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NOTES

NUCLEAR CHEMISTRY 

#3. INTRODUCTION

A study of the nucleus reveals several important features:

    1. It is very small in size


    2. It has a very large density

    3. There is a large magnitude of energy that holds the nucleus together.

#4. INTRODUCTION - HISTORY

1895 Wilhelm Roentgen discovered x-rays

In 1896, Henri Becquerel expanded the field of chemistry to include nuclear changes when he discovered that uranium emitted radiation.  He accidentally left uranium ores on top of photographic plates.  The plates fogged over.

#5. INTRODUCTION - HISTORY

Marie and Pierre Curie, his students, showed that the fogging was caused by rays emitted from the uranium. 

 Marie named the process by which uranium gives off rays as radioactivity. 

 The penetrating rays emitted by radioactive source are radiation.

#6. INTRODUCTION - HISTORY

Soon after Becquerel's discovery, Marie Sklodowska Curie began studying radioactivity and completed much of the pioneering work on nuclear changes.  Curie found that radiation was proportional to the amount of radioactive element present, and she proposed that radiation was a property of atoms (as opposed to a chemical property of a compound).  

#7. INTRODUCTION - HISTORY
Marie Curie was the first woman to win a Nobel Prize and the first person to win two (the first, shared with her husband Pierre and Becquerel for discovering radioactivity; the second for discovering the radioactive elements, radium and polonium).

#8. INTRODUCTION - HISTORY

Radiation and Nuclear Reactions: 
In 1902, Frederick Soddy proposed the theory that 'radioactivity is the result of a natural change of an isotope of one element into an isotope of a different element.  

#9. INTRODUCTION- HISTORY

In 1911, Lord Rutherford showed that the nucleus in divided into 2 particles - protons and neutrons.

Further analysis has shown that those particles are divided into smaller pieces called quarks.

In the last 20 years, more than 100 different particles have been identified in the nucleus.

#10. DEFINITIONS

Nucleons are the protons and neutrons.

Atomic number (Z) is the number of protons.

Atomic mass number (A) is the sum of the protons and neutrons.

Atoms that have the same atomic number but different mass number are called isotopes.

#11. DEFINITIONS

A Nuclide is a particular isotope with the symbol including the atomic number and mass number on the left.

       AX
          Z

Carbon-12 is written as   12C

Carbon-14 is written as   14C

 

  6

          


   6

#12. DEFINITIONS

Nuclear stability forms the basis for all the important applications related to nuclear reactions.

Thermodynamic stability of the nucleus refers to the potential energy of a particular nucleus as compared with the sum of the potential energies of its component protons and neutrons.

#13. DEFINITIONS

Kinetic stability of the nucleus describes the probability that a nucleus will undergo decomposition to form a different nucleus – called radioactive decay.

Many nuclei are radioactive: that is they decompose forming another nucleus and producing one or more particles.

   14C  ( 14 N  +  0e

    6                7          -1

#14. DEFINITIONS

0e  represents an electron, called a beta particle or ß particle.
-1
4 He  represents an alpha particle.

2

λrepresents a gamma particle.

#15. NUCLEAR VS CHEMICAL REACTIONS

In chemical reactions, atoms gain stability by attaining stable electron configurations.

In nuclear reactions, atoms, called isotopes, radioisotopes or radio-nuclides, gain stability by making changes within their nuclei.

#16. NUCLEAR REACTIONS

These changes cause the release of large amounts of radiation energy that cannot be turned off.  Changes in temperature or pressure will not affect a nuclear reaction.

#17. NUCLEAR REACTIONS

Most isotopes are exceptionally stable in their nucleus.  The nucleus is unaffected by events in the electron energy levels.

Some elements have one or more isotopes whose nuclei are unstable. 

The stability of the nucleus depends on its ratio of protons to neutrons.

#18. STABLE ISOTOPES

There are about 1500- 2000 different isotopes known.

Of these 279 are stable.  Tin has the largest number of stable isotopes – 10.

#19. THE NUCLEUS

Protons and neutrons are composed of quarks- 

 Up = +2/3              strange = -1/3

 down = -1/3          charmed = +2/3 

 top = +2/3             bottom = -1/3

#20. PROTONS

Protons consist of 2 ups and 1 down.

+2/3 + 2/3 = 4/3 – 1/3 = 3/3  = 1+ charge

#21. NEUTRONS

Neutrons consist of 2 downs and 1 up.

-1/3 +(-1/3) = -2/3 + 2/3 = 0 charge

#22. NUCLEUS

Protons repel each other because of their positive charge.

The neutrons lessen the repulsion but there is another force acting in the nucleus.

It is the nuclear strong force that is able to overcome the repulsions between the protons and it binds the nucleons in a package.

#23. NUCLEAR STABILITY

Too many or too few neutrons lead to an unstable nucleus.  

An unstable nucleus loses energy by emitting radiation during the process of radioactive decay. 

Eventually unstable nuclei achieve a more stable state when they are transformed into atoms of a different element.

#24. TRANSMUTATION

This is called transmutation.

Radioactive decay is spontaneous and does not require any input of energy.

#25. BAND OF STABILITY

The table on the next slide shows a plot in which stable nuclei are positioned according to the number of protons (Z) and the number of neutrons (A-Z) that they contain. The stable (non-radioactive) nuclides are shown to reside in the zone of stability. Nuclei of atoms that do not contain a number of protons and neutrons that allows then to be plotted in this region are unstable and they will spontaneously decay until a nucleus is formed that does not reside in this stable zone.

#27. BAND OF STABILITY

http://lectureonline.cl.msu.edu/~mmp/kap30/Nuclear/nuc.htm
Also see page 879 Zumdahl

#28. BAND OF STABILITY

 Stable nuclides, if plotted on a graph of number of protons vs. number of neutrons, would all fall in an area enclosed by two curved lines known as the band of stability. The band of stability also includes radionuclides because smooth lines cannot be drawn to exclude them. The band of stability also stops at element 83 because there are no known stable isotopes above it. Elements lying outside the band of stability would be too unstable to justify the time and money for an attempt to make it. 

#29. BAND OF STABILITY

Another thing that is noticed about the band of stability is that as the number of protons increases, the ratio of neutrons to protons increases. 

This is because more neutrons are needed to compensate for the increasing proton-proton repulsions. 

#30. BAND OF STABILITY

Isotopes occurring above and to the left of the band have too many neutrons and tend to be beta emitters because they want to lose a neutron and gain a proton. 

01n ( 11H + -10e

#31. BAND OF STABILITY

Those lying below and to the right of the band have too many protons tend to be positron emitters because they want to lose a proton and gain a neutron. They capture an electron :

2859Ni  + -10e ( 2759Co

or emit a positron:

58B ( 48Be  + +10e


#32. BAND OF STABILITY

Isotopes above element 83 tend to be alpha emitters because they have too many nucleons.

They emit 24He.

#33. The Odd-Even Rule

In the odd-even rule, when the numbers of neutrons and protons in the nucleus are both even numbers, the isotopes tends to be far more stable than when they are both odd. Out of all the 264 stable isotopes, only 5 have both odd numbers of both, whereas 157 have even numbers of both, and the rest have a mixed number. 

#34.. The Odd-Even Rule

This has to do with the spins of nucleons. Both protons and neutrons spin. When two protons or neutrons have paired spins (opposite spins), their combined energy is less than when they are unpaired

#35. The Magic Numbers
Another rule of nuclear stability is that isotopes with certain numbers of protons or neutrons tend to be more stable then the rest. These certain numbers are called the magic numbers, and they are, for reasons to detailed to explain here, 2, 8, 20, 28, 50, 82, and 126. When a nucleus has a number of protons and neutrons that are the same magic number, it is very stable. For example: 42He, 168O, and 4020Ca. One stable isotope of lead, 20882Pb, has 82 protons and 126 neutrons. 

#36.   All elements heavier than bismuth (Bi) (and some lighter) exhibit natural radioactivity and thus can 'decay' into lighter elements.   Unlike normal chemical reactions that form molecules, nuclear reactions result in the transmutation of one element into a different  isotope or a different element altogether (remember that the number of protons in an atom defines the element, so a change in protons results in a change in the atom).  

#37. TYPES OF NUCLEAR CHANGES

There are three common types of radiation and nuclear changes:

1. Alpha α
2. Beta β

3. Gamma λ
#38. ALPHA RADIATION

Alpha Radiation (α) is the emission of an alpha particle from an atom's nucleus.

  An α particle contains 2 protons and 2 neutrons (and is similar to a He nucleus: 
  4He). 
   2
#39. ALPHA RADIATION

106263Sg (    104259Rf + 24He
94244Pu (    92244U    + 24He  

#41. ALPHA RADIATION 

When an atom emits an  particle, the atom's atomic  mass will decrease by 4 units because 2 protons and 2 neutrons are lost) and the atomic number (z) will decrease by 2 units  The element is said to 'transmute' into another element that is 2 z units smaller.  

#42. ALPHA RADIATION
An example of an a transmutation takes place when uranium decays into the element thorium (Th) by emitting an alpha particle as depicted in the following equation:

        238U ( 4He  + 234Th

                 92         2                 90

#43. BETA RADIATION

Beta Radiation (β) is the transmutation of a neutron into a proton and an electron (followed by the emission of the electron from the atom's nucleus: -10e ). 

#44. BETA RADIATION

When an atom emits a β particle, the atom's mass will not change (since there is no change in the total number of nuclear particles), however the atomic number will increase by 1 (because the neutron transmutated into an additional proton).

#45. BETA RADIATION

An example of this is the beta decay of the isotope of carbon named carbon-14  into the element nitrogen:

14 C ( 0e + 14 N

 6        -1           7   

#46. BETA RADIATION

Betas are much smaller that alpha particles and have half as much charge. 

 They are more penetrating but can be stopped by aluminum foil or wood.

#48. GAMMA RADIATION
Gamma Radiation (λ) involves the emission of electromagnetic energy (similar to light energy) from an atom's nucleus.  

 No particles are emitted during gamma radiation, and thus gamma radiation does not itself cause the transmutation of atoms, however λ radiation is often emitted during and simultaneous to, α or β radioactive decay.  

  X-rays, emitted during the beta decay of cobalt-60, are a common example of gamma radiation: 

#49. GAMMA RADIATION

The emission of gamma radiation involves a transition between energy levels within the nucleus.  Nuclei have energy levels of their own(like electron levels).  When a nucleus emits an alpha or beta particle it is sometimes left in an excited state.  By emitting a gamma ray photon, the nucleus relaxes into a more stable state. 

#50. GAMMA RADIATION

Except for their origins, gamma (decay) and x-rays (from excited electrons) are essentially the same.  They are extremely penetrating and potentially very dangerous.  They can penetrate paper, wood, or a body.  They can be stopped (though not completely) by several feet of concrete or several inches of lead.

#51. POSITRONS

Positron particles have the mass of an electron but a positive charge. 

They are emitted by several synthetic isotopes.

Symbol is +10e

They form in the nucleus by the conversion of a proton to a neutron.

#52. POSITRONS

2754 Co  ( 2654 Fe  +  +10 e

After a positron is emitted, it eventually collides with an electron and the two annihilate each other.  

Their masses change into the energy of two gamma-ray photons.

They are called annihilation radiation photons.

#53. NEUTRON EMISSIONS

Neutron emission does not lead to a new element but to a new isotope of the same element.

3687 Kr ( 3686 Kr  + 01n

#54. ELECTRON CAPTURE

Electron capture is rare among natural isotopes but common among synthetic nuclides.

Vanadium-50 nuclei can capture an orbital k-shell (principal energy level) or l-shell (2nd energy level) electron.

This changes the nuclei to titanium (stable) and emits x-rays and neutrinos.  

#55. ELECTRON CAPTURE

The net effect of electron capture is the conversion of a proton into a neutron.

11p  + -10e  ( 01 n

It does not change an atom’s mass, only its atomic number.  It leaves a hole in the k-shell and the atom emits photons of x-rays as other orbital electrons drop down to fill the hole.  And the nucleus that has just captured an orbital electron can emit a gamma ray photon

#57. TRANSMUTATION

Transmutation can be represented with a nuclear equation. 

The earliest artificial transmutation was performed by Lord Rutherford in 1911. Nitrogen-14 was bombarded with alpha particles, producing Oxygen-17 and protons. The nuclear equation for this reaction looks like this: 

714N + 42He  (178O + 11H

#58. BALANCE NUCLEAR EQUATIONS

This is a balanced equation

 The total mass number (top) is 18 on both sides and the total charge (bottom) is +9 on both sides. 

Changing the nucleus of an atom often turns it into another element.

 Nuclear equations must be balanced just like regular chemical equations. 

#59. . BALANCE NUCLEAR EQUATIONS

To balance nuclear equations, follow these two rules: 

Mass number is conserved in a nuclear change. 

       The sum of the mass numbers before the change must equal the sum of the mass numbers after the change. 

Electric charge is conserved in a nuclear change. 

     The total electric charge on subatomic particles and nuclei before and after the change must be equal. 

#60. http://207.10.97.102/chemzone/lessons/11nuclear/nuclear.htm

#61. HALF-LIFE

Radioactive decay proceeds according to a principal called the half-life. The half-life (T½) is the amount of time necessary for ½ of the radioactive material to decay

#62. . HALF- LIFE

For example, the radioactive element bismuth (210Bi) can undergo alpha decay to form the element thallium (206Th) with a reaction half-life equal to 5 days.

 If we begin an experiment starting with 100g of bismuth in a sealed lead container, after 5 days we will have 50g of bismuth and 50g of thallium in the jar. 

#63. HALF-LIFE

After another 5 days (10 from the starting point), ½ of the remaining bismuth will decay and we will be left with 25g of bismuth and 75g of thallium in the jar. 

As illustrated, the reaction proceeds in ½'s, with half of whatever is left of the radioactive element decaying every half-life period.   

#65. The fraction of parent material that remains after radioactive decay can be calculated using the equation: 

Fraction remaining =   1   (where n = # half-lives elapsed)

                                    2n 

The amount of a radioactive material that remains after a given number of half-lives is therefore: 

          Amount remaining = Original amount * Fraction remaining

#66. HALF-LIFE

The decay reaction and T½ of a substance are specific to the isotope of the element undergoing radioactive decay. 

 For example, Bi-210 can undergo  decay to Tl-206 with a T½ of 5 days. 

 Bi-215, by comparison, undergoes  decay to Po-215 with a T½ of 7.6minutes, 

And Bi-208 undergoes yet another mode of radioactive decay (called electron capture) with a T½ of 368,000 years! 
#67. SAMPLE PROBLEMS

If you start with 2.97 x 10 22 atoms of       

91 Mo, how many atoms will remain after 62.0 minutes?  The half-life of 91 Mo is 15.49 . minutes.

A sample initially contains 100 g of thorium-234.  After 16.0 days, the sample contains 63.1 g of thorium-234.  Calculate the half-life.

#68. SAMPLE PROBLEMS

A sample initially contains 248 g of stontium-90, which has a half-life of 29 years.  What is the amount of strontium-90 at t = 52 years

#69. Reactions

If nuclei come close enough together, they can interact with one another through the strong nuclear force, and reactions between the nuclei can occur. 

As in chemical reactions, nuclear reactions can either be exothermic (i.e. release energy) or endothermic (i.e. require energy input).

#70. REACTIONS

Two major classes of nuclear reactions are of importance: 

Fusion and Fission.

#71. Fusion

Fusion is a nuclear process in which two light nuclei combine to form a single heavier nucleus. 

An example of a fusion reaction important in thermonuclear weapons and in future nuclear reactors is the reaction between two different hydrogen isotopes to form an isotope of helium:

#73. FUSION

This reaction liberates an amount of energy more than a million times greater than one gets from a typical chemical reaction. Such a large amount of energy is released in fusion reactions because when two light nuclei fuse, the sum of the masses of the product nuclei is less than the sum of the masses of the initial fusing nuclei. Once again, Einstein's equation, E=mc2, explains that the mass that is lost it converted into energy carried away by the fusion products.

#74. FUSION

 Even though fusion is an energetically favorable reaction for light nuclei, it does not occur under standard conditions here on Earth because of the large energy investment that is required. Because the reacting nuclei are both positively charged, there is a large electrostatic repulsion between them as they come together. Only when they are squeezed very close to one another do they feel the strong nuclear force, which can overcome the electrostatic repulsion and cause them to fuse.

#75. FUSION

Fusion reactions have been going on for billions of years in our universe. In fact, nuclear fusion reactions are responsible for the energy output of most stars, including our own Sun. Scientists on Earth have been able to produce fusion reactions for only about the last sixty years. At first, there were small scale studies in which only a few fusion reactions actually occurred. However, these first experiments later lead to the development of thermonuclear fusion weapons (hydrogen bombs).

#76. FUSION

Fusion is the process that takes place in stars like our Sun. Whenever we feel the warmth of the Sun and see by its light, we are observing the products of fusion. We know that all life on Earth exists because the light generated by the Sun produces food and warms our planet. Therefore, we can say that fusion is the basis for our life.

#77. FUSION & STARS

http://www.lbl.gov/abc/Basic.html#Half

#78. FISSION

Fission is a nuclear process in which a heavy nucleus splits into two smaller nuclei. An example of a fission reaction that was used in the first atomic bomb and is still used in nuclear reactors is

#80. FISSION

 The products shown in the above equation are only one set of many possible product nuclei. Fission reactions can produce any combination of lighter nuclei so long as the number of protons and neutrons in the products sum up to those in the initial fissioning nucleus. 

#81. FISSION

As with fusion, a great amount of energy can be released in fission because for heavy nuclei, the summed masses of the lighter product nuclei is less than the mass of the fissioning nucleus.
     Fission occurs because of the electrostatic repulsion created by the large number of positively charged protons contained in a heavy nucleus. Two smaller nuclei have less internal electrostatic repulsion than one larger nucleus. 

#82. FISSION

So, once the larger nucleus can overcome the strong nuclear force which holds it together, it can fission. Fission can be seen as a "tug-of-war" between the strong attractive nuclear force and the repulsive electrostatic force. In fission reactions, electrostatic repulsion wins.

#83. FISSION

Fission is a process that has been occurring in the universe for billions of years. As mentioned above, we have not only used fission to produce energy for nuclear bombs, but we also use fission peacefully everyday to produce energy in nuclear power plants. 

#84. FISSION

Interestingly, although the first man-made nuclear reactor was produced only about fifty years ago, the Earth operated a natural fission reactor in a uranium deposit in West Africa about two billion years ago!

#85. ANTIMATTER

http://www.lbl.gov/abc/Antimatter.html

#86. USES FOR RADIOISOTOPES

http://www.chem.duke.edu/~jds/cruise_chem/nuclear/uses.html
http://www-formal.stanford.edu/jmc/progress/nuclear-faq.html

#87. FISSION VS FUSION

http://ull.chemistry.uakron.edu/genchem/20/

· 5 days (10 from the starting point), ½ of the remaining bismuth will decay and we will be left with 25g of bismuth and 75g of thallium in the jar. 

· As illustrated, the reaction proceeds in ½'s, with half of whatever is left of the radioactive element decaying every half-life period.   

· The decay reaction and T½ of a substance are specific to the isotope of the element undergoing radioactive decay. 

·  For example, Bi-210 can undergo  decay to Tl-206 with a T½ of 5 days. 

·  Bi-215, by comparison, undergoes  decay to Po-215 with a T½ of 7.6 minutes, 

· And Bi-208 undergoes yet another mode of radioactive decay (called electron capture) with a T½ of 368,000 years!   

