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Nuclear Chemistry	



Pictures of human 
heart before and after 

stress using gamma 
rays from radioactive 

Tc-99m 	



21 Syllabus Learning Outcomes : 14 
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Review Atomic Composition 

Particle	

 Mass (amu)	

 Charge	



Proton	

 1.007	

 +1	



Neutron	

 1.009	

 0	



Electron	

 0.0005	

 -1	
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Review Isotopes	


•  Atoms of the same element (same Z) but 

different mass number (A).	


•  Boron-10 (10B) has 5 p and 5 n: 10

5B 	

	


•  Boron-11 (11B) has 5 p and 6 n: 11

5B	



10B 

11B 
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Review Isotopes	


Isotope	

 Protons	

 Neutrons	



carbon-12	

 6	

 6	



carbon-13	

 6	

 7	



carbon-14	

 6	

 8	
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•  Radioactivity is the spontaneous change of the nuclei of 
certain atoms, accompanied by the emission of subatomic 
particles and/or high-frequency electromagnetic radiation. 

•  A nucleus with a specified number of protons and neutrons 
is a nuclide. 

•  Together, protons and neutrons are called nucleons. 
•  In writing a nuclear equation, the two sides of the equation 

must have the same totals of atomic numbers and mass 
numbers.	



•  That is, each side must have the same number of nucleons, 
and the sum of atomic numbers must be the same on both 
sides. 

Radioactivity and Nuclear Equations 
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Radioactivity	


•  One of the pieces of evidence for the 

fact that atoms are made of smaller 
particles came from the work of 
Marie Curie (1876-1934). 	



•  She discovered radioactivity, 
the spontaneous disintegration of 
some elements into smaller pieces.	
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Types of Radiation	
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•  Alpha (α) particle: two protons and two neutrons 
(positive charge). 

•  Beta (β-) particle: high-energy electron (from the 
nucleus, not from the electron cloud). 

•  Gamma (γ) rays: highly penetrating form of 
electromagnetic radiation with no charge. 

•  Positron: (β+) an emitted positron has same mass as an 
electron but its charge is 1+. 

•  In electron capture (EC) a nucleus absorbs an electron 
from an inner shell of the atom; an X ray is released. 

•  Many radionuclides undergo one specific type of decay, 
though some can undergo two or more types. 

Types of Radioactive Decay 

9 

Summary of Decay Types 

Example: a nucleus that emits a beta 
particle increases in atomic number by 

one, while mass number remains 
unchanged. 
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Summary of Decay Types 

α	


β	


γ	



Alpha particles	



Decay Mode	

 Symbol	



Beta particles	



Gamma rays	



4	



0	



0	


0	



-1	



2	



Mass	

 Charge	



4	



0	



0	



2	



-1	



0	



β	

Positron	

 0	


+1	

 0	

 +1	



e	

Electron capture*	

 0	


-1	

 0	

 -1	
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Radiation’s Penetrating Ability	
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Effects of Radiation	
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Nuclear Reactions	


•  Ernest Rutherford found Ra forms Rn 

gas when emitting an alpha particle.	



•  1902—Rutherford and Soddy proposed 
radioactivity is the result of the natural 
change of the isotope of one element into 
an isotope of a different element.	
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Nuclear Reactions: Alpha Emission	



Note that mass number (A) goes down by 4 and atomic 
number (Z) goes down by 2.	



Nucleons are rearranged but conserved	
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Nuclear Reactions: Alpha Emission	



Note that mass number (A) goes down by 4 and atomic 
number (Z) goes down by 2.	



Nucleons are rearranged but conserved	



α	

4	


2	

Ra	

226	



88	

 Rn	

222	


86	

+	



radium-226	

 alpha particle   +	

 radon-222	



A:	


Z:	



226	


88	



4	


2	



222	


86	



=	


=	

 +	



+	
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Nuclear Reactions: Beta Emission	



Note that mass number (A) is unchanged and atomic 
number (Z) goes up by 1.	



How does this happen?	
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Nuclear Reactions: Beta Emission	



Note that mass number (A) is unchanged and atomic 
number (Z) goes up by 1.	



How does this happen?	



U	

239	


92	

 Np	

239	



93	

+	


Uranium-239	

    beta particle  +	

neptunium-239	



A:	


Z:	



239	


92	



0	


-1	



239	


93	



=	


=	

 +	



+	



β	

0	


-1	
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Radioactive Decay Series	
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Nuclear Reactions	


Positron (0

+1β) emission: a positive electron	



K-capture: the capture of an electron from the first 
or K shell	


	



An electron and proton combine to form a neutron.	


0

-1e + 11p --> 10n	



207	

 207	



1
1p  -->  10n  +  01β	
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•  Naturally occurring ionizing radiation is all around us. 
•  The dose received varies somewhat with where we live. It 

is slightly greater, for example, at higher elevations. 
•  Human activities have added to our exposure to radiation.  

However … 
•  … about two-thirds of the average radiation exposure 

comes from natural background radiation. Most of the 
remainder comes from medical procedures. 

•  Most medical procedures that involve radiation produce a  
rather low exposure. 

•  Damaging biological effects from ionizing radiation result 
from ionizing biological molecules, causing cumulative 
mutation and destruction. 

Ionizing Radiation and Living Matter 
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Origin of the Elements 

•   The Big Bang Theory 	


•   In the first moments there were only 
2 elements — hydrogen and helium	
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Element Abundance	
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Stability 
of Nuclei	



CD-ROM ���
Screens 23.3 

and 23.4	



24 

© 2006 

Stability of Nuclei 
Screens 23.3 and 23.4 

•  H is most abundant element in the 
universe.	


–  88.6% of all atoms	


– He is 11.3% of all atoms	


–   H + He = 99.9% of all atom & 99% of mass 

of the universe.	


•  This tells us about the origin of the 

elements, and so does the existence of 
isotopes.	
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Isotopes	


•  Hydrogen: 	



–  1
1H, protium	



–  2
1H, deuterium	



–  3
1H, tritium 

(radioactive)	


•  Helium, 42He	


•  Lithium, 63Li and 

7
3Li	



•  Boron, 10
5B and 11

5B	



•  Iron	


–  54

26Fe, 5.82% abundant	



–  56
26Fe, 91.66% abundant	



–  57
26Fe, 2.19% abundant	



–  58
26Fe, 0.33% abundant	
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Simulation —Stability of 
Isotopes 

Chem Now Screen 23.4	
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Isotopes	


•  Hydrogen: 	



–  1
1H, protium	



–  2
1H, deuterium	



–  3
1H, tritium (radioactive)	



•  Helium, 42He	


•  Lithium, 63Li and 73Li	


•  Boron, 10

5B and 11
5B	



•  Except for 11H the mass 
number is always at least 
2 x atomic number. 	



•  Repulsive forces between 
protons must be 
moderated by neutrons.	
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Stability 
of Nuclei	



•   Heaviest naturally 

occurring non-

radioactive isotope is 
209Bi with 83 protons 

and 126 neutrons	



•   There are 83 x 126 = 

10,458 possible isotopes; 

few actually exist	
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Stability of Nuclei	



•   Up to Z = 20 (Ca), n ≈ p (except for 73Li, 11
5B, 19

9F)	



•   Beyond Ca, n > p    (A > 2 Z)	



•   Above Bi (Z=83) all isotopes are radioactive, the heavier the 

nucleus the greater the decay rate.	



•   Above Ca: 	



•   Elements with EVEN Z have more isotopes	



•   Isotopes with an EVEN number of neutrons tend to be 

more stable.	
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Stability 
of Nuclei	



•   Out of > 300 stable isotopes:	



Even	

 Odd	



Odd	



Even	



Z	


N	



157	

 52	



50	

 5	



31
15P	



19
9F	



2
1H, 63Li, 10

5B, 14
7N, 180

73Ta	
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Stability of Nuclei	



•   Suggests some PAIRING of NUCLEONS	


•   There are “nuclear magic numbers” 	

	



2 	

  He 	

 	

28 	

Ni	


8 	

  O 	

 	

50 	

Sn	


20 	

  Ca 	

 	

82    	

Pb	


	



Even	

 Odd	



Odd	


Even	


Z	

 N	



157	

 52	


50	

 5	



32 

© 2006 

Band of Stability and Radioactive Decay	



243
95Am --> 42α + 239

93Np	



  α emission reduces Z	



  β emission increases Z	


60

27Co --> 0-1β + 60
28Ni	



Isotopes with low n/p 
ratio, below band of 
stability decay, decay by 
positron emission or 
electron capture	



  β emission increases Z	


60

27Co --> 0-1β + 60
28Ni	



β    C   N 0
1

13
6

13
7 ++→
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Binding Energy, Eb	



Eb is the energy required to separate the 
nucleus of an atom into protons and 
neutrons. 	


For deuterium, 21H	


2

1H --->  11p  +  10n 	

Eb = 2.15 x 108 kJ/mol	


Eb per nucleon = Eb/2 nucleons	



	

 = 1.08 x 108 kJ/mol nucleons	
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Calculate Binding Energy	


For deuterium, 21H:      21H --->  11p  +  10n	


Mass of 21H = 2.01410 g/mol	


Mass of proton = 1.007825 g/mol	


Mass of neutron = 1.008665 g/mol	


	


∆m = 0.00239 g/mol = (1.007825 + 1.008665) – 2.01410	


From Einstein’s equation: 	



	

Eb = (∆m)c2 = 2.15 x 108 kJ/mol	


Eb per nucleon = Eb/2 nucleons 	



	

= 1.08 x 108 kJ/mol nucleons	



∆m = (mass protons + mass neutrons) – molar mass of isotope	



35 

© 2006 

Binding Energy	



Simulation of binding energy, ChemNow Screen 23.5	
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Binding Energy/Nucleon	



ChemNow Screen 23.5	
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Half-Life	



• HALF-LIFE is the time it takes for 1/2 a 
sample to disappear.	



•  The rate of a nuclear transformation 
depends only on the “reactant” 
concentration.	



•  Concept of HALF-LIFE is especially useful 
for 1st order reactions.	
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Half-Life 
	



Decay of 20.0 mg of 15O. What remains after 3 half-lives? 
After 5 half-lives? (half life from graph is 2 minutes)	
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Kinetics of Radioactive Decay	


Activity (A) =  Disintegrations/time = (k)(N)	



         where N is the number of atoms	



Decay is first order, and so	



ln (A/Ao) = -kt	



The half-life of ���
radioactive decay is	



t1/2 = 0.693/k	
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Radiocarbon Dating	


Radioactive C-14 is formed in the upper atmosphere 

by nuclear reactions initiated by neutrons in 
cosmic radiation	



14N  +  1on  ---> 14C  +  1H	


The C-14 is oxidized to CO2, which circulates 

through the biosphere.	


When a plant dies, the C-14 is not replenished.	


But the C-14 continues to decay with t1/2 = 5730 

years.	


Activity of a sample can be used to date the sample.	
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Radiocarbon Dating	
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Artificial Nuclear Reactions	



New elements or new isotopes of known elements 
are produced by bombarding an atom with a 
subatomic particle such as a proton or neutron 
-- or even a much heavier particle such as 4He 
and 11B.	



Reactions using neutrons are called ���

n,γ reactions because a neutron is 
captured and a γ ray is usually emitted.	



Radioisotopes used in medicine are often made by 
n,γ reactions.	
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Artificial Nuclear Reactions	



Example of a n,γ reaction is 

production of radioactive 31P for use in 

studies of P uptake in the body.	



31
15P  +  10n  --->  32

15P  +  γ	
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Transuranium Elements	



Elements beyond 92 (transuranium) made 

starting with an n,γ reaction 	



238
92U  +  10n  --->  239

92U  +  γ	


239

92U  	

 	

--->  239
93Np  +  0-1β	



 239
93Np  	

--->  239

94Pu  +  0-1β	
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Transuranium 
Elements & 

Glenn 
Seaborg	



106Sg	
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Nuclear Fission	
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Nuclear Fission	


Fission chain has three general steps:	



1.	

  Initiation.  Reaction of a single atom 
starts the chain (e.g., 235U + neutron)	



2.	

  Propagation.  236U fission releases 
neutrons that initiate other fissions	



3.   Termination.  	
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Nuclear 
Fission & Lise 

Meitner	



109Mt	
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Nuclear Fission & POWER	


•  Currently about 103 

nuclear power plants in 
the U.S. and about 435 
worldwide.	



•  17% of the world’s 
energy comes from 
nuclear.	



50 

© 2006 

Units for Measuring Radiation	


Curie: 1 Ci = 3.7 x 1010 distintegrations/s	



SI unit is the becquerel: 1 Bq = 1 dps	



Rad: measures amount of energy absorbed	



	

1 rad = 0.01 J absorbed/kg tissue	



Rem: based on rad and type of radiation. 
Quantifies biological tissue damage	



	

Usually use “millirem”	
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Nuclear Medicine: Imaging	
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Nuclear Medicine: Imaging	



Technetium-99m is used in more than 85% 

of the diagnostic scans done in hospitals each 

year. Synthesized on-site from Mo-99.	



	

99
42Mo  --->  99m

43Tc  +  0-1β	


99m

43Tc decays to 99
43Tc giving off γ ray.	



Tc-99m concentrates in sites of high activity.	
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Nuclear Medicine: Imaging	


Imaging of a 
heart using 
Tc-99m before 
and after 
exercise.	
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BNCT 
Boron Neutron Capture Therapy	



•  10B isotope (not 11B) has the ability to 
capture slow neutrons	



•  In BNCT, tumor cells preferentially 
take up a boron compound, and 
subsequent irradiation by slow 
neutrons kills the cells via the energetic 
10B --> 7Li neutron capture reaction 
(that produces a photon and an alpha 
particle)	



•  10B  +  1n  --->  7Li  +  4He + photon	
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Food Irradiation	



• Food can be irradiated with γ rays from 
60Co or 137Cs.	


• Irradiated milk has a shelf life of 3 mo. 
without refrigeration.	


• USDA has approved irradiation of meats 
and eggs.	




