the natural elements.
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Chapter 3

Radioactivity-Nuclear
Reactions

3.1 Important Concepts and Course Review

Rayonnement

.

=
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3.2 Exercise Statements

Exercise 01
The first stage of the radioactive decay of 238U leads to 334 Th.

1. Write the reaction for this radioactive decay.

2. Calculate the energy accompanying this radioactive decay in joules and
electron-volts.

3. Calculate the activity (in decays per second, d.p.s, and Curie) of 1
gram of 33°U.
Given: h (Planck’s constant) = 6.626 x 1073* J.s~1;
¢ (speed of light) = 3 x 108 m.s™%; Wy = +13.6 eV; 233U = 238.0508
atomic mass units (a.m.u);
Z4Th = 234.0437 a.m.u; X = 4.0026 a.m.u; half-life of 238U; T =
4.5 x 10Y years.

Exercise 02
Phosphorus 3?P is used as a radioactive tracer in the detection of certain
tumors. This element is a f~ emitter with a half-life of 14.2 days. Cellular
preparations labeled with 32P have an activity of 1.6 mCi. Calculate the
duration of use of these preparations, knowing that they are discarded when
their activity is reduced to 10 pCi. (Note that 1 Ci = 37 GBq.)

Exercise 03
The element gallium Ga (Z = 31) has two stable isotopes, ®Ga and "' Ga.
1- Determine the approximate values of their natural abundances, knowing
that the atomic molar mass of gallium is 69.72 g/mol.
2- Why is the result only approximate?
3- There are three radioactive isotopes of gallium, %6Ga, "?Ga, and Ga.
Predict the type of radioactivity for each one and write the corresponding
reaction.

69Ga: 31 protons and 38 neutrons - Stable isotope
"lGa: 31 protons and 40 neutrons - Stable isotope

Exercise 04

I. The half-life of a radioactive sample is 3 x 10° years. Calculate the value
of its radioactive constant A. After what duration has the initial quantity of
radioactive nuclei been divided by 87

I1. The half-life of a radioactive source composed of a mass m = 100 g of
radioactive nuclei is Ty, = 2400 hours. Calculate the mass of remaining
radioactive nuclei after one year. A radioactive source with a half-life of
65 years has 1.256 x 10%! radioactive nuclei at a given time. Calculate the
activity of this source at that time.
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ITI. A Geiger-Miiller counter, placed near a radioactive sample, detects
an average of 1000 decays per minute. 12 hours later, placed under the same
conditions, it detects an average of 320 decays per minute. What is the
half-life of the radioactive nuclei?

Exercise 05
On April 26, 1986, a reactor at the Chernobyl nuclear power plant went out
of control and exploded. The plume released into the atmosphere dispersed
significant radioactive elements, such as iodine-131 and cesium-137, which
had significant health implications. lodine-131 has a half-life of 8 days and
is a 8~ emitter.
Recall the definition of half-life.
Calculate the radioactive constant A and the time constant 7 for the decay
of iodine-131.
The activity Ag of iodine-131 released by the Chernobyl explosion is esti-
mated to be 1760 PBq (1 PBq = 10® TBq = 10° GBq). Express its current
activity A, 32 years later. Explain the distribution of iodine-127 (in the form
of potassium iodide) to populations living near nuclear power plants in case
of a nuclear accident.

Data: 1 PBq = 10" Bq; 1 Bq = 2.7 x 107" Ci; 1 Ci = 3.7 x 10'% d.p.s.

Exercise 06
I. The decay period of carbon-14 is 5.7 x 10% years.
Calculate the time required for 75% of it to decay using two methods.
II. The activity of one gram of carbon at a given moment is 15.3 decays per
minute. Knowing that the period is 5600 years, calculate:

1. The number of nuclei and the remaining mass of carbon.
2. The remaining percentage of carbon.

Exercise 07
Salts of radioactive phosphorus 3?P have an activity A; = 5 microcurie at
time ¢1. This activity becomes equal to As = 3.08 microcurie ten days later.

1. Determine the radioactive constant and the period of phosphorus.

2. With 1 being equal to 14.3 days, calculate the initial activity Ay of
the salts.

3. Calculate the initially present mass mg.

Exercise 08
Positron emission tomography (PET) is a functional medical imaging method
that takes advantage of the annihilation of positrons emitted by a radioac-
tive tracer that accumulates in the target organ.
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Annihilation occurs due to a collision with an electron in the medium, hap-
pening at a very close distance to the tracer (less than 1 mm), and is ac-
companied by the emission of two photons. Observing these photons with
a suitable camera allows the detection of tracer concentration sites in the
organ.

One of the main tracers used is *fluorodeoxyglucose (!*FDG), which is in-
jected into the patient intravenously. This tracer binds to tissues that con-
sume sugars, such as cancerous tumors or the brain, for example.

a) 18F is produced by bombarding *O with protons. Write the correspond-
ing reaction. Then, write the decay of '8F with positron emission, followed
by the annihilation process.

b) Knowing that '®F decays 90% in 366 minutes, calculate the half-life and
draw a conclusion.

Exercise 09
Tritium is primarily found as tritiated water (*H0) in the natural environ-
ment, as well as in living species. Naturally produced by cosmic rays acting
on nitrogen, oxygen, and argon in the air, it integrates into the normal water
cycle.
In the event of nuclear contamination (explosions, emissions from nuclear
reactors, releases from reprocessing plants), the tritium content in water in-
creases. Environmental monitoring includes monitoring the tritium content
in natural waters.
a) Write the nuclear decay reaction of tritium, knowing that it is a §~ emit-
ter. What does this transformation amount to?
b) An analysis showed that a river water sample contains one tritium atom
per 10" atoms of ordinary hydrogen.
The half-life of tritium is 12.3 years. What will be the proportion of tritium
50 and 100 years after the sample was taken, assuming that tritium cannot
be regenerated during storage?
¢) In the event of contamination, how long does it take for the tritium activity
to be only one-thousandth of its initial activity?
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3.3 Exercise Solutions

Exercise 01
1. The radioactive decay reaction is: 235U — 23*Th + 4He

2. To calculate the decay energy, we use Einstein’s relation:
AE = Am x ¢?
Now, Am = mpp + mpge — my — 234.0437 + 4.0026 - 238.0508
Am = -0.0045 atomic mass units (a.m.u)

—0.0045 x 1073
Sot Am = —o e X (3% 10%)2 = —0.672 x 107 joules
Now, 1 eV = 1.6 x 10719,
—0.672 x 10710
we obtain: AB = o = =042 x 10° eV = -0.42 MeV
In2 ) .. .
3. A=A X N = Ea x N where N is the number of remaining nuclei at
time tj 03
6.023 x 10
538 33 010 25 x 10%° nuclei
n
tain: A = 025 x 103 = 1.22
We obtain 15 % 109 x 365 x 24 x 3600 < 0020 < 10 %
10* d.p.s
1.22 x 10*
Now, 1 Ci = 3.7 x 109 d.p.s, so A = 37 %100 = 0.33 x 107 Ci

Exercise 02
We have: Ag = exp(—A x t)
-1

=t=

A
1 _
A n(AO) )
(/T)
= t=-T xIn-20
In2
Now, 1 mCi = 1073 Ci and 1 pCi = 107% Ci
10 x 10*6)
=
= 142 x In 16x107°7 4
In2

The duration of use of the preparations is 72 days.
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Exercise 03
1. The two isotopes of gallium Ga (Z=31) are denoted (1) for %°Ga and (2)
for "' Ga.
M = 1My + oMo with My = A1 = 69 and My =~ A = 71
69.72 = 6921 +71xy  x1Fa2 =1
= 69.72 = 69x1+71(1-21)
r1 = 0.64 and x5 = 0.36
= 64% %°Ga and 36% "'Ga.
2. Natural elements are composed of multiple isotopes in different propor-
tions. Since the molar mass is the sum of these molar proportions, it cannot
be an integer. It is not strictly equal to the mass number because the latter
is an integer for each isotope.

Exercise 04

I
° Thle V%Iue of the radioactive constant A
A= ﬁ =1.8 x 1079 years™ .

1/2

e The half-life of a radioactive sample is 3.8 x 10° years. After 3 half-lives,
1.14x10° years, the initial quantity is divided by 23.
11
e We use the radioactive decay law m(t) = mgexp(—A\t).
In(2
M2 99w 1074 bt - 2.54 years— L.

1/2
At time ¢t = 0, the mass of radioactive nuclei is mg = 100 g
At time ¢t = 1 year, we have:

100 exp(—2.54x 1) =79 g

The radioactive constant is A =

IIT

The number of nuclei at time t is N(t) = 1.256 x 10! nuclei.

A(t) = (In2/t2)N(t) = 1.340 x 10" decays per year = 4.2 x 10! Bq.

v

At time ¢ = 0, Ap = 1000 d.p.m. At time ¢t = 12 h, we have A(t) = 320
d.p.s. The radioactive decay law allows us to write:

A= (=1/6) In(A(t) /Ao)
and

Ty = (—In(2)t)/ In(A()/Ao) = 7.3h
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Exercise 05

Definition of half-life: Half-life is the duration after which the number
of radioactive nuclei is divided by 2 through decay.

Radioactive constant A = (In2) /(T 5) = 31.624 years™! = 8.664x 1072
J71=10"%""1

Time constant 7 = 10 s, which is 11.5 days.
Expression of activity 32 years later:

1d.p.s =1Bq

— 15 _ 15
LPBy — 10%PBg } = 1760PBq = 1760x10'°Bg = 1760x10'° d.p.s

According to the exponential law: A = Agexp(—At)
= A = 1760 x 10" exp(—31.624 x 32 years)

Todine-131, like iodine-127, binds to the thyroid gland. There is there-
fore a danger for neighbors of nuclear power plants in the event of an
accident. To avoid this danger, non-radioactive iodine-127 is ingested
at a dose such that the thyroid gland becomes saturated. This gland
no longer binds radioactive iodine-131.

Exercise 06
I Method 1

t A

= \=

—dt In2

0.96
5.7 x 103 x 365 x 24 x 3600

= A=385x 1071257}

at tg = Ny = 100%
at t = N; = 100% — 75%

43



N; : number of remaining nuclei

Ny = Ny x (1 —0.75) = 0.25N,

1
Ny = 0.25Ny = £ No

1 1
— Ny = Nyexp(—At) = 1= exp(—At)

4
1
=In-=-Xt
h
=In4 =X\t
In4 In4

> t= —= —
A 3.85 x 10~12

=t = 3.61x10"

Method 2
ln4:)\t:>ln4:1nT2 X t
=g T = [i=2T
n
11 15.3
A=153dpm= A= W =0.255 d.p.s
n2 0.69

T= A= =
5600 years = T 5600 x 365 x 24 x 3600

= A=3.96 x 10712571
We have 1 Ci = 3.96 x 10'° d.p.s

A=AN; 5> Ny=4 5 N, =

0.225
Tt —6.439 x 1010
3.96 x 1012 x

The number of remaining nuclei is equal to 6.439 x 10'°
The remaining percentage in carbon :
We have 1 mole = .4 nuclei

6.023 x 102 — 14 x 1073 kg

6.439 x 101° — 7 ? (mass)

6.439 x 101 x 14 x 1073
B 6.023 x 1023

z=14.97 x 10716 kg
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=|a=14.97 x 10711%

-3
1 x10 — 100% . B 14.97 x 10—16 x 100

-3
14.97 x 10716 — a(percentage) 10

Exercise 07
We have; A1 = 5 uCi at t; and Ay = 3.08 puCi at to with to = 10 days +¢;.

1) We have;
Nl = N() eXp(—)\t1)
Ny = Ny exp(—A(t; + 10))

N AN = ANg exp(—Atq)
ANy = ANg exp(—A(t1 + 10))
- A1 = AO eXp(—)\t1>
Ag = Ag exp(—)\(tl + 10))
A1 o exp(—)\tl) o 1 A1 o
~ { Ay exp[-A(t; +10)]  exp(—A10 days) = {IQ = exp(AL0 days)

A
Hence, In 21— 10 days
Ao )

1 1

A= In —

10 days e Ao
= |\ =0.049 day !, (X is the radioactive constant)

In 2
The period Ty /5 = HT = 14 days™!

2)
t1 = 14.3 days
= A; = Agexp(—At1) = Ag = A1 exp(Aty)
We have A= 5 uCi = 5 x 1075 Ci
= Ap =5 x 107 %exp(0.049 x 14.3)
= | 49 = 10.07 x 106 Ci|
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A
3) Ag = ANy = Ny = 70 (Where Nj is the initial number of nuclei)

We need to make some conversions:

If 1Ci=37x10"dps

1 o

10.07 x 1076 Ci =3.72 x 1071° d.p.d

3.72 x 10715
= 7591 x 1071 lei
0 0.019 75.91 x 10 nuclei
75.91 x 10715 x (32
= g = a X< (328) _ 4033 x 109 ¢

6.023 x 1023

mo =40.33 x 107% ¢

Note: We used the disintegration per day because X is in day~'. It is
also possible to use Ci and d.p.s.

Exercise 08
a) Knowing that the atomic number of fluorine is 9, the production reaction
of 18F is:
PO +1H — PF +4n
Its decay with the emission of a positron is:
OFF — 80 + % e +iv
Representing the photon as 87, the annihilation of a positron by collision
with an electron in the medium is written as:
Gie+ 2e — 20y
b) By eliminating A between the relations (In % = \t) and (T1/2:1r172)’

we obtain:
In2

Ty =t X ——
V2 In(No/N)
where Ny/N represents the inverse of the remaining fraction of radioactive
species at time t considered.

At =366 min, '8F has decayed to 90%; 10% remains, so No/N = 10.

In2 ;
T7366Xln 107110_2 = | T/ ~ 110 min

Conclusion: '8F has a short half-life (less than 2 hours), which allows
for its rapid elimination. This parameter is important for all tracers used in
medical applications, so that patients do not suffer harm.
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Exercise 09
a)
IH — 3He + %je + v
This transformation can be summarized as the transformation of a neutron
into a proton, as follows:
én—>%p+91e+8ﬂ
b) Tritium is present in trace amounts; at the time of collection, its content

(in %) relative to ordinary hydrogen is:

1 x 100 17
L T i 107'%

which corresponds to an initial quantity of Ny atoms.
At a time t during storage, the quantity N of remaining atoms is deduced as
follows:

( )In2

N = Noe_)\t = Noe T(1/2)

The corresponding proportion p of remaining tritium is therefore written as:
t
D =poexp(-=—)In2
( T1/2)

= T(1/2):12.3 years; po = 10717%
e { = 50 years ’p =6.0 x 10719%‘
o t = 100 years | p = 3.6 x 10-0%|

¢) The activity at time ¢ is the rate of decay: A = AN. The proportionality
between A and N allows us %) write:

t
— = —=exp—-At =exp(=—)In2

Ay No 0y
Hence: T A
(1/2)
t=——AD xn——
m2 " A
When T=12.3 years ; A/Ag=1/1000= 103
t= —% x In 1073, therefore: | T = 122.6 years
n
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3.4 Problems

Problem 01

The half-life of Zn-71 is 2.4 minutes. If one had 100.0 g at the beginning,
how many grams would be left after 7.2 minutes has elapsed ?

Solution

7.2 / 2.4 = 3 half-lives

(1/2)3 = 0.125 (the amount remaining after 3 half-lives)

100.0 g x 0.125 = 12.5 g remaining

Problem 02

Pd-100 has a half-life of 3.6 days. If one had 6.02 x 1023 atoms at the start,
how many atoms would be present after 20.0 days?

Solution

20.0 / 3.6 = 5.56 half-lives

(1/2)5%6 = 0.0213 (the decimal fraction remaining after 5.56 half-lives)
(6.02 x 1023) (0.0213) = 1.28 x 1022 atoms remain

Problem 03

0s-182 has a half-life of 21.5 hours. How many grams of a 10.0 gram sample
would have decayed after exactly three half-lives?

Solution

(1/2)3 = 0.125 (the amount remaining after 3 half-lives)

10.0 g x 0.125 = 1.25 g remain

10.0 g - 1.25 g = 8.75 g have decayed

Note that the length of the half-life played no role in this calculation. In
addition, note that the question asked for the amount that decayed, not the
amount that remaning.

Problem 04

After 24.0 days, 2.00 milligrams of an original 128.0 milligram sample re-
main. What is the half-life of the sample?

Solution

The decimal fraction remaining:

2.00 mg / 128.0 mg = 0.015625

2) How many half-lives must have elaspsed to get to 0.015625 remaining?
(1/2)™ = 0.015625

n log 0.5 = log 0.015625

n = log 0.5 / log 0.015625

n==6

3) Determine the half-life:

24 days / 6 half-lives = 4.00 days
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Problem 05
A radioactive isotope decayed to 17/32 of its original mass after 60 minutes.
Find the half-life of this radioisotope.
Solution
17/32 = 0.53125 (this is the decimal amount that remains)
(1/2)™ = 0.53125
n log 0.5 = log 0.53125
n = 0.91254 (this is how many half-lives have elapsed)
60 min / 0.91254 = 65.75 min
n = 66 min (to two sig figs)
Problem 06
How long will it take for a 40.0 gram sample of I-131 (half-life = 8.040 days)
to decay to 1/100 its original mass?
Solution
(1/2)™ = 0.01
n log 0.5 = log 0.01
n = 6.64
6.64 x 8.040 days = 53.4 days
Problem 07
Fermium-253 has a half-life of 0.334 seconds. A radioactive sample is consid-
ered to be completely decayed after 10 half-lives. How much time will elapse
for this sample to be considered gone?
Solution
0.334 x 10 = 3.34 seconds
Problem 08
At time zero, there are 10.0 grams of W-187. If the half-life is 23.9 hours,
how much will be present at the end of one day? Two days? Seven days?
Solution
24.0 hr / 23.9 hr/half-life = 1.0042 half-lives
One day — one half-life; (1/2)19042 — 0.4985465 remaining — 4.98 g
Two days = two half-lives; (1/2)%9%%4 = (.2485486 remaining = 2.48 g
Seven days = 7 half-lives; (1/2)7-02%4 — 0.0076549 remaining — 0.0765 g
Problem 09
100.0 grams of an isotope with a half-life of 36.0 hours is present at time
zero. How much time will have elapsed when 5.00 grams remains?
Solution
5.00 / 100.0 = 0.05 (decimal fraction remaining)
(1/2)™ = 0.05
n log 0.5 = log 0.05
n = 4.32 half-lives
36.0 hours x 4.32 = 155.6 hours
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Problem 10
How much time will be required for a sample of H-3 to lose 75% of its ra-
dioactivity? The half-life of tritium is 12.26 years.
Solution
If you lose 75%, then 25% remains. Use 0.25 rather than 25%.
(1/2)™ = 0.25
n = 2 (remember (1/2)" = 1/4 and 1/4 = 0.25)
12.26 x 2 = 24.52 years
Comment: the more general explanation follows:
(1/2)™ = 0.25
n log 0.5 = log 0.25
n = log 0.25 / log 0.5
n=2
Problem 11
The half life of iodine-131 is 8.040 days. What percentage of an iodine-131
sample will remain after 40.20 days?
Solution
40.20d / 8.040d =5
(1/2)° = 0.03125
percent remaining = 3.125%
Problem 12
The half-life of thorium-227 is 18.72 days How many days are required for
three-fourths of a given amount to decay?
Solution
3/4 = 0.75 < amount decayed
1-0.75 = 0.25 + amount remaining
(1/2)" = 0.25
n=2
(18.72 day) (2) = 37.44 day
Problem 13
If you start with 5.32 x 10° atoms of Cs-137, how much time will pass before
the amount remaining is 5.20 x 10% atoms? The half-life of Cs-137 is 30.17
years.
Solution
5.20 x 10% / 5.32 x 109 = 0.0009774436 (the decimal amount remaining)
(1/2)™ = 0.0009774436
n log 0.5 = log 0.0009774436
n = 9.99869892 half-lives
(30.17 yr) (10) = 301.7 yr
Problem 14
The half-life of the radioactive isotope phosphorus-32 is 14.3 days. How long
until a sample loses 99% of its radioactivity?
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Solution
99% loss means 1% remaining
1% = 0.01
(1/2)" = 0.01
n log 0.5 = log 0.01
n = 6.643856
(14.3 day) (6.643856) = 95.0 day
Problem 15
The half-life of palladium-100 is 4 days. After 12 days a sample of Pd-100
has been reduced to a mass of 4.00 mg. (a) Determine the starting mass.
(b) What is the mass 8 weeks after the start?
Solution
12 day / 4 day = 3
(1/2)3 = 0.125
4.00 mg / 0.125 = 32.0 mg
8 weeks = 56 days
56 d / 4 = 14 half-lives
(1/2)* = 0.000061035
(32.0 mg) (0.000061035) = 0.00195 mg (rounded to three figs)
Problem 16
Rn-222 has a half-life of 3.82 days. How long before only 1/16 of the original
sample remains?
Solution
recognize 1/16 as a fraction associated with 4 half-lives (from 1/2% = 1/16)
3.82 days x 4 = 15.3 days
Problem 17
One-eighth of a radioactive sample remains 9 days after it was brought into
the lab. What is the half-life?
Solution
One-eighth is evocative of three half-lives.
9 day / 3 = 3 day Problem 18
A sample of Se-83 registers 10'? disintegrations per second when first tested.
What rate would you predict for this sample 3.5 hours later, if the half-life
is 22.3 minutes? Solution
210 min / 22.3 min = 9.42 half-lives (210 min is 3.5 hours)
(1/2)%42 = 0.00146 (the decimal fraction remaining)
10'2 x 0.00146 = 1.46 x 10? disintegrations per second remaining
Problem 19
Todine-131 has a half-life of 8.040 days. If we start with a 40.0 gram sample,
how much will remain after 24.0 days?
Solution
24.0 days / 8.040 days = 2.985 half-lives
(1/2)2985 — (0.1263 (the decimal fraction remaining)
40.0 g x 0.1263 = 5.05 g
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Problem 20

If you start with 2.97 x 10?2 atoms of molybdenum-99 (half-life = 65.94
hours), how many atoms will remain after one week?

Solution

one week = 168 hours

168 / 65.94 = 2.548

(1/2)2548 = 0.171 (the decimal fraction remaining)

(2.97 x 10%2) x 0.171 = 5.08 x 10%!

Problem 21

The isotope H-3 has a half life of 12.26 years. Find the fraction remaining
after 49 years.

Solution

49 /12.26 = 3.9967

(1/2)39967 = 0.0626

Problem 22

How long will it take for a 64.0 g sample of Rn-222 (half-life = 3.8235 days)
to decay to 8.00 g7

Solution

8.00 / 64.0 = 0.125 (the decimal fraction remaining)

(1/2)™ = 0.125

by experience, n = 3 (remember that 0.125 is 1/8)

3.8235 x 3 = 11.4705 days

Problem 23

What percentage of the parent isotope remains after 0.5 half lives have
passed?

Solution

(1/2)™ = decimal amount remaining

where n = the number of half-lives

(1/2)%° = 0.707

The question asks for a percentage, so 70.7%

Problem 24

A scientist needs 10.0 micrograms of Ca-47 (half-life = 4.50 days) to do an
experiment on an animal. If the delivery time is 50.0 hours, how many mi-
crograms of 4"CaCO3 must the scientist order?

Solution

4.50 days x 24 hrs/day = 108 hrs

50/108 = 0.463 half-lives

(1/2)0463 = (0.725 (the decimal portion of Ca-47 remaining after 50 hrs)
10.0 mg / 0.725 = 13.8 mg

Problem 25

Manganese-56 has a half-life of 2.6 h. What is the mass of manganese-56 in
a 1.0 g sample of the isotope at the end of 10.4 h?
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Solution

104 /26 =4

4 half-lives = 0.0625 remaining
0.0625 g

Problem 26

The half life in two different samples, A and B, of radio-active nuclei are
related according to T(1/2,B) = T(1/2,A)/2. In a certain period the num-
ber of radio-active nuclei in sample A decreases to one-fourth the number
present initially. In the same period the number of radio-active nuclei in
sample B decreases to a fraction f of the number present initially. Find f.
Solution

a) Sample A underwent two half-lives:

1—-1/2—-1/4
b) Let us set the length of one half-life of A equal to 1. Therefore the total
amount of elapsed time for A was 2.
T(1/2,B) = T(1/2,A)/2
Since T(1/2,A) =1,
we now know that T(1/2,B) = 1/2

c¢) Allow B to go through several half-lives such that the total amount of
time = 2. This is 4 half-lives (1/2 + 1/2 + 1/2 + 1/2 = 2):
Four half-lives: 1 — 1/2 - 1/4 —1/8 — 1/16
f=1/16
Problem 27
You have 20.0 grams of P-32 that decays 5% daily. How long will it take for
half the original to decay?

Solution

In 24 hours, the sample goes from 100% to 95%
(1/2)™ = 0.95

n log 0.5 = log 0.95

n = 0.074

24 hrs / 0.074 = 324 hrs (one half-life)
Problem 28

A sample of radioactive isotopes contains two different nuclides, labeled A
and B. Initially, the sample composition is 1:1, i.e., the same number of nu-
clei A as nuclei B. The half-life of A is 3 hours and, that of B, 6 hours. What
is the expected ratio A/B after 18 hours?

Solution

A has a half-life of 3 hrs, so 18 hrs = 6 half-lives.

B has a half-life of 6 hrs, so 18 hrs = 3 half-lives.

After 6 half lives, the fraction of A left is 1/(2°) = 1/64
The fraction of B left is 1/(23) = 1/8.
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Since A /B started out at 1/1, A/B at 18 hrs = (1/64) / (1/8) = 1/8.
This could also be expressed as: 0.55 / 0.5% = 0.5673 = 1/8
Problem 29
The ratio of tritium, H-3, to hydrogen, H-1, in a sample of water was
1:1x10'?. If the half life of tritium is 12.25 years, calculate the actual number
of tritium atoms remaining in 10.0 g water after a period of 49 years.
Solution
1) Moles, then molecules of water:

10.0 g / 18.0148 g/mol = 0.555099 mol
(0.555099 mol) (6.02214 x 10?3 molecules / mol) = 3.342884 x 10?3 molecules

2) Atoms of hydrogen in 10.0 g of water:
(2 atoms/molecules) (3.342884 x 102 molecules) = 6.685768 x 10** atoms

3) Atoms of H-3:
6.685768 x 102 / 1 x 10! = 66858 atoms of H-3 (to the nearest whole num-
ber)

4) Half-lives elapsed:
49 yr / 1225 yr = 4

5) Amount remaining after 4 half-lives:
(1/2)* = 1/16 = 0.0625

6) atoms remaining after 4 half-lives:
(66858 atoms) (0.0625) = 4179 atoms (to the nearest whole number)
Problem 30
The isotope Ra-226 decays to Pb-206 in a number of stages which have a
combined half-life of 1640 years. Chemical analysis of a certain chunk of
concrete from an atomic-bombed city, preformed by an archaeologist in the
year 6264 AD, indicated that it contained 2.50 g of Ra-226 and 6.80 g of
Pb-206. What was the year of the nuclear war?
Solution
Start by ignoring a few chemical realities and assume all the Ra-226 ends up
as lead.

a) Calculate moles of Ra-226 decayed:
6.80 g / 205.974465 g/mol = 0.033013801 mol of Pb-206 decayed
0.033013801 mol of Ra-226 decayed

b) Calculate grams of Ra-226 initially present:
(0.033013801 mol) (226.02541 g/mol) = 7.462 g of Ra-226 decayed
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7.462 + 2.50 = 9.962 g of Ra-226 initially present

c¢) Calculate decimal fraction of Ra-226 remaining:
2.50 g / 9.962 g = 0.251

d) Calculate number of half-lives elapsed:
1/2)" = 0.251
n=2

e) Calculate year of war:
1640 x 2 = 3280 y elapsed since war
6264 - 3280 = 2984 AD
Problem 31
A radioactive sample contains 3.25 x 10'® atoms of a nuclide that decays at
a rate of 3.4 x 103 disintegrations per 26 min.

(a) What percentage of the nuclide will have decayed after 159 days?
(b) What is the half-life of the nuclide?
Solution
Solution to a:

159 days x 24 hrs/day x 60 min/hour = 228960 min
228960 min x (3.4 x 10'3 disintegrations per 26 min) = 2.994 x 10 x 107
total dis in 159 days
2.994 x 10 x 1017 / 3.25 x 10'® = 0.0921
9.21% has disintegrated.
Solution to b:

0.9079 is the decimal fraction of the substance remaining since 0.0921
has gone away
(1/2)™ = 0.9079
n log 0.5 = log 0.9079
n = 0.139 half-lives
159 day / 0.139 — 1144 days
Problem 32
The radioisotope potassium-40 decays to argon-40 by positron emission with
a half life of 1.27 x 10 yr. A sample of moon rock was found to contain
78 argon-40 atoms for every 22 potassium-40 atoms. What is the age of the
rock?
Solution
Assume the sample was 100% K-40 at start. In the present day, the sample
contains 78% Ar-40 and 22% K-40. We will use 0.22, the decimal percent of
K-40 remaining:
(1/2)" = 0.22
where n is the number of half-lives. n log 0.5 = log 0.22
n =218
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What is the total elapsed time?

(2.18) (1.27 x 10%) = 2.77 x 109 yrs

Problem 33

What is the age of a rock in which the mass ratio of Ar-40 to K-40 is 3.87
K-40 decays to Ar-40 with a half-life of 1.27 x 10° yr.

Solution

Since, the sample is 3.8 parts by mass Ar and 1 part K, the orginal sample
contained 4.8 parts K and zero parts Ar.

What is the decimal amount of K-40 that remains?
1 part divided by 4.8 parts = 0.20833

How many half-lives are required to reach 0.20833 remaining? (1/2)" =
0.20833
where n is the number of half-lives.
n log 0.5 = log 0.20833
n = 2.263

What is the total elapsed time?
(2.263) (1.27 x 10%) = 2.87 x 10Y yrs
Problem 34
A radioactive isotope has a half-life of 4.5 days. What fractions of the sample
will exist after 9 and 18 days?
(a) 1/2 and 1/4 of the original amount
(b) 1/9 and 1/18 of the original amount
(c) 1/4 and 1/16 of the original amount
(d) 1/4 and 1/8 of the original amount
Solution

Half — lives elapsed zero one two three four
Days elapsed 0 4.5 9 13.5 8
Fraction remaining 1 1/2 1/4 1/8 1/16

Answer: (c) 1/4 and 1/16 of the original.

Problem 35

Selenium-75 has a half-life of 120 days and is used medically for pancreas
scans. (a) Approximately how much selenium-75 would remain of a 0.050 g
sample that has been stored for one year? (b) How long would it take for a
sample of selenium-75 to lose 99% of its radioactivity?

Solution

Solution to (a):

365 day / 120 day = 3.0417 half-lives
(1/2)30417 = (.12144 (this is the decimal amount that remains)
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0.12144 x 0.050 g = 0.006072 g
to two sig figs = 0.0061 g

Solution to (b):

99% gone means 1% remaining, which is 0.01 as a decimal
(1/2)" = 0.01
n log 0.5 = log 0.01
n = 6.643856 (this is the number of half-lives elapsed)
120 day times 6.643856 = 797 days
Problem 36
Natural samarium (average atomic mass 150.36) contains 14.99% of the ra-
dioactive isotope Sm-147. A 1 g sample of natural Sm has an activity of 89
decays per second. Estimate the half life of Sm-147.
Solution
1 g times 0.1499 = 0.1499 g of Sm-147
0.1499 g / 146.915 g/mol = 0.00102032 mol
0.00102032 mol times 6.022 x 10%* mol™! = 6.144367 x 10?° atoms
6.144367 x 10%? atoms / 2 = 3.0721835 x 10?%atoms
3.0721835 x 1020 atoms / 89 decays/sec = 3.45189 x 10'® sec
3.45189 x 10'® sec — 1.094 x 10! yr.

The Wiki article for isotopes of samarium gives 1.06 x 10! yr.

Implicit in this solution is that the decays rate of 89 decays/second re-
mains constant for the entire half-life. The decay rate actually becomes lesser
over time but, for purposes of making an estimate, we ignore this.
Problem 37
You measure the radioactivity of a substance, then when measuring it 120
days later, you find that it only has 54.821% of the radioactivity it had when
you first measured it. What is the half life of that substance? Solution
1) How many half-lives have elapsed in the 120 days?

(1/2)™ = 0.54821

n log 0.5 = log 0.54821

n = 0.8672

2) Determine the half-life.

120 day / 0.8672 = 138.4 day

Problem 38

Arsenic-74 is a medical radioisotopes with a half-life of 18 days. If the initial
amount of arsenic-74 injected is 2.30 mCi, how much arsenic-74 is left in the
body after 54 days?
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Solution
54 days / 18 days = 3 half-lives elapsed
(1/2)3 = 0.125 < amount remaining after three half-lives
2.30 mCi x 0.125 = 0.2875 mCi
to three sig figs, 0.288 mCi
Problem 39
Assume that today there is 10 grams of substance, while 1000 years ago there
was 100 grams of it. If there is 15 grams of substance today, how much will
there be 600 years from now?
Solution
1) What is needed is the length of the half-life.
10 g / 100 g = 0.1 < this is the decimal amount remaining after 1000 years
(1/2)™ = 0.1 « where n is the number of half-lives needed to elapse to give
0.1 remaining
n log 0.5 = log 0.1
n = 3.321928 half-lives
1000 yr / 3.321928 = 301.03 yr
2) Now, we turn to the 15 g sample. We need to know how many half-lives
have elapsed
600 yr / 301.03 yr = 1.99316 half-lives
(1/2)199316 — (251188 < that’s the decimal amount remaining after 600
years.
15 gisto 1 as xis to 0.251188
x=38¢g
Problem 40
A radionuclide, cobalt-60, has a half-life of 5.27 years. How many hours
would it take for the activity to diminish to one-thirty-second (3.125%) of
its original value?
Solution
(1/2)™ = 0.03125
n log 0.5 = log 0.03125
n = 5 (this is how many half-lives have elapsed)
9.27 x 5 = 26.35 years
You may convert years to hours.
Problem 41
Cf-249 is bombarded with an isotope of oxygen to produce Sg-263 and 4
neutrons. Write the full equation for this reaction.
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Solution
1) Write what we know:

3001 +710 i Sg-+ ahn

2) Determine the mass number:

249 + 77 =263 + 1+ 1 + 1 + 1 (just emphasizing 4 neutrons)
77 =18

3) Write the full equation:

5°Cf+1% 0 =16 Sg+4gn

4) The short form:

400550, 4o
5) Some comments:

(a) the equation in this question is the discovery equation for element
106. It was discovered by a team led by Albert Ghiorso, the discoverer (or
co-discoverer) of 12 elements, ranging from element 95 to element 106.

(b) "Nuclear Reactions and Synthesis of New Transuranium Species" is
a survey written by Glenn Seaborg in 1983. Seaborg led the work in tranu-
ranium elements, discovering plutonium in 1940 but not publishing his work
until 1948 (due to WWII-related secrecy). Seaborg shared the 1951 Nobel
Prize in Chemistry for this work.

(c)In response to a question, Seaborg stated that his personal opinion
was that his doctoral advisor, Gilbert Newton Lewis, had committed suicide
and not due to a laboratory accident. By the way, Seaborg was the one to
find the body.

Problem 42

Convert 1 amu to MeV 7

Solution

1) Determine mass of 1 amu (in kg):

By definition, the mass of 1 atom of C-12 is 12 a.m.u
Therefore, the mass of one mole of C-12 atoms is, by definition, 12 g
Avogadro’s Number is 6.0221409 x 1023 mol !
12 g/mol / 6.0221409 x 10?3 mol~11 = 1.9926468 x 10723 g (mass of one
atom of C-12 in g)
(1.9926468 x 10723 @) (1 kg / 1000 g) = 1.9926468 x 10726 kg (mass of one
atom of C-12 in kg)
1.9926468 x 10726 kg/atom / 12 amu/atom = 1.660539 x 10~27 kg/amu (this
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is the mass of 1 amu)

2) Use Einstein’s mass-energy equation to determine Joules in one amu:
E = mc? E = (1.660539 x ~27 kg) (2.99792458 x 108 m/s)?
E = 1.49242 x 10719 kg-m?/s? (this is Joules)

3) Convert J to eV, then MeV
1 eV = 1.60217733 x 10719 J
1.49242 x 10710 J / 1.60217733 x 1071 J/eV = 931494893 eV
(931494893 ¢V) (1 MeV / 106 eV) — 931.494893 MeV
Often, 931.5 MeV is the value used in problem solving.

4) 931.5 MeV is the energy in one amu. Is it possible to express the mass
of one amu using MeV in some way? I'm glad you asked:
E = mc?
931.5 MeV = mc?
m = 931.5 MeV /c?
The use of 931.5 MeV /c? for the mass of 1 u is wide-spread. So much so that
the c? is often not written and you must infer its presence by context.

5) To sum up:
1 u=931.5 MeV (expressed as energy)
1 u = 931.5 MeV/c? (expressed as mass)
In solving problems, you may see this unit:
931.5 MeV /u-c?
read it as 931.5 MeV /c? per 1 u

By the way, if you look around the Internet, you will find values different
than the 931.494893 value I calculated. This is because different authors will
use values that they have rounded off differently than the ones I used.

For example, I used 1.660539 x 10—27 kg for the mass of 1 amu. Often,
you will see it as 1.66 x 10727 kg.

The cumulative effect of these rounding off decisions will be seen in
slightly different answers from different authors.

Problem 43
Calculate the energy released when the following fission reaction occurs:

PU +hn 44! Ba+§ K+ 3o+

Discussion:
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Some of the mass at the start (the U-235 and the neutron) will disappear
during the fission. We have to subtract the total mass on the right-hand side
from the total mass on the left-hand side. We will then use Einstein’s mass-
energy relation (E = mc?) to calculate the energy generated in the fission.
Report the value in MeV (megaelectron volts).

By the way, electrons are completely ignored. This is because the number
of electrons remains constant on both sides of the reaction arrow.
Solution
1) Since the text of the example provides no data whatsoever, we must do
some looking up. I have decided to start with the masses in unified atomic
mass units:

Nuclide Mass(u) Nuclide Mass(u)
235U 235.04393  ['Ba  140.914411
in 1.008665  92Kr  91.926156

2) Left-hand side:
235.04393 + 1.008665 = 236.052595 u

3) Right-hand side:
140.914411 + 91.926156 + (3)(1.008665) — 235.866562 u

4) The difference (known as the mass defect):
236.052595 - 235.866562 = 0.186033 u

From here, we can go a long way (steps 5 to 8) or a short way (step 9).
It all depends on what you are given and what the teacher wants.
1 u = 1.6605402 x 10727 kg

6) Convert u to kg:
(0.186033 u) (1.6605402 x 10727 kg / u) = 3.08915275 x 10~ kg

7) Use Einstein’s mass-energy conversion:

E = mc?

E = (3.08915275 x 10728 kg) (2.99792458 x 10® m/s)?
E=27764x 10711 J
I used Joules because the unit kg-m?/s? is the unit for Joules.

8) Last calculation is to convert J to MeV.
1J = 6241506479963.2 MeV
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(2.7764 x 10711]) (6241506479963.2 MeV / J) = 173.3 MeV

9) This is the shorter way:
1 u = 931.494893 MeV / ¢?
(0.186033 1) (931.494893 MeV / u-c?) = 173.3 MeV /c?
Problem 44
Calculate the energy (in both J and MeV) released in the fusion reaction
between deuterium and tritium. The reaction produces helium-4 and a neu-
tron.
Solution
1) The first thing to do is write the reaction

SH43 H =3 He+{n+Q

2) Secondly, we need the atomic masses of each nuclide:

Deuterium 2.014101778 u

Tritium 3.016049282 u

Helium-4 4.002603254 u

neutron 1.008664916 u

3) Add the two reactants and the two products, then compute the difference:
(2.014101778 + 3.016049282) - (4.002603254 + 1.008664916)

5.03015106 - 5.01126817

0.01888289 u <—this is known as the mass defect

3) Next, we need to convert the mass defect (in atomic mass units) to
kilograms. The conversion factor is 1 u = 1.6605402 x 10727 kg.
(0.01888289 u) (1.6605402 x 10727 kg/u) = 3.1355798 x 10~ kg
4) Use Einstein’s famous formula to calculate the energy:

E = mc?
E = (3.1355798 x 10~2% kg) (299792458 m/s)?
E = 2.8181186 x 10712 J

5) To determine the answer in MeV (megaelectron volt), we use the con-
version factor of 1 J = 6.24150648 x 10' MeV.
(2.8181186 x 10712 J) (6.24150648 x 10'2 MeV / J) = 17.589 MeV

6) The kJ/mol has been used for the energy amount. My value of 17.589

MeV is for the reaction of one nuclide of H-2 with one nuclide of H-3 whereas
his is for a mole of nuclides. The author does a fission example as well.
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3.4.1 Half-life problems involving carbon-14

Problem 01

A chemist determines that a sample of petrified wood has a carbon-14 decay
rate of 6.00 counts per minute per gram. What is the age of the piece of
wood in years? The decay rate of carbon-14 in fresh wood today is 13.6
counts per minute per gram, and the half life of carbon-14 is 5730 years.
Solution

1) Determine decimal fraction of C-14 remaining:

6.00 / 13.6 = 0.4411765

2) Determine how many half-lives have elapsed:

(1/2)™ = 0.4411765

n log 0.5 = log 0.4411765

n = 1.18057

3) Determine length of time elapsed:

5730 yr x 1.18057 = 6765 yr

Problem 02

The carbon-14 decay rate of a sample obtained from a young tree is 0.296
disintegration per second per gram of the sample. Another wood sample
prepared from an object recovered at an archaeological excavation gives a
decay rate of 0.109 disintegration per second per gram of the sample. What
is the age of the object?

Solution

1) Determine decimal fraction of C-14 remaining:

0.109 / 0.296 = 0.368243

2) Determine how many half-lives have elapsed:

(1/2)™ = 0.368243

n log 0.5 = log 0.368243

n = 1.441269

3) Determine length of time elapsed:

5730 yr x 1.441269 = 8258 yr

Problem 03

The C-14 content of an ancient piece of wood was found to have three tenths
of that in living trees (indicating 70% of the C-14 had decayed). How old is
that piece of wood?

Solution

1) Determine decimal fraction of C-14 remaining:

0.300 (from text of problem)

2) Determine how many half-lives have elapsed:

(1/2)™ = 0.300

n log 0.5 = log 0.300

n = 1.737

3) Determine length of time elapsed:

5730 yr x 1.737 = 9953 yr
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Problem 04

Carbon-14 is used to determine the age of ancient objects. If a sample today
contains 0.060 mg of carbon-14, how much carbon-14 must have been present
in the sample 11,430 years ago?

Solution

1) Determine half-lives elapsed:

11,430 / 5730 = 1.9947644

2) Determine decimal fraction remaining:

(1/2)1.9947644 = x

x = 0.25091

3) Use a ratio and proportion to find C-14 present in the past:

(0.060 mg / 0.25091) = (x / 1)

x = 0.239 mg

Problem 05

All current plants have a C-14 count of 15.3 cpm. How old is a wooden
artifact if it has a count of 9.58 cpm?

Solution

1) Determine decmal fraction remaining:

9.58 / 15.3 = 0.6261438

2) Determine half-lives elapsed:

(1/2)™ = 0.6261438

n log 0.5 = log 0.6261438

n = 0.675434

3) Determine number of years:

9730 years x 0.675434 = 3870 years

Problem 06

Using dendrochronology (using tree rings to determine age), tree materials
dating back 10,000 years have been identified. Assuming you had a sample
of such a tree in which the number of C-14 decay events was 15.3 decays per
minute before decomposition, what would the decays per minute be in the
present day?

Solution

10,000 yr / 5730 yr = 1.7452 half-lives

(1/2)1:752 = (.2983 (this is the decimal amount remaining)

15.3 times 0.2983 = 4.56 (rounded off to three sig figs)

Problem 07

A mammoth skeleton has a carbon-14 decay rate of 0.0077 disintegrations
per second per gram of carbon. How long ago did the mammoth live? (As-
sume that living organisms have a carbon-14 decay rate of 0.255 s~ g~! and
that carbon-14 has a half-life of 5730 y.)

Solution

0.0077 / 0.255 = 0.030196

(1/2)™ = 0.030196

n log 0.5 = 0.030196
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n = 5.0495
(5730 y) (5.0495) = 28933.635 y
29000 y seems a reasonable answer to report

Comment: the skeleton itself was not dated by C-14 since no organic
material remains in the bones. However, organic material the skeleton was
buried in was dated or perhaps food in its stomach was dated (which has
happened).

Problem 08

All living things have a steady state C-14 activity of 15.3 atoms min—! g1,
Suppose a sample of cloth from an archeological site shows an activity of
0.372 atoms min~! g~!. How old is the cloth?

Solution

0.372 / 15.3 = 0.0243137 (this is the decimal amount of activity remaining)
(1/2)™ = 0.0243137

n log 0.5 = log 0.0243137

n = 5.362 (this is how many half-lies have passed)

(5730 yr) (5.362( = 30724.26 yr

Problem 09

The smallest C-14 activity that can be measured is about 0.20%. If C-14 is
used to date an object, the object must have died within how many years?

Solution

In decimal form, 0.20% is 0.0020. This is the amount remaining.

(1/2)™ = 0.0020

n log 0.5 = log 0.0020

n = 8.9658 < this is how many half-lives have elapsed

(5730 yr) (8.9658) = 51374 yr

Problem 10

How long will it take for 25% of the C-14 atoms in a sample of C-14 to decay?
Solution

25% decay means 75% remains

(1/2)™ = 0.75
n log 0.5 = log 0.75
n = 0.415

(5730 yr) (0.415) = 2378 yr
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Chapter 4

Electronic Structure of the
Atom

4.1 Important Concepts and Course Review
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4.2 Exercise Statements

Exercise 01
When a light radiation with a wavelength of 350 nm strikes a sodium (Na)
metal surface, electrons are emitted with kinetic energy equal to 1.3 eV.
- Calculate the initial frequency of sodium.
- Calculate the work required to extract one mole of electrons from sodium.

Exercise 02
A cesium photoelectric cell is successively illuminated by two radiations with
frequencies v; = 42857 x 10'° 57! and o = 55556 x 10! s~1. The energy
required to extract an electron from this metal is Fy = 3 x 10719 J.

e (Calculate the threshold frequency vy.
e Under what conditions does the photoelectric effect occur?

e In the case of the photoelectric effect, calculate the maximum velocity
of the electrons ejected from the metal.

Data: ¢ = 3 x 10® m/s; h = 6.62 x 1073* J.s; m= 9.1x1073! Kg; e =
1.6 x 10719 C.

Exercise 03
In the emission spectrum of hydrogen, two cases are represented in the fol-
lowing figure:

n+2
A Ay
A 4 n+1

v
=}

Figure 4.1: Hydrogen emission spectrum

The wavelength of the limit line is 820.8 nm.
1. Calculate n.

2. Which series does it belong to?
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3. Calculate the value of As.

Data: Ry = 1.09700 x 10" m™%; A = 6.62 x 10734 J.s; ¢ = 3x10% m/s.

Exercise 04
I. According to Bohr’s theory, there are only a certain number of possible
electron energy levels in the hydrogen atom.

1. Calculate in eV the energies corresponding to the first 4 levels and
represent them schematically on a scale (maintaining the scale).

2. Calculate the radii of these orbits.

3. What is the minimum amount of energy that an hydrogen atom must
absorb to transition from the ground state to the excited state? If this
energy is provided in the form of light, what is the wavelength of the
required radiation?

II. An hydrogen atom in its ground state absorbs a photon with a wavelength
A =974 A . What is the energy level of the electron after absorption?

III. Consider the hydrogen-like ion He™t, and the transition from n; = 1 to
ng = 2 results in a wavelength of 30.3 nm.

1. Calculate Rp.+, deduce a relationship between Ry and Rpy.+, as well
as the atomic number of He™.

2. Calculate the energy of the fundamental level of the He™ ion in Joules
and eV.

3. Calculate the ionization energy of the hydrogen-like ion from its ground
state.

Exercise 05
Consider a hydrogen atom in an excited state (n=4). Among all the paths
that allow it to return to its ground state, we consider 2 cases:
- one accompanied by the emission of a single photon with frequency v1;
- one accompanied by the emission of 3 photons (frequencies v, v3, and vy
successively).
a- Deduce the transitions that occur in both cases, specifying the values of
the corresponding wavelengths A1, Ao, A3, and A4.

b- Is there a relationship between v; and the sum (vo + v3 + 1v4)? If yes,
explain what it is. Given: Ry = 109677 cm~!.
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Exercise 06
The energy of a hydrogen atom can be expressed as:

E, = Eg (Eg = -13.6 €V = energy of the ground state of the hydrogen
atom).

Consider the hydrogen atom and the hydrogen-like ion U%'* (U = ura-
nium).

1- Establish the relationship between the ionization energies of these two
hydrogenoids and calculate them. Was this result predictable?

2- Establish, as a function of Z (nuclear charge) and Ep, the expres-
sion for the wavelength of the radiation that can cause a transition from
the ground state to the first excited state. Calculate for hydrogen and the
hydrogen-like ion U?'* and compare the results obtained.

Data: 1 eV = 1.6 x1071%; ¢ = 3 x108 m/s; h = 6.6 x10734.

Exercise 07

a. In a Balmer series of the hydrogen atom, the frequency of the line corre-
sponding to the shortest wavelength is: v = 8.227x 10 s~!. Calculate
the Rydberg constant.

b. A light radiation with a wavelength A = 0.1 x 10~%m causes the ionization
of a hydrogen-like atom from its ground state.

1. Calculate the atomic number Z and the ionization energy of this
atom.

2. Calculate the electron’s orbit radius for this atom, which is in the
first excited state, using the Bohr model.

Data: Bohr radius: ag = 0.53 j&; Planck’s constant: h = 6.62 x
10734].s

Exercise 08
The values of excitation energy for the hydrogen atom are: 12.99; 12.69;
12.03; 10.15 eV. The value of ionization energy is 13.54 eV. Express the en-
ergy values of the electron at different levels in eV, and deduce that these
experimental results confirm Bohr’s theory.

Exercise 09
The study of the photosynthesis of green plants shows that eight quanta
of red light (A = 685 nm) are required to release a molecule of dioxygen
due to the oxidation of water. After briefly recalling what photosynthesis
consists of, calculate the energy efficiency of this oxidation, knowing that the
electrical work required for the photooxidation is 470 kJ/mol.
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4.3 Exercise Solutions

Exercise 01
a) The total energy resulting from the photoelectric effect is equal to the
sum of the initial energy (when the radiation hits the metal) and the kinetic
energy of the emitted electrons.
n(5)-F
hvy — E N e
Let: BE = By + E, hv = hg + E. = 1y = ”h ¢ _ Ah
E, 3 x 108 1.3x 1.6 x 1071

o N =5.43 x 10Ms7!
350 x 1079 6.62 x 1034 i’Vo 5.43 x 10™*s \

4]

= ¢
A
b) The work required to extract 1 mole of electrons is: W = A hyy
= W = 6.023 x 10% x 6.62 x 1073 x 5.43 x 10 = | W = 2.16 x 10° Joules|

Exercise 02
1) The photoelectric effect occurs only if v > vy, where vy is the threshold
Ey 3x 101

frequency. vy = 7 = W = |y = 45317 x 1010 S_l

2) In the case of the photoelectric effect: 14 > 1y > v
- When v; < 1y, there is no photoelectric effect.
- When 15 > 1y, there is a photoelectric effect.

3) Calculation of the speed of electrons: E. = hv — hiy
%va = hvy — Ej
1}2 _ 2(hl/2 — Eo)

m
2[(6.63 x 10734 x 55556 x 10'%) — 3 x 10719
2 _ _ 5
v = 01 % 10-31 = | Speed = 3.873 x 10° m/s

Exercise 03
1) Transition:
n=auodo i) n
n+2 22041
A1 = 820.8 nm = A\ = 820.8 ?z 10~ 9m
1 1 1 i
)\I—RH<n2—O> :>/\71_?
=n?=X\ xRy = n?>=8208x107? x 1.09 x 107 =9 = (Paschen
series)

2) Calculation of \a:
n+2—5

When n =3 = As
n+1l-">14

Ao 42 52 A

1 1 1 1
ZRHX< >:>:0.025><107m_1:> do=4x10"6m
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Exercise 04 )
VA
I. 1) We have E,, = —5 X Fi with F; = —13.6 V.
n
When Z=1,n=1= E; =-13.6 €V.

The energies for the first four energy levels are: E1(n = 1), Fy(n =2), E3(n =

3), and E4(n =4)

1
n=2=Fk = 1 x 13.6 = -3.40 eV
1
n=3=Bs=|(;)x136=-151eV .
1 Es
n=4=FE4= 16>><13.6:0.856V E
E1

=4

E+-E1

1=3

n=2

T Ex-Er
n=1

Figure 4.2: Schematic representation of energy levels

n2

2) Calculation of the radii of the orbits. n=1= 1 = -

,

r=0.53%x10"19 m = 0.53 A
2

\

n=2=ry= <i> x (0.53 A) = 2.12 A
n=3=ry= <31> x (0.53 A) = 4.77 A

4 o o
n=4=ry= <1> x (0.53 A) =848 A

3) It is clear that (Ey — Ey) > (E3 — E1) > (B2 — Ey)
= The smallest absorbed energy is AE = Fy — F1 = 10.21 eV

Wavelength

h-v _ 6.63x107% .3 x 10

AE =102leV = AE = % (AE = hv) A=

=[A=12x10"m|
I1. Transition
ny =1 i> ng
A =974.00 x 1072 m
1 R 11
T <<n1>2 )
1
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1
= N9 = 1
1= 974 x 10-10 x 1.09786 x 107
=|ng =4
II1.

1) Het :ny=1—ny =2

IR S ( 11 >
N Het () (na)?

1
30.3 x 1079 x (1 — 4)

= | Rye+ ~ 4.4 x 107m ™1

= RHe+ =

1 R < 1 1 )
We have )\ffHeﬁ e\ ()2 (?2)2

= (Zyet)> x R -—
(Zget)® X R ((n1)2 (n2)2>
Ry, 44x107
Ra 1.1 x 107

AH ot

= RH@“' = (ZH6+)2 X Ry = (ZH6+)2 =

[ =2

2) Ground state energy:

ni=1— Ej(Het) = (2(51;2)2 x E1(H)
2

2
Ei(Het) = T (—13.6 V) = | E1(He") = —54.4 eV

= | E1(Het) = —90.30 x 1019 joules

4) Ionization energy:
EZ'(H€+) = Eoo - El(H€+)
= FE;(He") = —FEj(He") =544 ¢V

Exercise 05
a- In the first case, it is a transition from 4 to 1. In the second case, it
involves the successive transitions 4-3, 3-2, 2-1 (these integers correspond to
the principal quantum numbers characterizing the different energy levels).

1 1 1
We determine the wavelengths using: N RH<—2 — ﬁ)
1 2
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Numerical application:
1 =4-1 =97.26 nm
2 =4-3 =18.75 nm
3 =3-2=06564nm
4 = 2-1 = 121.57 nm.

b- By directly writing the energy differences of the considered levels, we
have:
Eq - E1 =(E4 - E3)+(E3 - Eg) + (Eg - Eq)
So: hvy = hvy + hyg + hyy
This explains the simple relationship between the frequencies: v; = 19 + 3
+ vy

Exercise 06
1- E, = (Z2/n2)EH (Eg = -13.6 V)

(utoty —

E[ = Z2 X EI(H)

(U9l

E; .. =13.6eV
= (H)
E; =1.15 x 10°eV

(U9l

These results are predictable because Z 1 E I ydrogenoid) T

2 AE = Ey- By = (3/4) 22 By = 1
C

i " he
72 " Z(3/4)Eg
H —A=1210 A
= o
U—A=0.14 A

= |A=

Ag — UV
Ay — X —ray

Exercise 07
a. Calculation of the constant Rp:
According to the Balmer equation, the wavelength of a light radiation is
given by: . .
T T
The smallest wavelength corresponds to the highest energy value, i.e., at the
limit no = 0o and nq = 2

Ry

1
hich yields — = — =
which yie s)\ 1 = Ry

4 4 x 8227 x 1014

el 3% 10°
= | Ry = 1.096 x 107 m~!

>




b.
1. Tonization from the ground state:

4 4
=Z= \/A X Ry \/0.1 x 1079 x 1.096 x 107
=
Tonization energy
Ei = hv
6.62 x 10734 x 3 x 108
E; =

0.1 x 1079
2. First excitation: n=2

=19.86 x 107167

4
r:ao%:0.53x§

=|r=1.06A

Exercise 08
We are given the energy variations between consecutive levels AF,_,, 1 as
follows:

AFi_5=10.15=W; — Wk
Wy, =10.15+ W,

Wy, =10.15 — 13.34

=W, =-339 eV

Similarly, we obtain:
Wy =—151eV| Wy =—085eV| |Wo =—0.55 eV

Verification of these results according to Bohr’s theory: the total energy

of an electron in a level of rank n is:

K
W=-—3

13.54
n=2; Wr = - = —3.385 eV

n=3;Wy =-150eV
n=4;Wy=-0.85¢eV
n=>5,Wy=—-0.54eV

The experimental results confirm Bohr’s theory.

Exercise 09
During plant photosynthesis, carbon dioxide is reduced to glucose, and wa-
ter is oxidized to dioxygen Og. This occurs in the chloroplasts of green
leaves when exposed to light. This transformation is the opposite of glucose
combustion.

i)



Photosynthesis, like all photochemical processes, is not thermodynami-
cally favorable (free enthalpy of reaction: A,G > 0) and draws the required
energy for its progress from absorbed light energy.

The energy of a quantum of light with wavelength A is:

hxc
D)

— The electrical work required for the production of one molecule of dioxygen
by water oxidation according to:

E

2H,0 — O9 + 4H* + 4e~

is W/ (on the elementary scale, .4 being Avogadro’s constant).

— The absorbed energy is that of eight quanta, i.e., 8 x E.

— The energy efficiency (denoted by Rdt) is the fraction of the provided
light energy actually used by the oxidation reaction, i.e.:

W/ Ax W

Rdt:SxEZSthCxJV

Note. Efficiency is expressed as the ratio of a quantity’s value (energy,
mass, amount of substance, etc.) to its maximum value, and it is used to
compare the two values. Efficiency has no unit and is between 0 and 1. It is
customary to multiply it by 100 to express it as a percentage.
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4.4 Problems

Problem 01

What is the frequency of electromagnetic radiation having a wavelength of
210.0 nm?

Solution

1) Convert nm to m:

210.0 nm x (1 m / 10° nm) = 210.0 x 107? m

We can leave it right there or convert it to scientific notation:

2.100 x 107" m

Either way works fine in the following calculation. Check with your teacher
to see if they have a preference. Then, follow their preference.

2) Use \v=c¢

(2.100 x 10~7 m) (v) = 3.00 x 10® m/s

v=3.00 x 10® m/s divided by 2.100 x 10~" m

v=1.428 x 10'° s~!

Problem 02 .

What is the frequency of violet light having a wavelength of 4000 A 7
Solution i

The solution below depends on converting A into cm. This means you must

remember that the conversion is 1 A = 1078 cm. The solution:

Av=c

(4000 x 1078 c¢m) (v) = 3.00 x 10*° cm/s < note use of cm/s rather than
m/s

v ="7.50x 10M s7!

Notice how I did not bother to convert 4000 x 10~® into scientific notation.
If T had done so, the value would have been 4.000 x 107°. Note also that I
effectively consider 4000 to be 4 significant figures.

Comment: be aware that the range of 4000 to 7000 A is taken to be the
range of visible light. Notice how the frequencies stay within more-or-less
the middle area of 104, ranging from 4.29 to 7.50, but always being 104, If
you are faced with this calculation and you know the wavelength is a visible

one (say 5550 f‘x, which is also 555 nm), then you know the exponent on the
frequency MUST be 104, If it isn’t, then YOU (not the teacher) have made
a mistake.

Problem 03

What is the frequency of EMR having a wavelength of 555 nm? (EMR is an
abbreviation for electromagnetic radiation.)

Solution

1) Let us convert nm into meters. Since one meter contains 10° nm, we have
the following conversion:

555 nm x (1 m / 10° nm)

555x 107 m = 5.55 x 107" m

7



2) Inserting into Av = ¢, gives:

(5.55 x 107" m) (x) = 3.00 x 108 m s~}

x =540 x 10" 7!

Problem 04 .

What is the wavelength (in both cm and A) of light with a frequency of 6.75
x 10 Hz?

Solution

The fact that cm is asked for in the problem allows us to use the cm/s value
for the speed of light:

(x) (6.75 x 10 s~1) — 3.00 x 10'° cm 57!

X =444x107% cm

Next, we convert to A:

(4.44 x 107° ¢m) x (108 A / 1 cm) = 4440 A

I could also have used (1 A / 108 ¢cm) for the conversion. I have a practice
of putting the one with the larger unit (the cm in this case) and then figuring

out how many of the smaller unit (the ;&) there are in one of the larger unit.
Problem 05

Which of the following represents the shortest wavelength?

(a) 6.3 x 107° cm

(b) 7350 nm

() 3.5x10%m

Solution

1) Convert the wavelengths such that they are all the same unit. I choose to
convert to nanometers and will start with (a):

(6.3 x 107 c¢m) (10° nm / 10? ¢cm) — 630 nm

One immediate conclusion is that (b) is not the correct answer.

2) The conversion for (c)

(3.5x107% m) (10% nm / 1 m) = 3600 nm

(a) is the correct answer.

Problem 06

(a) Identify Av = ¢ as either a direct or inverse mathematical relationship.
(b) Do the same for E = hv.

(c) Write a mathematical equation for the relationship between energy and
wavelength.

(d) Identify the equation for (c) as either direct or inverse.

Solution

(a) A\v= c is an inverse relationship. As one value (say the wavelength) goes
up, the other value (the frequency) must go down. Why? Because the prod-
uct of the two must always equal the same value, ¢, which is a constant.
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(b) E = hv is a direct relationship. As the frequency increases, so does
E. Why? Because h remains constant. Notice that in this equation the two
quantities which can change (v and E) are on DIFFERENT sides of the
equation whereas in the inverse relationship in (a), both A and v are on the
same side, with the constant on the opposite side.
(c) Rearrange the light equation thusly:
v=c/A
Substitute for v in E = hw:
E = hc / A < use this equation when asked to calculate E after being given
the wavelength.
Rearrange to group the variables and the constants:
EX = he
(d) The mathematical relationship is an inverse one. Note the equation’s
similarity to Av = ¢, with two values that can vary on the left side and a
constant (h times ¢) on the right.
Problem 07
How many Joules of energy are contained in a photon with A\ = 550 nm?
How many kJ/mol of energy is this?
Solution
1) Use v = ¢/ to get the frequency:
v =(3.00 x 105 m s71) / (550 x 1072 m)
v=5.4545 x 10M s~ 1.
I left a couple guard digits in the answer. Also, notice that the wavelength
is not in scientific notation. This is because [ made a silent conversion from
nm to m. I didn’t bother to convert it because it wasn’t needed. be careful,
your teacher may want you to have all numbers in scientific notation.

2) Now use E = hv to get the energy:
E = (6.626 x 10734 J s) (5.4545 x 10 s71)
E=3614x10"1]
This is the energy for one photon.

3) The last step is to find the kilojoules for one mole and for this we use
Avogadro’s Number:
Dividing the answer by 1000 to make the change to kilojoules, we get 217.6
kJ/mol

A slightly different way would be to use EA = hc (with the wavelength in
meters) and solve for E, then multiply the answer times Avogadro’s Number.
Finally, divide by 1000 to get kJ/mol.
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Problem 08
How many kJ/mol (remember: mol means mole of photons) of energy is
contained in light with a wavelength of 496.36 nm?
Solution
1) Convert 496.36 nm to meters:
496.36 nm times (1 m / 10° nm) = 496.36 x 107 m
2) Use EA = hc
(E) (496.36 x 107 m) = (6.626 x 1073* J s) (3.00 x 108 m s7!)
E =4.0048x 10717 J
3) Multiply by Avogadro’s Number:
4.0048 x 10719 J times 6.022 x 10?3 mol~! = 241166 J /mol
241 kJ/mol (to three sig figs)
Problem 09
What is the energy of a photon of green light with a frequency of 5.76 x 104
s~ L.
Solution
x = (6.626 x 10734 J 5) (5.76 x 10™ s71)
x=1382x1071)J

Comment: all frequencies of visible light will have an energy in the 1019
J range of values. If you wish to, you may calculate this for yourself. The
wavelength range of visible light is taken to be from 400 nm to 700 nm. This
translates (more-or-less) to a range from 5 x 1071 J down to 3 x 10719 J
Problem 10
When excited, some atoms produce an emssion with a frequency of 7.25 x
1012 Hz.
(a) calculate the energy, in Joules, for one photon with this frequency.
(b) calculate the energy, in kJ/mol.
(c) Is this light visible? Why or why not?
Solution
Comments on the solution:

(a) use E = hv
(b) use Avogadro’s number as well as the answer from (a). Make sure to
convert from the J value (which is what you’ll calculate) to the kJ value.
(c) Calculate the wavelength using A\v = ¢. What you need to do is com-
pare the wavelength you calculate to the commonly accepted range of visible
wavelengths, which is 400 nm to 700 nm. The wavelength you calculate will
probably be in meters, so you will need to convert it to nm, then compare.
Problem 11
Calculate the wavelength and frequency of a photon having the energy of
8.93 x 101% J /mol.
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Solution
1) Determine the energy of a single photon:
8.93 x 101% J/mol / 6.022 x 10?3 photon/mol = 1.4829 x 10~23 J/photon
2) Determine the frequency of the photon:
E =hv 1.4829 x 10713 J = (6.626 x 10734 J 5) (v)
v=1.4829x 10713 J /6.626 x 1073 J s
v=2.238 x 10?0 571

I'll leave it unrounded. If you were reporting this value to a teacher, you
would report 2.24 x 10?9 7!

3) Determine the wavelength of the photon:
AV =c
() (2.238 x 10%° s71) = 3.00 x 108 m/s
A= 3.00 x 108 m/s / 2.238 x 1020 571
A=134x10712m

By the way, this is a very short wavelength. Visible light wavelengths
are mostly in the 10~7 m region.

4) Often, the wave length is asked for in nanometers:
(1.34 x 1072 m) (10° nm / 1 m) = 1.34 x 1073 nm
Or, A = 0.00134 nm
5) Often, the region of the electromagnetic spectrum is asked for.
Problem 12
The radioactive isotope Thallium-201 is used in medical diagnosis and treat-
ment. A gamma ray emitted by an atom of Thallium-201 has an energy of
0.1670 million electron-volts. (1 MeV is 1 x 10° eV and 1 eV = 1.6022 x
10719 J). What is the frequency in Hz of this gamma ray?
Solution
The first part converts the MeV value into Joules:
0.1670 MeV — 0.1670 x 10% eV — 1.670 x 10° eV
1.670 x 10° eV times 1.6022 x 1071 J/eV = 2.675674 x 10714 J
use E = hu:
2.675674 x 10714 J = (6.6260755 x 1073* J s) (x)
x = 4.038 x 1019 57!
Problem 13
An argon ion laser puts out 4.0 W of continuous power at a wavelength of
532 nm. The diameter of the laser beam is 6.2 mm. If the laser is pointed
toward a pinhole with a diameter of 1.2 mm, how many photons will travel
through the pinhole per second? Assume that the light intensity is equally
distributed throughout the entire cross-sectional area of the beam. (1 W =
1.J/s)
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Solution
1) Convert nm to m:
532nm = 532x 107" m =532x 107" m
2) Determine energy of one photon at this wavelength:
EX = hc
E—=[(6626x1073*J5s) (3.00x108ms1)]/532x107" m
E = 3.736466 x 10719 J
3) Determine power output in terms of photons:
4 Js™ /3.736466 x 10719 J per photon
1.07 x 10! photons per second.
4) Determine decimal percent pinhole is of total area of beam:
Area = 7r?
7(0.6)%/7(3.1)?
0.03746
5) Determine photons through pinhole in one second:
(0.03746) (1.07 x 10'9) = 4.01 x 107
Problem 14
Light of wavelengths shorter than 275 nm can be used to photodissociate the
hydrogen molecule into hydrogen atoms in the gas phase. A 60.0 mL glass
cylinder contains Ha(g) at 45.0 mtorr and 25.0° . What minimum amount
of light energy must be absorbed by the hydrogen in the tube to dissociate
38.0% of the molecules?
Solution
1) Determine how many hydrogen molecules are present:
PV = nRT
45.0 mtorr = 0.0450 torr
(0.0450 torr / 760.0 torr/atm) (0.0600 L) = (n) (0.08206 L atm / mol K)
(298 K)
n = 1.452788 x 1077 mol
(6.022 x 102 molecules/mol) (1.452788 x 10~7 mol) = 8.74869 x 106 molecules
2) Determine 38.0%:
(0.380) (8.74869 x 10'6 molecules) = 3.3245 x 106 molecules
3) Determine energy of one photon with a wavelength of 275 nm:
EX = he
(E) (2.75 x 1077 m) = (6.626 x 10734 J s) (3.00 x 108 m/s)
E = 7.22836 x 10712 J (per molecule of Hy)
4) Determine minimum energy required for the 38.0%:
(7.22836 x 10710 J) (3.3245 x 10'6) = 0.0240 J
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Chapter 5

Periodic Table of Elements

5.1 Important Concepts and Course Review
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Klechkowski’s Rule

The order of increasing energies of or-
bitals is the order of increasing values
of the sum (n + [). If two sublevels IS
correspond to the same sum value (n
+ 1), the sublevel with the smaller
value of n has the lower energy. This 2 ap ad a4
order corresponds to the order of as- % /
signment of sublevels to electrons. Ex- > / /Sd !
perience has shown that this rule has 6 6 od
some exceptions. The mathematical /

formula for Klechkowski’s rule is:
ns, (n-2)f, (n-1)d, np énersy

Pauli’s Exclusion Principle. Quantum Boxes

Two electrons of the same atom cannot have the same four quantum numbers.
This governs the representation of electrons in quantum boxes, a represen-
tation that allows the distribution of electrons based on the values of m in
a given sublevel. There are as many quantum boxes as there are possible
values of m; each can hold a maximum of two electrons with the same values
of n, [, and m, but with opposite spins. By convention, we write 1 for an
electron with ms = + 1/2 and | for an electron with ms = — 1/2.

Hund’s Rule

In the same sublevel, the most stable configuration (i.e., the ground state)
is obtained when the number of electrons with the same spin is maximal.
& Periods, Groups The periodic classification arranges elements in increas-
ing atomic number Z, in rows called periods, and columns called groups.
A period includes all elements whose outermost sublevel s has the same
energy level (the same value of n). The period is numbered with the value of
n for that level. Within the period, elements are arranged iteratively based
on the successive filling of ns sublevels and, depending on the atoms, (n —
2)f, and/or (n — 1)d, and/or np sublevels.

A group contains elements with the same external electron configuration.
To reduce congestion, there are 18 groups rather than 32; the elements from
levels n = 6 and n = 7, with incomplete f sublevels, are placed in two
additional rows (lanthanides and actinides).

& Evolution of Properties Within the Periodic Classification

e Atomic radii increase when moving down the classification and from right
to left. First ionization energies I; vary inversely with the radii.

e Element electronegativity increases when moving from bottom to top and
from left to right in the classification.

e Elements on the right side of the classification tend to form anions. They
are oxidizers. This property is pronounced for halogens and oxygen.

e Almost all metals tend to form cations. They are reducers. This property
is pronounced for alkali metals (group 1) and alkaline earth metals (group
2).
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5.2 Exercise Statements

Exercise 01
Can the quantum numbers n, [, and m; have the following values together?
If yes, which subshells do they characterize?

n I my n 1 my
a) 2 0 0 f) 5 3 =3
b) 4 1 =2 g 4 2 2
c) 3 1 -1 h)y 2 3 3
d 4 -1 0 i) 3.0 0
e) 2 0 -1 j) 5 2 =2

Exercise 02
Consider three elements from the 4th period, each having an outer electron
configuration with 3 unpaired electrons.

1.

2.

Write the complete electron configurations of each of these elements
and determine their atomic numbers.

Determine the atomic number and give the electron structure of the
element located in the same period as iron (Z=26) and belonging to
the same family as carbon (2=6).

Exercise 03
Consider the elements: 99Cu; 35Br; 4oMo; and 54Xe.

1.
2.

Provide the electron configurations of these elements.

Place these elements in the periodic table.

Which of these elements are transition metals?

Which element is chemically inert, and indicate its outer structure.

Assign, explaining the values of first ionization energies (PI) and elec-
tronegativities of the following elements: Cu, Br, Mo.

PI(eV) 7.7 11.8 7.2
Electronegativity 1.9 2.8 1.8

An element belongs to the sixth period and group IVp. What is its
structure? Provide its atomic number.
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Exercise 04
Consider the following elements: 1osMg; 27Co; 145i; 385t

1. To which row and group do these elements belong?

2. Find the variation in radius, ionization energy, and electronegativity
of these elements and classify them in ascending order.

3. What is the atomic number of the 4" transition metal of the 15¢ and
ond geries?

Exercise 05

1. What is the electron configuration of magnesium Mg (Z=12) in the ground
state?

1.1. Is it an alkali metal? Justify.
2. Provide the 4 quantum numbers of valence electrons.
2.1. Calculate the first ionization energy.

Exercise 06
The electron configuration of the ion X3t is: [Kr| 4d'95s?5p!. Krypton is
the fourth noble gas.
1. What is the atomic number of X7 2. Provide the electron configuration
of the element belonging to the third period and group VIy4.

Exercise 07
1.) Provide the electron configurations of K(Z=19), F(Z=9), P(Z=15), and
Cl(Z=17).

2.) The ionic compound KTF~ has KT and F~ ions with practically
identical radii, about 0.134 nm. What can be qualitatively inferred about
the covalent radii of K and F?

3.) The covalent radius of P is 0.11 nm. What can be concluded about
that of C17?

Exercise 08
Consider the elements A, B, C, D, and E with respective atomic numbers:
Z-1,7,7+1, 47/3, and 2Z-1.
Given that element D belongs to the 4" period and group VIp:

1. Provide the electron configuration, atomic number Z, group, and period
for each element.

2. Assign, for each element, the corresponding first ionization energy from
the following values: 363, 100, 273, 300, 156 (Kcal/mol).
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3. Rank these elements in ascending order of atomic radius.
4. Among these elements, which are transition metals? Justify.

5. What is the most electropositive element and the most electronegative
element?

Exercise 09
A- Provide the configurations of the following elements and ions (correspond-
ing Z values are indicated in parentheses): Mo(Z=42); Mg(Z2=12); Zn(Z2=30);
Int++(Z=49), Srt+(Z=38).

B- Provide the first ionization energies E;; in Kcal/mole for elements in
the 2" period (Z values in parentheses):

Li(3) Be(4) B(5) C(6) N(7) O(8) F(9) Ne(10)
124 215 191 260 333 315 402 497

and for Group V4

N(7) P(15) As(33) Sb(51) Bi(83)
333 254 231 199 185

a- Explain the variations of this quantity in this period and group. Do you
observe any anomalies? Explain.

b- How can you explain that in Group V 4, the first ionization energy E;;
decreases less rapidly from P and even less rapidly from Sb.

c- How does atomic radius vary in this period and group?
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5.3 Exercise Solutions

Exercise 01

The impossibilities are as follows:

b) m; cannot be less than -1 since [ = 1.

d) [ can never have the value —1 (minimum: 0).

e) my can only be zero since [ = 0.

h) [ cannot be greater than | (maximum: n-1), and consequently, m; cannot
be equal to 3.

= a) 2s - b) impossible - ¢) 3p - d) impossible - e) impossible - f) 5f - g)
4d - h) impossible - i) 3s - j) 5d.

Exercise 02

1.) An element of the 4" period = n=4; the outermost shell is: 4s23d*4p¥
with 3 alone electrons = 3d3,3d", or 4p3

¢ 1522522p83s23p4s23d3 = 723

NI
¢ 1522522p63s23pf4s23d7 = 7Z=27
R E

¢ 1522522p83s23pf4s23d19%4p3 = Z—33

2.) o6Fe (Z=26): 15225%2p93s23p¥4s23d® = n=4 = the element belongs to
the 4th period.

The carbon family: ¢C: 1s?2s?p? = Group IV 4 = ...4523d'04p?

The configuration is: 1s?2s?2p%3s23p%4s23d194p? = 7—32

Exercise 03
Table related to questions 1 and 2

Element | Electron Configurations | Periods | Groups
Cu [Ar]4s'3d10 4 Ip
Br [Ar] 4s23d105p° 4 VII4
Mo [Kr]4s'4d® 5 Vip
Xe [Kr]5s24d105p® 5 VIII4

3. Transition elements: Cu, Mo.
4. The most chemically inert element is: 54Xe, hence its external electron

structure: 5s24d'05pb
5. Ionization energy decreases down the column; Ejcy Br) > Ei(aro)
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It increases across a period, so E;p, > Ficu
hence

E’iBT > EiCu > EiMo
11.8 7.7 7.2

Electronegativity follows practically the same variation as ionization energy.

XBr > XCu > XMo
2.8 1.9 1.8

6. An element belonging to the sixth period and Group IV has an external
electron structure: 6s25d2.

Hence the electron configuration: 1s%2s?2p%3s23p®4s23d104p®5524d105p®6s24f 14542

7=172 3 72HF
Exercise 04

1.) Determination of the period and group:

Element | Electron Configuration | Period | Group
Mg [Ne| 3s? 3 4
Co [Ar] 4523d7 4 Vg
Si [Ne] 3s23p? 3 IV 4
Sr [Kr] 552 5 4
2.)
IIy VIIIg IVy
3 Mg X St
4 Co
5 Sr

TSr > TMg > TSi

rSr > TCo > T'Si;

TMg > TX ,

TCo > TX = TMg > TCo

e

TSr > TMg > TCo > TSi

Figure 5.1: Variation of atomic radius in the periodic

table

Variation in ionization energy: IEg; > [Ec, > IEyg > I Eg,
Electronegativity variation: xs; > Xco > XMg > Xsr
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3.) Transition elements:

Row 1 ns?(n — 1)d*

Row 2 ns?(n — 1)d?

Row 3 ns?(n — 1)d3

Row 4 |ns?(n — 1)d* — nst(n — 1)d®
1%t series; n=4 — 4s'3d° (X)

274 series; n=>5 — 5s14d® (Y)

X: [Ar] 48'3d° = Z(X) = 24

Y: [Kr] 5st4d® = Z(Y) = 42

Exercise 05

1.) Electronic configuration of Magnesium 1oMg: 1522s522p%3s?

2.) Mg is not an alkali metal because alkalis have a structure: ns!

Alkaline Earth Metal (ns?)
3.) The valence shell is: 3s?

; Mg is an

n [ m s
352 = 3 0 0 +(1/2)
300 —(1/2)

3.1.) First ionization energy:
Mg — Mgt + le™

IE, =FEy - E; = E(Mg+) —
Mg*t: 1s%|25%2p%| 35
SN N

Mg: 1s?|2s5%2p°| 3s°
~ ~~ .
; E; B,

Ei1 K, E,

Enyg

’
ES

E(Mg) = 2E1 +8E3 + 2E3 E(Mg*) = 2E, + 8E, + E,

E; = E| and By = Ey =

IE, = Fy — 2F3

E3) — (2Ey + 8Ey + 2F3)

(28 + BE, +

because IE, =

15 - <$> < (Zeff 20 22 %y,)
Zeff (Mg) = Z Yo;
Zeff (Mg)= [(1 % 0.35) + (8 x 0.85) 4 (2 x 1)]
Zeff (Mg)—
BT
Zeff (Mg*) = 12 — [+(8 x 0.85) + (2 x 1)]
Zeff (Mg™) = 3.2
,(3.2)
= FEy = BE x (—13.6)

~—

IE, = K(??j; X (—13.6)> —2 X <(2(§>52>2 X
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Exercise 06
Kr: 1s22522p%3d104s24p5 — Z—=36 = X371 : 36 4+ 13 = 49
1) X3T +2 = X = Z(X)=49+3 =52
2.)
o Vgt } = 12ttt
Exercise 07
1.) Electronic configuration: 19K : 1s?2s?2p%3s23pf4s!
oF : 1522522p°
15P 1 1522522p%3s23p3
10C1 : 1522522pf3s23p°

2.) The cation has a smaller radius than the atom (reduction in the size
of the electron cloud); the anion has a larger radius than the atom:

rg > 0.134 nm

rg > 0.134 nm

3.) P and Cl belong to the same period. The atomic radius decreases
from left to right: r¢; < 0.11 nm

Exercise 08
1.) D: 1s%2522p53s23p®4s'3d® = {n—4, Group VI }

:>4><§:24:>Z:18

Element Electron Configuration Period | Group
A:7-1 = 181 =17 1522522p®3s23p° 3 VIIy
B: Z—18 1522522p®3s23p" 3 VIII4
C:Z+1 =19 1522522p%3s23pfas? 4 Ia

E: 27-1=35 1522522p03s23p63d104s24p® 4 VII4

2.) Tonization energy:
IEg >1FE > 1Eg > 1Ep > IEc
3.) Ranking of elements in ascending order of atomic radius

e < TITp <To <TIny <Tg <TIp <Tpe <Tp; <Iny <Trp<
TAs < I'Sp < I'pj

4.) D is a transition metal because the d subshell electrons behave as va-
lence electrons.

5.) Most electropositive: C (Alkali)
Most electronegative: A (Halogens)
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Exercise 09
- A) oMo : [Kr] 4d°5st 5 19Mg: [Ne] 3s%; 30Zn : [Ar] 3d19%4s?; 49In3T: [Kr]
4d'0 = 46Pd; 3gSr?t = 3¢ Kr:[Ar] 3d104s24pS

-B) In a quite general manner, within the same period, Zeff increases
from left to right = I; increases from left to right.

- Within the same group, the radius decreases from bottom to top = Ij
increases from bottom to top.

> Direction of I; increase in the
T/ periodic table

Anomaly: I;B < I[1Be, even though Zp > Zp. because the 2p electron
in B is more easily removed than the 2s electron in Be.

Furthermore, [;O < [1N even though Zp > Zx, because for N the half-
filled p state is more stable than the p state for O containing 4 electrons
(spin correlation effect).

a- [1 decreases within the same group from top to bottom, but it decreases
less rapidly from p onwards, and even less rapidly from Sb onwards, because
for the subsequent elements after p, the d electrons and the f electrons from
Sb also come into play (in the shielding effect between the nucleus and the
removed electron).

Direction of atomic radius increase in
the periodic table.

I'Ne <TI'p <TIo <IN <Tg <IB <TBe <TIp; <IN <Tp <
Tgs < Tgp < I'p;.
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5.4 Problems

Problem 01
Give the orbital designation (1s, 2p, 3d, etc.) of electrons with the following
combination of principal and azimuthal quantum numbers.

(a) n=1, =0
(b) n=2, (=1
(c) n=3, (=2
(d) n=5, ¢=3
(e) n=6, (=0
(f) n=4, (=2

Solution
A handy guide to the ¢ values and subshell /orbital names (s, p, d, f, and so
on) is this:

{— 01 2 3 4
subshell - s p d f g
(a) n=1, /=0

n = 1 tells us that the shell number will be 1.
£ = 0 tells us that it will be the ’s’ subshell.
The orbital designation is 1s.
(byn=2¢=1

n = 2 tells us that the shell number will be 2.
¢ = 1 tells us that it will be the 'p’ subshell.
The orbital designation is 2p.
(c)n=3,¢=2

n = 3 tells us that the shell number will be 3.
£ = 2 tells us that it will be the ’d’ subshell.
The orbital designation is 3d.
(d)n=5¢=3

n = 5 tells us that the shell number will be 5.
¢ = 3 tells us that it will be the ’f’ subshell.
The orbital designation is 5f.

(e)n=26,¢=0

n = 6 tells us that the shell number will be 6.
¢ = 0 tells us that it will be the ’s’ subshell.
The orbital designation is 6s.

fln=4,0=2

n = 4 tells us that the shell number will be 4.
¢ = 2 tells us that it will be the ’d’ subshell.
The orbital designation is 4d.
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Problem 02
For the quantum number ¢ values below, how many possible values are there
for the quantum number m,?
(a) 5; (b) 3; (c) 25 (d) 1
Solution
The rule for my is that, given the ¢ value, we start at -¢ and go by integers
to zero and then to +¢. We can use this formula to determine how many m#é
values for a given £: 2¢ + 1.
(a) For £ = 5, the m values are -5, -4, -3, -2, -1, 0, 1, 2, 3, 4, 5, a total of
eleven values.
(b) Seven values of m/ resulting from 2(3) + 1 =7
(c) 2¢ + 1 gives five values. The enumeration is -2, -1, 0, 1, 2.
(d) Three values (-1, 0, 1) or 2(1) + 1 =3
Problem 03
What does a set of four quantum numbers tell you about an electron? Com-
pare and contrast the locations and properties of two electrons with quantum
number sets (4,3,1,+1/2) and (4,3,-1,+1/2) .
Solution
The two electrons exist in the same shell (n = 4), same subshell (¢ = 3).
The particular subshell involved is the 4f.

The two electrons are in different orbitals with the 4f subshell. We know
this by the differing m¢ values.

The two electrons have the same spin (ms=+1/2).
Problem 04
Identify the shell /subshell that each of the following sets of quantum num-
bers refers to.
(a)n=2,=1,my=1ms = +1/2
(b)n=3,¢0=2my =2 ms = +1/2
(c)n=4,¢=1my=-1, mg =-1/2
(d)n=4,¢=3,my—=3 ms=-1/2
(e)n=5¢=0,my =0, ms =+1/2
Solution
The solution procedure involves looking at the n, ¢ pairings. The m, and ms
do not play a role in answering this question.

The n values tells us the first half of the answer. The ¢ values tells us
the second half of the answer. Follow this guide:

{— 0
S

1 2 3 4
subshell — pd f g

(a) 2,1 — 2p
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(b) 3,2 — 3d

(c)4,1 — 4p

(d) 4,3 — 4f

(e) 5,0 — bs

Problem 05

Which of the following set of quantum numbers (ordered n, ¢, my, ms) are
possible for an electron in an atom?

Select all that apply:

(@)3,2,2,-1/2  (f)5,3, 3,+1/2
(0)2,1,3,+1/2  (¢9)3,1,-2,-1/2

(0)—3,2,2,-1/2  (h)5,3, o 41/2
d)3,3,1,-1/2  (i)3 ,2,—1 11/2
(6) ;2,1,—-1 (]) » 2,

Solution
Let us find the correct ones by removing all the sets that are incorrect.

1) When scanning for incorrect sets, the first step is to scan the ms val-
ues. Since this value can only be +1/2 or -1/2, we can quickly remove any
incorrect ones and not have to analyze their n, ¢, and my values.

We see that (e) with ms = -1, (i) with ms = +1/2, and (j) with ms =
violate the rule for ms. Remember, ms can ONLY be EITHER positive 1/2
or negative 1/2 in the set of four quantum numbers, not any other value.
And certainly not both at the same time.

2) Next, scan for incorrect n values:
We see that (c) with n = -3 violates the rule for n.

3) Scan for problems with the relationship between n and ¢:

In (d), there is a violation of the rule for generating permissible ¢ from
the given n. When n = 3, ¢ may only take on the values of 0, 1, and 2.

4) Scan for problems with the relationship between ¢: and my
In (b), there is a violation of the rule for generating permissible my from

the given £. When ¢ = 1, the permitted values for my are -1, 0, and 1. A
value of 3 is not allowed. (g) shows the same mistake. When ¢ = 1, my

cannot equal -2.
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5) Examination of (a), (f), and (h) will show that these sets of quantum
numbers adhere to all the rules. Verification of this is left to the student.
Problem 06
Give the maximum number of electrons in an atom that can have these quan-
tum numbers:

(a) n =4
(
()
(d)n=3,1¢=
(e)

The total number of my, values (derived from all possible ¢ states for a

given n value) is given by n%. This gives us 16 m, values when n = 4. Here
is a listing of the my values when n = 4:

14 my Total my
0 0 1
1 ~1,0,1 3
2 -2,—-1,0,1,2 5
3 -3,-2,-1,0,1,2,3 7
4 —4,-3,-2,-1,0,1,2,3,4 9

Since you also have to include ms, you multiply n? by 2 to get the maximum
amount of electrons in the entire energy level:

2n?

2(4)?

32

(b)yn=5my=1
The value of £ has not been specified; therefore, we need to take into account
all the possibilities for £. When n = 5, the permitted values for £ are 0, 1, 2,
3, 4. Let’s look at each fin the context of my being equal to 1.

When ¢ = 0, my can only equal 0. ; = 0 is not part of the correct answer

When ¢ = 1, my can take on the values of -1, 0, 1. £ = 1 is part of the
correct answer.

In like manner, £ = 2, 3, 4 are all part of the correct answer. Here are
the my values:
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¢=2my— -2 -1,0,1,2
(=3my=-3,-2-1,0,1,2 3
¢=4m,— 4,3 21,012 3,4

Each ¢ value has an m, of 1 allowed.

Four different orbitals (n, ¢, my just below) are possible for n = 5 and
my = 1:
51,1 521 5,3, 1 54,1

Each orbital can hold two electrons (ms = +1/2 and m, = -1/2), so the
total number of electrons is 8.

(c)n=>5ms=+1/2

The problem is very similar to (b), except that ms is given. This value
corresponds to a single electron within an my value. Therefore, we need to
find out how many numbers of my; we have in order to know the number of
max electrons.

Like before, £ = 0, 1, 2, 3, 4. Since my is not specified we have to take
all possible my values for each ¢ value and add them together:

£ 2041 Total my
0 2(0)+1 1
1 2(1)+1 3
2 2(2)+1 5
3 23)+1 7
4 2(4)+1 9

Notice that the total number of m, states can be given by the formula
(20 + 1).

Thus, the total number of m, states is (1 +3 +5 + 7 4+ 9) = 25. This
is the highest number of electrons with mg = +1/2.

You might be required to enumerate all the my, values as opposed to just
stating how many there are using the (2, + 1) formula. In that case:
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12 my Total my
0 0 1
1 ~1,0,1 3
2 -2,-1,0,1,2 5
3 -3,-2,-1,0,1,2,3 7
4 —4,-3,-2,-1,0,1,2,3,4 9

(d)n=£3,0=2

The only numbers not specified are m, and ms. You have to determine
all the possibilities for them:
fof my=204+1=2(2)+1=5

There will be two electrons per my state (ms = +1/2 and -1/2) therefore,
maximum number of electrons is 5 x 2 = 10.

(e)n=1,¢=0,m =0
The only number not specified is ms. Consequently, there are only two

electrons that can have the 3 values given. The quantum numbers for those
two electrons are:
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Chapter 6

Chemical Bonds

6.1 Important Concepts and Course Review

Acovalent bond between two atoms, A and B, forms when the mutual
approach of the two atoms allows for the overlap of their respective electron
clouds of valence electrons and spin pairing.

& Lewis Model

In 1916, Lewis was the first to propose that a covalent bond results from
electron sharing: two electrons for a single bond, four or six electrons for
double or triple bonds, respectively.

A single covalent bond can also result from the donation of a full electron
pair by a donor (having at least one lone pair) to an acceptor with an electron
deficiency. This is called a dative covalent bond or coordination bond.
Lewis structures are used to represent bond formation or visualize the
distribution of valence electrons within neutral molecules or ions. Typically,
electron pairs are represented by dashes, and lone electrons are represented
by dots. We distinguish between "bonding pairs (or lone pairs)" and
"non-bonding pairs (or lone pairs)."

In many cases, except for hydrogen, atoms tend to surround themselves with
four electron pairs, totaling eight electrons. This gives them the electron
configuration ns? np® of a noble gas and results in stability (octet rule).
& Stability Concept and Octet Rule

The only elements that exist in nature as isolated, free atoms are the noble
gases or rare gases (Group VIII4). The fact that they can remain in this
form demonstrates that they are stable.

This stability is due to their completely filled outer shell, which contains 8
electrons (4 pairs). The only exception is helium, which has a single filled
shell with 2 electrons (1 pair). All other elements in the periodic table
have an incomplete outer shell (less than 8 electrons in the outer shell).
These elements are not stable.
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6.2 Exercise Statements

Exercise 01

1. Represent all the covalent bonds in the following molecules: CoHg,
H>COg3, NH3, SiH4, NBr3, COo.

2. Represent all possible covalent bond structures of the molecule C4Hjp.

3. Establish the corresponding molecular Lewis structures for the follow-
ing formulas: C1O™, ClO;, ClO5, ClO; .

Exercise 02

1. Provide the Lewis representation for the molecule of phosphorus trichlo-
ride PCls.

2. Given that the molecule of phosphorus oxychloride (POClI3) is stable,
explain how the new bond between P and O is formed. Specify its
nature.

3. Is the octet rule respected in cases (1 and 2)?

4. How can you explain the existence of the molecule PCl; but not the
molecule NCl5?

Exercise 03
The dipole moment of HoS, hydrogen sulfide, is 0.96 D. The angle between
the S-H bonds is 93° (H-S-H), and the bond length is r=1.33 Angstom.

1. Calculate the dipole moment of the S-H bond in this molecule.

2. Calculate the partial charge on each atom in this molecule in terms of
the electron charge.

3. Since the dipole moment of the COs molecule is equal to 0 D, what
can you deduce about the arrangement of carbon and oxygen atoms?

Exercise 04
The KCI molecule in the gaseous state has a dipole moment of 10 Debye,
and the distance between the nuclei is 2.57x107% cm.

1. Is the KCI bond purely ionic?
2. If not, calculate its percentage of ionic character.

3. Determine the polarity of the bonds in H2O, PCls, and Brs.
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Exercise 05
Starting from the electronic structure of each element:

1. Write the Lewis electronic structures of silicon hydride (SiH4) and
phosphine (PHs).

2. Why doesn’t aluminum hydride with the formula AlH5 exist?

3. Propose an electronic structure for sodium borohydride NaBH4 and
sodium aluminohydride NaAlHy (Given Z; P=15, Si=14, Al=13, B=5,
Na=11).

Exercise 06
Consider the molecule Lis.

1. Determine the number of electrons in this molecule.
2. Place these electrons in molecular orbitals. What principle is used?

3. How does the Li-Li bond length change if the molecule is excited?
Same question if the molecule is ionized?

Exercise 07
Using the energy diagram for Ng, determine for the molecules CO and NO:

1. The electron structures.
2. The number and nature of the bonds.
3. The magnetic character.

4. Arrange the following molecules in increasing order of stability: NO,
NO—, NO*.

Given atomic numbers: ¢C, 7N, gO.

Exercise 08
a. Predict the type of hybridization of the central atom in the following
molecules:

1. Calg, GaC13, HQS7 HgClg, GeH4, NF3

Deduce the geometry of each molecule. b. Among these molecules, which
ones are polar? Given atomic numbers: 1H, gF, 145, 17Cl, 20Ca, 31Ga, 32Ge,

soHg.
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Exercise 09
Indicate the hybridization of the carbons and heteroatoms in the following
compounds:

1. H3C——O0H
H

/
H,C
AN
0

3. CHo=—=C=—=CH,
4. CH3— O——CHjg;
5. CH3——NH>

Exercise 10
Hydrazine has the following structural formula:

IN=—=N]|

1. What is the hybridization of the nitrogen atoms? Is it the same as
that of the nitrogen atom:

(a) in ammonia;
(b) in the ammonium ion;
(¢) in an imine with the formula RCH=N-R'?

Indicate the order of magnitude of the angle HNH in hydrazine.
2. Is hydrazine acidic or basic? Justify.

Exercise 11
a. Provide the electron structure of aluminum in its ground state and excited
state using quantum boxes. b. Geometrically represent (with an explana-
tion using the theory of hybridization of atomic orbitals) the molecule AlCl3.
Given atomic numbers: 13Al, 17Cl. ¢. Can the molecules AlCl3 and NHg
form the addition compound Cl3AINH3? Justify your answer.
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6.3 Exercise Solutions

Exercise 01
1.) Representation of Covalent Bonds

H H _
| B 'ﬂ‘ B H—N—H
H—C—C—H H—0—C—0—H |
| = = H
H H
H,CO NH
C,Hs SASANE 3
A 1Br—N—8rI S
H—si—H 1Brl =
lL =
- NBr1; Co,
SlH4

Figure 6.1: Representation of covalent bonds

T
|
o
|
|
I—0—T
|
I—0—x
|
y

Figure 6.2: Structures and covalent bonds of C4Hqg

ald] [NIN[E - > [

G o N LT T T

3.
) o [] oM

Figure 6.3: Lewis structure of ClO_Figure 6.4: Lewis structure of C105
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o-fte] [HATH] BT [ [ ]

W [FIR
‘W [RIFTT]

Figure 6.5: Lewis structure of ClO3

Exercise 02

1.) Lewis Representation

Cl

Cl—P——CCl
2.) Electronic structure of phosphorus 15P:
15225%2ps63s?3p®  (Ground state)

15225%2ps63s'3p®3d!  (Excited state)

4[] [T T L]

Figure 6.6: Quantum box model

Three single covalent bonds and one double bond are formed between O
and P.

/O\
IC1—P——=€l1

IClI

3.) The octet rule is respected in PCls; however, in the case of POCls, d
orbitals are used, so it is not.

— Excitation 22
. P . 5o P .

4.) Phosphorus (15P) belongs to the third period, and d orbitals are in-
volved (five possible bonds), which allows the existence of the PCls molecule.
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In contrast, nitrogen (N) belongs to the second period (no d orbitals),
and the electronic structure stops at p, allowing for three possible bonds.
Therefore, NCl; does not exist.

Exercise 03
Since sulfur is more electronegative than hydrogen, the S-H bond is polarized.
Therefore, there exists a dipole moment jig_p directed along each S-H bond
(with the convention that it goes from positive to negative charges).

L) |frs| = |fias| + |fims]
The dipole moment jif,s of the molecule is directed along the bisector of
the angle HSH.

93°  1/2|fip,s|

COS = .

2 \Mf—ﬂ|

. ~ |fm,s|  0.96
= |in-s| = L. 93 T 2x068

= ’ lfin-s| = 0.7 D‘
2.) The partial charge on each atom:
lfim-s|  0.7x0.33x107%
I 133x10°10

s =6 x I = 6=

§=0.173 x 1071 Cb
So, 6 =0.108 e
- The charge carried by S is equal to: 0.216 e
- The charge carried by H is equal to: 0.108 e
3.) The CO2 molecule is linear (OCO = 180 °).

Exercise 04

1.) Let ¢ be the partial charge carried by each atom. The dipole moment
of the bond is equal to:

kel =0-d

5 _ Wicil _ 10 x0.33 10-%

d 2.67 x 10—10

5 = 1.236 x 101 Cb|

The value of § is different from that of e, so KCI in the gaseous state is
not purely ionic.

2.) Tonic percentage of the KCI bond:

5-d
o = P 100 = 2% « 100
HThe e-d

% = T77.25%

3.) Polarity of HoO, PCls, and Brs.
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H50 is polar because oxygen is more electronegative than hydrogen.

PCls is also polar because chlorine is more electronegative than phospho-
rus.

Bry (Br-Br) is symmetrical and nonpolar.

Exercise 05
1.) The electronic structure of each element in its ground state is as follows:

1H: 181

14Si: [Ne]3s23p?

15P: [Ne|3s23p?

Silicon (Si) is tetravalent in the compound SiHy4, and its excited state
electronic structure is: [Ne]3s!'3p?

Representing the atoms with their valence electrons:

I—I.7 .S-i.’ .1-3.
We deduce the following Lewis structures:
H
H—Si—H and H—P—H
H H

2.) 13AL: [Nel3s?3p!; the aluminum atom can have a maximum of 3
unpaired electrons in its outermost shell. Since Al cannot be pentavalent,
the compound AlH5 does not exist.

It can also be noticed that the octet rule is not satisfied for AlHs.

3.)

5B: [He]2s22p!

HNa: [Ne]351

Sodium (Na) belongs to the alkali metal family, and these compounds
are ionic in nature. Nat BHj has the following Lewis structure:

H
‘ .
Nat |H——B—H
|
H
Aluminum (Al) and boro}? (B) are in the same group; NaAlH, can be
| .
represented as: Na™ |[H——Al—H
|
H

108



Exercise 06

1.) Number of electrons in the Lis molecule = 6
2.) Molecular orbital diagram of the Lis molecule:

0 -
E

o #

Li Liy Li

We fill the energy levels of the molecular orbitals while respecting the
Pauling principle, Hund’s rule, and the principle of stability.
3.) Writing the electron configuration and bond order of the Liy molecule
in its ground state:
U%saigags ; BO(Liz) = 1
Electronic configuration and bond order of Lis in its excited state:
U%SUTEU%SUS; ) BO(LIS) =0
Li5 molecule does not exist.
Electronic configuration of Lij and bond order in the ionization state:
oo i2ok; BO(LZ) = 05
BO(Lij) < BO(Lis)
Therefore, L.L(Lij) > L.L(Lis)
Note: O.L: Bond Order; L.L: Bond Length.

Exercise 07

1.) Energy diagram:

-
4+~

A
A

CcO NO
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Electronic configuration: NO: ofsa’fgogsoggwﬁyagﬁzé CO: afsafgcr%sa;gﬂiyag
2.) NO: 1 o bond and 2 7 bonds CO: 10 bond and 1.5 7
bonds
3.) Magnetic character:
The CO molecule is diamagnetic.
The NO molecule is paramagnetic.
4.) By applying the definition of bond order to NO, NO*, and NO~, we
find the respective values: 2.5, 3, and 2.
Stability increases with bond order, so the order of increasing stability
is:
NO~ < NO < NO*
Exercise 08

a.)

Molecule Cal, GaCls HsS HeCly GeHy NF;
Hybridization sp sp? pseudo-sp> Sp sp> pseudo-sp?
Geometry Linear | Trigonal | Angular | Linear | Tetrahedral | Pyramidal

b.) A molecule is polar when its geometry and the nature of its atoms
result in a non-zero vector sum of bond moments. Among these molecules,
the polar ones are:

GaClg, HQS, NF5

Exercise 09

/H
sp? o sp? sp? 7Sp3 sp? 7CiCSII’)I sp? —0 705113—1
CH;  OH, CH; C\ ,  CHa™ g~ % CHy 3
sp2
O
sp3
CHs;
sp2 sp2/
w2 Oy ON
sp
C C‘? o)
CHy % , sp?
wr TNH et e 2 C
C
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Exercise 10
a.) In hydrazine, the hybridization of nitrogen atoms is sp?.

3

sp”

- The same type of hybridization for the nitrogen atom in NH?® (AX3
type) and in the NH] ion (AX4 type). - Different hybridization in an imine:
sp? (doublet and P, P, orbitals)

/

N
R :

b.) Hydrazine is basic due to the presence of a lone pair on the nitrogen
atom. It can capture a proton HT.

(The positive charge makes it impossible to capture a second proton).
Exercise 11
a.) Electronic structure of aluminum j3Al:

A I'état fondamental: 12 252 2p63 Sz3p1

N [t

A létat excité: 182 282 2p63513p2

[T

b.) The electronic configuration of aluminum in its ground state does not
reveal the three unpaired electrons responsible for the three Al-Cl bonds. To
justify the equivalence of the three Al-Cl bonds, we must consider aluminum
in its excited state.

111



By combining the atomic orbitals (O.A.) 3s, 3p,, and 3p, of Al, we
obtain three identical sp? hybrid orbitals. Thus, aluminum is hybridized as
sp?. Chlorines are also hybridized as sp?, resulting in the formation of 3
sigma (o) bonds between the hybrid orbitals of aluminum and those of the
three chlorine atoms. The remaining pure p, orbitals are perpendicular to
the plane, leading to a delocalized 7 system for the three doublets from the

three chlorine atoms.

% \Q
ZQ\ o
%

Cl

c.) The molecules AlCl3 and NHs can combine to form the compound
Cl3AINH3. This is due to the vacant p, orbital of Al and the saturated
orbital of nitrogen (NHs).

H H H H
H \N ”Al/ H ‘ ‘
’ H N Al H |®
S N
H H
L H H -
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GIT

INTERNATIONAL SYSTEM OF UNITS (SI)

S| Base Units

Base Quantity

Length

Mass

Time

Electric current

Thermodynamic
temperature

Amount of substance
Luminous intensity

S| Derived Units

Derived Quantity
Frequency

Force

Pressure

Energy

Power

Electric charge
Electric potential
Electric resistance

Celsius temperature

*Unit degree Celsius is equal in magnitude tounit kebvin

S| Prefixes

Name Symbol Factor Name Symbol Numerical Value
meter m 107 tera T 1000 000 000 000
kilogram kg 10° giga G 1000 000 000
second s 10°¢ mega M 1000 000
ampere A 103 kilo k 1000
102 hecto h 100
. 107 deka da 10
;e;‘l';" :{nol 10- deci d 0
1072 centi C 0.01
cadsla ca 10 mill m 0001
10 micro ] 0.000 001
Eaui 10°¢ nano n 0.000 000 001
quivalent
Name Symbol S1 Units 102 pico p 0.000 000000001
hertz Hz s
newtown N mekges ot e s e A e roupsof three digits.
pascal Pa N/m?
joule J Nem
watt w J/s
coulomb C seA
volt Vv W/A
ohm Q) V/A
degree Celsius °C K*



. PERIODIC TABLE OF THE ELEMENTS .

{at 25°C)
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