Chemistry II-AP

Atomic Theory & Nuclear Chemistry Notes
Intro:

How nuclear chemistry affects our lives

· used in medicine as a diagnostic tool

· used for treatment of diseases, most notably cancers

· used to study reaction mechanisms

· trace movement of atoms in biological processes

· date historical artifacts

· generate electricity (accounts for about 20% in the U.S.)

· create weapons of massive destruction (unfortunately?)

I. Atomic Theory Timeline

II. Atomic number (Z#) vs. Mass number (A#)

1. identification of element

2. percent abundance of isotopes

3. difference between isotopes and nuclides

4. nucleons

5. contrast of nuclear size & density vs. atomic size & density

(atomic size ~ 10-8 cm vs. atomic nucleus ~  10-13 cm)

(atomic density - ex. for Fe = 7.9 g/cm3; nuclear density ~ 1014 g/cm3 !)

[Some  texts state that a Ping-Pong ball of nuclear material would have a 

mass of 2.5 billion tons!]
III. Types of nuclear reactions

1. Fission


3.  spontaneous decay

2. Fusion


4.  transmutation

1. In a fission reaction, a bombarding particle splits a nuclide into two nearly-equal nuclides.  Often, one or more expelled particles are also emitted. These reactions are highly exothermic.

   n + U-235  ( Te-137   +  Zr-97   +  2 n

or    n + U-235  ( Ba-142   +  Kr-91   +  3 n

For a fission reaction to be “sustained”, there must be a “critical mass” present – enough of the radioactive material present so that a chain reaction takes place.

2. In a fusion reaction, light nuclides are thrown together at extremely high speeds – high enough to cause them to “fuse” together. Without a doubt, the most common fusion reactors are the stars.

One fusion process:

H   +   H
    (
 H-2 + +
H   +   H-2   
    (    He-3

He-3  +  He-3      (   He-4  +  2 H

He-3   +        H    (   He-4  +  +
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Types of Nuclear Reactions (conti.)
3. Spontaneous decay occurs without an outside influence.   Because the nuclide is not stable, it will emit a particle on its own (presumably to try to achieve a balance of neutrons & protons)

4.  The first transmutation reaction was performed by Rutherford in 1919.  

He converted N-14 into O-17 by bombarding the nitrogen with an alpha particle, and a proton was the expelled particle.

IV. Types of radioactive particles – symbols, degree of penetrability
Alpha () – similar to the nucleus of a helium atom   

Beta () – similar to a high-speed electron  

gamma () – a high-energy photon  – has no charge or mass

neutron, proton 

positron – piece of antimatter – similar to a positively-charged electron

deuteron, triton
V. Average Atomic Mass & Isotopic Abundance

Example #1: Silver (atomic weight 107.868) has two naturally-occurring isotopes with isotopic weights of 106.90509 and 108.90470. What is the percentage abundance of the lighter isotope?
Example #2: An element – Z – has three isotopes: Z-78 with a weight of 77.989, Z-81 with a weight of 81.000, and Z-82 with a weight of 82.003. The percent abundance of the three isotopes is Z-78 34.050%, Z-81 50.720%, and Z-82 15.230%. What is the average atomic weight of element Z?

VI. Mass Spectrometry

-     Spectroscopy: the study of the interaction between matter and the electromagnetic spectrum. 

· Types of spectroscopy: Mass Spectroscopy (MS), Photoelectron Spectroscopy (PES), Spectrophotometry, Nuclear Magnetic Resonance Spectroscopy, Atomic Absorption Spectroscopy (AAS), and many more. In this course we’ll discuss the first three types.
· Mass Spectrometry is a powerful analytical tool used to determine the following information.

1. The elemental composition of a sample
2. The masses of particles and of molecules
3. Potential chemical structures of molecules by analyzing the fragments
4. The identity of unknown compounds by determining mass and matching to known spectra
5. The isotopic composition of elements in a sample
A mass spectrometer is a device for separating atoms and molecules according to their mass. 
In a mass spectrometer, a substance is first heated in a vacuum and then ionized. The ions produced are accelerated through a magnetic field that separates ions of different masses. The height of each peak is proportional to the amount of each isotope present (i.e. it’s relative abundance). The m/z ratio for each peak is found from the accelerating voltage for each peak. Many ions have a +1 charge so that the m/z ratio is numerically equal to mass m of the ion. This process is summarized in the table on the next page.
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Interpreting Mass Spectra:
	Image #
	Step
	What Happens

	1
	Inject and vaporize
	Molecules/ atoms separate from each other

	2
	Ionize
	Fast moving electrons hit the atoms and cause an electron to come off

	3
	Accelerate
	Particles move faster.

	4
	Deflection
	Magnetic field – heavier isotopes get deflected less than lighter isotopes. 

	5
	Detection
	Counts how many of each mass come through


1. Each peak represents a different isotope of the element being analyzed.
2. The height of each peak is proportional to the amount of each isotope present (i.e. it’s relative abundance).
3. The m/z ratio for each peak is found from the accelerating voltage for each peak. Many ions have a +1 charge so that the m/z ratio is numerically equal to mass m of the ion.  That will be true for all the isotopes analysed in the course.
Example 1:      Consider the Mass Spectrum of Rubidium below to answer the following questions:

(a) The relative amount of each isotope.

(b) The percentage abundance for each isotope.

(c) The average atomic mass of rubidium.
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The height of each peak is proportional to the relative abundance of the isotope it represents. In this case 8537Rb is more than twice as abundant as 8737Rb
Example 2:       Consider the mass spectrum below for the following prompts:

(a) How many isotopes exist for this element?

(b) What is the percent abundance of each isotope?

(c) Calculate the average atomic mass and identify this element.
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Half-life

· kinetics – first-order decay process

· half-life problems

· ln(Ao/At) = k t


· when Ao = 2A, then ln (Ao/At) = ln (2) = 0.693   and t = t ½
· define half-life

Example 1: 
What is the value of the decay rate constant (k) for Sn-121 if its half-life is known to be 76 years?
Example 2:      Es-253 undergoes alpha decay at a rate of 20.47 days. (a) How many days would it take for a 5.60-mg sample to decay until only 7.72% remained? (b) What is the resulting nuclide?

VIII. Belt of stability & “magic numbers”

1. Nuclides with even numbers of both protons and neutrons seem to have the greatest likelihood of being stable.

2. Nuclides that contain the “magic numbers” of either protons, neutrons, or both are more likely to be stable.

3. Magic numbers for protons – 2, 8, 20, 28, 50, or 82

4. Magic numbers for neutrons - 2, 8, 20, 28, 50, 82, or 126

	# of stable isotopes
	protons
	neutrons

	157
	even
	even

	52
	even
	odd

	50
	odd
	even

	5
	odd
	odd



Belt of stability and nuclear decay processes:

1. For nuclides with a Z# up to 20, n:p is about 1:1

2. For nuclides from 21 – 40, ratio is about 1.25:1

3. For nuclides from about 41-50, ratio is about 1.4:1
4. For nuclides from about 51-80, ratio is about 1.5:1
5. With nuclides > 83, there are no stable forms.

Types of decays:

1. w/ a high n/p ratio – nuclides undergo beta decay

2. w/ a low n/p ratio – light nuclides undergo positron emission

- heavy nuclides undergo K capture (electron capture)

3. those nuclides in the upper right-hand corner undergo alpha decay
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IX. Mass defect problems – conversion of mass into energy – binding energy forces          E=mc2
One of the reasons we account for the protons, neutrons, and electrons in an atom.

Sample Problem:     Calculate the mass defect for a mole of hydrogen-2.

1 mole of H-2 is measured to be 2.01355 grams, yet the mass of one proton is 1.00728 grams and the mass of one neutron is 1.00867 grams, so the added mass is 2.01595 grams.

The difference in mass (m) = 0.00240 grams or 2.40 x 10-6 kg /mole  

From the equation:    E = mc2     1 kg

then   E = (2.40 x 10-6 kg /mole)(3.00 x 108 m/sec)2  = 2.16 x 1011 Joules 

Note:  this is the amount of heat released for 1.0 gram of hydrogen!

As a comparison, the fusion of hydrogen nuclei releases 10 million times as much energy as the combustion of molecular hydrogen.

Sample Problem:  When Co-60 undergoes beta decay, how much heat is released?

The mass of Co-60 is 59.9338 amu, the mass of Ni-60 is 59.9308 amu, and the mass of an electron is 0.000548 amu.

m = 0.0030 amu, then E = 2.7 x 1011 J

For a comparison, it only takes 9 x 105 J to break all chemical bonds in a mole of water.

Sometimes we talk about binding energy per nucleon:
Divide the binding energy by the number of nucleons.  Significant because it shows the tendency for nuclides to undergo either fission or fusion reactions.  The average binding energy per nucleon increases to a maximum at a mass number of 50-60, then decreases.  Light nuclides tend to undergo fusion, while heavy nuclides tend to undergo fission.

Problem:        Calculate the total binding energy and the binding energy per nucleon for Zn-64, given that it has a mass of 63.92914 amu.  Use the atomic masses for protons and neutrons as listed above.
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X. Nuclear reactors – pros & cons

Discuss the mechanics of a regular power plant vs. a nuclear power plant

- use of cadmium for control rods; “heavy water”
1. fission

Pros:

1.  provides a much higher amount of energy per grams than fossil fuels


(1 gram of U-235 releases as much energy as 600 gallons of gasoline or 


 6 tons of coal)

2.  more abundant fuel than fossil fuels

3.  not as damaging to the environment in terms of sulfur gases emissions

4.  not as damaging to the environment in terms of strip mining

Cons:

      1.  produces radioactive waste that takes a long time to decay 

      2.  thermal pollution

      3.  radioactive pollutants

2. fusion

Pros:


1.  unlimited fuel source

2.  clean reaction - no harmful waste products

3.  high amount of energy per gram of fuel

Cons:

      1.  currently, we don’t have the technology because


a. it requires a temperature of about 4 x 107 K for collisions to occur


b. don’t have a containment vessel (looking at “magnetic bottles”)
3. breeder

Pros:

1.  uses U-238 which is more plentiful than U-235 (used by traditional


fission reactor plants)

2.   “spent fuel” can be reprocessed and used as the fuel in another reactor

Cons:


      1.  one waste product is Pu-239 which could be used in nuclear bombs

      2.  it is highly flammable and highly toxic - very similar in chemical to Fe

XI. Radioactive dating

1. major nuclides

a.   C-14
   half-life of 5715 years;   use the ratio of C-14:C-12

b.  U-238     half-life of 4.5 billion years; decays to Pb-206

c. Rb-87   half-life of 5.7 x 1010 years

d. K-40
  half-life of 1.28 x 109 years

2. limits of accuracy

for C-14, about 2000 to 50,000 years

for U-238, used to date the age of the earth
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XII. Biological effects of radiation

1. somatic vs. genetic damage

2. radiation doses

a. becquerel

b. curie (Ci)

c. rad (radiation absorbed dose)

d. RBE (relative biological effectiveness)

e. rem (roetgen equivalent for man)

Number of rems = (number of rads)(RBE)

X.
Measuring devices

1. Geiger counter

2. Scintillation counter

XI.
Types of particle accelerators

Cyclotrons

Synchrotrons

Linear accelerator

XII.
Radioactive decay series of importance

U-238 goes to Pb-206

U-235 goes to Pb-207

Th-232 goes to Pb-208

[Can you predict a scheme of decay reactions for any of these?]

XIII.
Effects of radon exposure

Types of problems:


Solve for k or for t ½


Solve for k, or t, or Ao, or At


Solve for percentage that decays 


(or percentage that remains)








