' Chemistry — Matter and Its Changes 4/e
Brady ¢ Senese

Chapter 22:

Nuclear Reactions
and Their Role In
Chemistry

Reference: Chapter 18 in “Chemistry” 6/e
11 by Steven S. Zumdahl & Susan A. Zumdahl

Nucleus

- Small size
radius of atypical nucleus. ~ cm
radius of atypical atom: ~ cm

- Very large density

density of the nucleus ~ 1.6 x 1014 g/cm3

nucleus material ~25x10%tons
- Hugeenergy that holdsit together
nuclear process energy
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nucleons {

atomic number (Z) #of

mass number (A)

isotopes atomic # but

X

nuclide

(Composed of quarks)

mass #

(# of protons) + (# of neutrons)
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22.1 Massand energy are

conserved in all of thair
forms
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* |sotopes with unstable atomic nuclei are
and are called radionuclides.
 Radioactive isotopes undergo nuclear

reactions as they emit high-energy particles

and/or electromagnetic radiation.
* By the early 1900’ s physicist realized that

the mass of a particle could not always be
treated as constant.

¥
* The mass (m) of a particle depends on its

velocity (V) relative to an observer
m,

ne V1- (v/c)?

¢ = speed of light = 3.00 x 108 m/s

v = speed of the particlein m/s
m, = particle’srest mass (mass at v = 0)

viewpoint).

* The rest mass of the particle can be measured
in the lab when the sampleis at rest (from our
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The Law of Conservation of Mass-Energy:
The sum of all the energy in the universe and the sum

of all the mass (expressed as an equivalent in energy)
IS a constant.

* The Einstein equation relates the changein
rest mass to an energy change.

If DE is negative, massislost from the system.

» Because c is so large, an enormous amount of
energy accompanies even asmall changein
rest mass.
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* Consider the combustion of methane:
CH,(g)+20,(g) ® CO,(g)+2H,0(I) DH®°=-890kJ

» Using the Einstein equation, the loss of 890
kJ of energy corresponds to the conversion
of 9.89 ng of massinto energy.

— Thisis about 10-"% of the mass of 1 mol of
CH, and 2 mol of O,

— Such tiny changes are not detectable by
laboratory balances.

— Thus, the Einstein equation has no practical
application in chemistry.
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22.2 Theenergy required to break

a nucleusinto separate
nucleonsis called the nuclear
binding energy
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The mass of an atomic nucleusis always a little
smaller than the sum of the rest masses of each
of its nucleons (protons and neutrons).

The mass difference is called the

The mass difference represents the amount of
mass converted into energy, and released by the
system, as the nucleons gathered to form the
nucleus.

This energy isalso called the
because this amount of energy would need to
be added to break the nucleus apart.

The higher the binding energy, the stable
the nucleus.
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¥ Consider the case of one He-4 nucleus: @
rest massof anisolated proton =1.0072764669u
rest massof anisolated neutron =1.0086649156u
rest massof one “Henucleus=4.0015061792u
Themassdefectis then
Dm, = 2(1.0072764669u) + 2(1.0086649156 u) - 4.0015061792u

=0.030375858u

Using the Einstein equation

, 1.6605389" 10 kg,

lu

DE =0.030375858u

(3.00" 10° ms™*)?
=454 10"
For theformation of 1mol “He:

e _12 s 23 .
DE:4'54 107 J, 6.02" 10~ nuclei

. =273 10? Imol*
| nucleus mol
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* Consider a hypothetical process: @
1 1 16
8n+8H® “0
Massof (8 ;,n+8 H)=8(1.67493 10*g) +8(1.67262 10*g)

=2.67804" 10%g
Massof ‘SO nucleus=2.65535 10%g

Dm=-2.269" 10*g/nucleus = - 0.1366g/mol

DE =- (1.366" 10*kg/mol)(3.00” 10°m/s)? = - 1.23" 10 ¥mol
DE per 2O nucleus =-2.04" 10™ Jnucleus

=-1.28" 10* MeV/nucleus
DE per nucleon for 50 = - 7.98 MeV/nucleon
n lev = J
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The energy from forming only 4 g of He (1 mol) could e
keep a60 W light bulb burning for over 1440 years.
The formation of anucleus from its nucleonsiscalled
nuclear ( ).

- No practical method for sustaining nuclear fusion
currently exists on earth.

The binding energy per nucleon has a maximum (8.79
MeV) at 5Fe, meaning it is the most stable of all nuclei.
As the mass number increases, the binding energy per
nucleon begins to drop.

One expects, and finds, that some of the heavier
Isotopes might breakup and form more stable isotopes.

Nuclear ( ) isthe spontaneous breaking
apart of anucleus to form isotopes of intermediate mass
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22.3 Radioactivity isan emission

of particlesand/or
electromagnetic radiation by
unstable atomic nuclel
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* Except for H, al atomic nuclei have more than one
proton, each bearing a positive charge.

« Theforce of attraction that keeps the protons, which
repel, together is called the

* The nuclear strong force overcomes the force of
repulsion between protons and binds both the protons
and neutrons together in the nucleus.

* Neutrons help “dilute’ the electrostatic repulsions by
intermingling with the protonsin the nucleus.

— Nuclei with “too few” neutrons and lots of protons
are often unstable and occur among radionuclides.
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 Radionuclidies undergo radioactive decay (
), meaning they gect small nuclear fragments
and sometimes high energy electromagnetic
radiation as well.

- Thisiscalled ( ).

- About 50 of the approximately 350 naturally
occurring isotopes are radioactive.

* Radioactivedecay A& Z
“CR YN+
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Types of Radioactive Decay @
- a-particleemission :
238 4 234
* Thea particles bear a charge of
from its symbol (;He).

* a-emitting radionuclides are common near the end of
the periodic table.

* a particles are the most massive of any commonly
emitted by radionuclides.

— After traveling only afew centimetersin air, an a

particle will lose kinetic energy, pick up electrons, and
become a neutral He atom.

— a particles cannot penetrate the skin, but can cause
; cancer in the soft tissues of the lungs or intestinal track
& if emittersare carried in air or on particles of food.

, which is omitted
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*. b-particle emission : e

"H ® He + Je + V
tritium helium-3 b particle antineutrino

* Both the b particle and antineutrino are created when
a neutron inside a nucleus decays to a proton.

Emission of abeta particle from atritium nucleus. The net
change can be represented as:
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* a particles are all emitted with the same discrete energyL

from a given radionuclide.

* b particles are emitted with a continuous spectrum of
energies (with a characteristic upper limit) for agiven
radionuclide, which appearsto violate the law of
conservation energy.

* The ( ) was proposed to account
for the “missing” energy. It is amost massless, has no
charge, and was given the symbol V.

* b particles are very small, so arelesslikely to collide
with the molecules of anything it travels through.

* They can travel up to 300 cmin dry air.

* Only the highest energy b particles can penetrate the skin.
':_1 =
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¥ . g-ray emission: @
BU® 3He+ 25Th+25g

* gradiation consists of high energy photons and often
accompanies either a or b radiation.

* gradiation is extremely penetrating and can only
effectively be blocked by very dense materialslike Pb.

* Emission of gamma radiation involves transition
between energy levels within the nucleus.

* X-rays, likegrays, consist of high-energy electro-
magnetic radiation, but their energies are usually less
than those of gradiation. (typicaly £ 100 keV)

* X-rays are emitted by some synthetic radionuclides, but

are usually generated by special machines using a high-
1 energy electron beam focused onto a metal target. =
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http://en.wikipedia.org/wiki/Annihilation

» positron emission: ‘@';
>
gé' CO ® ggFe + ge + V I'inrl;nm:10:m‘s
*b particle neutrino L
(matter) (antimatter) Fatad
— —3 ey
O (annihilation) @
{J"L 0 0 0 ﬁanﬂ
é e+ e® 2.9
annihilation radiation photons
?ﬁ 511 keV each
anninetion
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. neutron emission: e
87 86
s KI® L Kr+
electron capture: (inner-orbital electronis
captured by the nucleus)
.;-"g-"‘-
50 0 50 ’
23V + -le® 22TI + X rays+v fl’ ane ‘lll I:E}'i?:EI:IE:
. '
Net change: }\ @? J Isotope)
__+t__® oln K shell l
Nt
{ mn \" L
L ‘.ﬂi } [_Zlisn
- r; umstakle)
‘1 Example22.1 ‘e i




Radioactive disintegr ation series

A radioactive nucleus reaches a stable state by a
series of steps.

2813, 9,9, 5B 2o

nl o
},_\L, 2 Th }—%| %| 2 }_EJ'."_"| BaTh b%ﬂ; mPa %| gl }—Lv “Pol
Liranium

Protach ndwmi Uranium 'I' Thonum

ol MQM#M i

oniu Bismuth Lead 1075 Polonium Bismuth

(a stable atope)
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22.4 Stableisotopesfall within the
“band of stability” on a plot

based on numbersof protons
and neutrons
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2000 nuclides 279 (with
respective to radioactive decay)

§ All nuclideswithZ3  are unstable with respective
to radioactive decay.

§ Light nuclides are stable when neutron/proton”™ 1.

Heavy nuclides are stable when neutron/proton > 1
(which increases with Z).

8

8 nuclides
These magic numbers are 2, 8, 20, 28, 50, 82, & 126.

» @

* |sotopes withZ > 83tendtobe emitters.

— Their nuclei have too many protons. The most efficient
way to lose protonsis by the loss of an alpha particle.

* |sotopes occurring above and to the left of the band

of stability tendtobe  emitters.
— Then/p ratio is apparently too high. A nucleus that
undergoesb decay loses a neutron and gains a proton
which reduces the ratio.

1 0 1 —
N® e+ p+V

20 20 0 v
oF® yNe+ e+ v

neutron _
proton

i
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o | sotopes lying below and to the right of the band are @

positron emitters.
— These nuclel have too few neutrons to be stable.
— Positron emission increases the n/p ratio.

17 17 0

JF® O+ e+n
neutron -
proton

TABLE 18.2 Various Types of Radioactive Processes Showing the Changes
That Take Place in the Nuclides

Change Change Change in

Process in A inZ Neutron/Proton Ratio Example

B-particle (electron) 0 +1 Decrease 2ZAac — ZTh + %

production
Positron production 0 -1 Increase BN — B0+ %
Electron capture 0 =] Increase BAs + e — BGe
a-particle production —4 -2 Increase 2P0 — XPb + 3He
y-ray production 0 0 — Excited nucleus — ground state nucleus + g
Spontaneous fission - — - 23CT — lighter nuclides + neutrons

7
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* Nature favors even # for protons and neutrons.

Odd-even rule: When the numbers of neutrons and
protons in a nucleus are both even, the isotope is far more
likely to be stable than when both numbers are odd.

— The odd-even ruleisrelated to the spins of nucleons.

— Of the 264 stable isotopes, only 5 have odd numbers
of both protons and neutrons.

— 157 have even numbers of both protons and neutrons.

« Another rule for nuclear stability is based on magic
numbers of nucleons.

— Magic numbers supports the hypothesis that a
nucleus has a shell structure with energy levelslike
those for electrons.
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22.5 Transmutation isthe change
of oneisotope into another
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¢ Transmutation ( ) can be caused by radioactive

o
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decay or by the bombardment of nuclel with high-
energy particles such as:

Alphaparticle (from natural emitters)
Neutrons from atomic reactors

Protons made by stripping electrons from
hydrogen
— Beta particles (electrons) are not normally used

because they are repelled by the electrons around
the target nuclel.
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In 1919, Lord Rutherford observed thefirst artificial

transmutation:
JHe+ “N® “F* ® O+

In 1934, Irene Curie Joliot and Frédéric Joliot (1935

Nobel Laureate in Chemistry) produced the first artificial
radioactive isotope:

27 4 30 1

LAl + SHe ® P + gn
30 30 ¢ 0
l5P ® lSSI + +le

a particles can be produced from the bombardment of
lithium-7 with protons:

9 p+iLi® ’Be* ® 2;He

||I |
M
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A given compound nucleus can be made in avariety
of ways.

* For example, aluminum-27 can be made by any of
the following routes:

SHe+ SNa® 2Al*
P+ EMg® FAI*
‘H+ 2Mg® ZAl*

* The decay mode of the compound nucleus depends
on its nuclear energy.
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1940

1940 -238

1940

o AN D

Over the years, many other transmutation have been
achieved, mostly using particle accelerators.

By using neutron and positive-ion bombardment,
scientists have been able to extend the period table.

(Np, Z=93)
238 1 239 239 0
92U+On® 92U® 93Np+—1e

Z=93~112& 114
(transuranium elements)

270\ =k 269
110DS* ®

110

Ds+ ;n

@
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22.6 How isradiation measured?
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(Geiger-M iller counter, or Geiger counter):
(radioactivity)

Ar 3/4@;19?4-3%%}2@%(3/2@) Arfg +€

(scintillation counter):
(radioactivity)

( Zng

(film dosimeter):

4
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(activity):

(disintegrations)

> If asample of matter is* highly radioactive’, many atoms are
undergoing decay per unit of time.

» A small number of nuclei decaying at arapid rate can produce
the same activity as alarger number of atoms decaying at a
slower rate.

1 curie (Ci) = 3.7 x 100 disintegrations/s

=the activity of 1.0 g of Ra-226
1 uCi = 37,000 disintegrations/s

1 becquerel (Bq) = 1 disintegration/s
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Therate of decay is proportional to the number of
nuclides. This represents afirst-order process.

activity = - % =kN  k decay constant

|n(Nﬁ) = - kt

half - life t,,, =

Example22.2 &
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- The energy equivalent to the quantity of radiation

absorbed by some material is defined in units of
absorbed dose or ssimply dose.

The SI unit of absorbed dose isthe gray (Gy)

1 Gy = 1 Jof energy absorbed per kg of material

The Radiation Absorbed Dose (rad) is an older unit
1rad=0.01 Gy

/

(activity, i.e. number of disintegrations per second)
(aorborg

(

4
S




» — ®

« A different unit is used for measuring the biological effects
of radiation:

H=DON
H: dose equivalent, Sl unit = sievert (Sv)
D: absorbed dose
Q: afactor that takes into account the biologically
significant properties
for a radiation, Q » , for b or gradiation, Q »
N: any other factor bearing on the net effect

» Even small absorbed doses can be biologically harmful.
» Theradiation can generate very reactive species with
unpaired electrons called :
* Oncetheradicals are generated, they can start a chain of
1 undesirable chemical events.

&;"Ilmhi!!

Therem ( ) isan older unit for dose equivalent:
1rem=0.01 Sv

1 Rontgen (R) = the quantity of X-ray or g-ray radiation
delivered to 0.001293 g of air, such that the ions
produced in the air carry 3.34x1019 C of charge.

has the same effect of 1R

1 mrem=103rem

1 rem (rontgen equivalent man) = a dose of any radiation that

A typical X-ray involves about 0.007 rem
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— A whole body dose of 25 rem (0.25 Sv) induces

noticeable changes in blood.

— A set of symptoms called radiation sickness develops
at about 100 rem, and becomes severe at about 200
rems.

Symptoms include: nausea, vomiting, adrop in
white blood count, diarrhea, dehydration,
prostration, hemorrhaging, and loss of hair

— If everyonein alarge group received 400 rem, half
would die in 60 days.

— 600 rem would kill everyone within a week.

i
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Natural and man made sources of radiation
contribute to a combined background radiation
total of about 360 mrem per person per year.
About 82% of the background radiation is from
natural sources and the remaining 18% from
medical sources (much in the form of X-rays).
Radiation sources should be avoided because the
intensity of radiation diminishes as 1/(distance from
a source)2.
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22.7 Radionuclides have many

medical and analytical
applications

A
N

-14

Dating by Radioactivity

(radiocarbon dating, or carbon-14 dating)

Originated in the 1940s by Willard Libby (Nobel laureate, 1960)

C-14

14 0 14
‘C® %e+“N

t,, = 5730 years

C-14 N-14

14 1 14 1
N+,n® C+H

C-14

Co,
e

) “cr=c

i




“cr2e
14 12

/ ‘Cr2c

“cr2c

14C
-14 1 2~3
3000
-14 ( ~
) Co,
~103g “cr2e

i

M edical Applications of Radioactivity

Radiotracer s provides sensitive and noninvasive methods for:
- learning about biological systems

- detection of disease

- monitoring the action and effectiveness of drugs

- early detection of pregnancy

- .... €fc.

. 1-131 ( Na3l|)
TI-201  Tc-99m
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(food irradiation)

g
137

Co-60 Cs-

radiolytic products

Ay
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(Radioactivetracers)

e.g. P uptakewith
Phosphorus-32)

A ¢ (Pest control)
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gammearray scan of healthy
lungs, produced by technicium
(Tc)-99m

CORTROL 2
-
|

AaD

Study of Alzheimer’s disease
with positron emission
tomography (PET) scans
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22.8 Nuclear fission isthe breakup
of a nucleusinto two fragments

of comparable size after
capture of a slow neutron
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Neutrons are electrically neutral and so can penetrate
an atoms electron cloud and enter the nucleus
relatively easily.

When they enter U-235 the nucleus breaks apart:
23
>U+ n® X+Y+Dbyn
Thisis caled nuclear fission ( ), for example:
U+ @ U@ %Kr+'ZBa+3n

Uranium-235 is called afissile isotope because it is
capable of fission after neutron capture.

The neutrons produced are called secondary neutrons
and can be absorbed by other nuclei, leading to a
nuclear ( ).

i
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A self-sustaining fission processis called a
chain reaction.

Neutrons

Causing
Event Fisson Result
subcritical <1 reaction stops
critica =1 sustained reaction

supercritica >1  violent explosion

Fission Processes

!
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’ Energy vied from fission

Binding energy in **Kr :

(8.5MeV/nucleon)” 94 nucleons=800MeV
Binding energy in **Ba:

(8.5MeV/nucleon)” 139 nucleons=1200MeV
Total binding energy of products: 2000 MeV
Binding energy in *°U :

(7.6 MeV/nucleon)” 235nucleons=1800MeV

DBE is~200 MeV ( J) — energy released by
each fission event
P Energy produced by fission of 1 kg (4.25 mol) 23U is

~8 x 1013 J -- enough to keep a 100 W lightbulb work
4  for 3000 years.

Key Parts of a Fission Reactor

Reactor Core: B%ZS’SU + moderator and

control rods.

Uranium has been enriched ( ~0.7% 235U
2~4%) and is housed in cylinders.

Moderator surrounds the cylinders to slow down the neutrons
so that the uranium fuel can capture them more efficiently.

Control rods, composed of substances that absorb neutrons,
are used to regulate the power level of the reactor.
Coolant

- Containment Shell

é“llmhiu
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Containment
shell

Electrical
Condenser

(steam from

turbine is

condensed)

Reactor

Water

.Fig. 18.14: A schematic diagram of a nuclear power plant
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* Radioactive waste from nuclear power plants occur as C
solids, liquids, and gases

The gases are mostly isotopes of krypton and xenon. With the

exception of xenon-85 (t,,, = 10.2 years), the gases have short
half-lives and decay quickly.

lodine-131 must be contained because iodine is concentrated
in the human thyroid and it could cause cancer.

Cesium-137 and strontium-90 can be absorbed by the body
and possibly cause leukemia.

Some wastes are so long-lived that the solid waste from
reactors must be kept away from humans for many centuries.
- Perhaps the most intensely studied procedure for making
solid radioactive waste secure is to convert them to
glasslike or rocklike solids, which could then be “safely”
buried deep within arock stratum or in amountain
believed to be geologically stable with respect to
. 1earthquak&s and volcanoes
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Fusion ( )

- Combining two light nuclei to form a heavier, more

stable nucleus
- Producing large quantities of energy

(75% H + 26% He + 1% other elements)

TH+H® *H+%
tH+>H® SHe
*He+3He® jHe+21H
SHe+ H® jHet+le

I
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(1H)

4x10"K

- high-powered lasers
- heating by electric currents

At present, many technical problems remain to be solved.
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