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Chapter 9: Electrons in Atoms
I. Electromagnetic Radiation
Light is also a wave. Visible light, as well as x-rays and radio waves, are forms of electromagnetic radiation.  Collectively, they make up the electromagnetic spectrum.

http://www.prenhall.com/petrucci/chapter9/
Electromagnetic radiation is a form of energy transition in which electric and magnetic fields are propagated as waves through empty space (a vacuum) or through a medium such as glass.  
An electric field is the region around as electrically charged particle.  

A magnetic field is found in the region surrounding a magnetic.  

According to Maxwell, electromagnetic radiation- a propagation of electric and magnetic fields- is produced by an accelerating electrically charged particle.  
wavelength, amplitude, frequency and velocity
The wave nature of light

A wave is a disturbance that transmits energy through a medium. (a continuous repeating change or oscillations in matter or in a physical field.) 

Electromagnetic waves are characterized by a wavelength, a frequency, and amplitude.

The wavelength, , of the wave is the distance between two successive peaks. The basic SI wavelength unit is the meter (m). 

Amplitude of the wave is the height, measured from the center line between peak and trough.  Physically, what we perceive as the intensity of radiant energy is proportional to the square of the wave amplitude.

Frequency, , is the number of crests (wavelength) that pass through a given point per unit time. SI unit for frequency, s-1, is the hertz (Hz). 
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The Visible Spectrum

A distinctive feature of electromagnetic radiation is its constant velocity of 2.997925 x 108 m/s in a vacuum, often referred to as speed of light, c.
The speed of light is lower in any medium than it is in a vacuum.  The speed is different in different medium and as a consequence, light is refracted when it pass from one medium to another.  When a white light is passed through a transparent medium, the wavelength components are refracted differently.  The light is dispersed into a band of colors, a spectrum.  
The range of frequencies or wavelength of electromagnetic radiation is called the electromagnetic spectrum.  Visible light extends from 400nm (violet) to 800nm (red).

II. Atomic Spectra
What do visible light or other kinds of electromagnetic radiation have to do with atomic structure?

The answer involves the fact that atoms give off light when heated or otherwise excited energetically, thereby provide a clue to their atomic make up.  

Unlike white light from the sun, the light give off by an energetically excited atom is not a continuous distribution of all possible wavelengths.  The light emitted by an excited atom is consist of only few wavelength rather than a continuous spectrum, with all the colors of rainbow, giving a series of discrete lines separated by blank area- a atomic or line spectrum.  Each element has its own distinctive line spectrum.  
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Atomic Spectra -Experimental Fact and an Empirical Rule

~ parallel discoveries in atomic spectra showed that each element emits light of specific energy (give a discrete Line Spectrum) when excited by an electric discharge or heat
1885 Johann Balmer
~ showed that the energies of visible light emitted by the H atom are given by the equation 
~ Later Johannes Rydberg accounts all lines in the H atomic spectrum by generalizing the Balmer formula to 
Introduction to Quantum Physics 

Classical physics was not able to provide an explanation of following 

1) The fact that atomic spectra consists only limited numbers of well-defined wavelength lines suggests that only a limited number of energy values are available to excited gaseous atoms.  

2) Experimentally, it is found that the intensity of blackbody radiation-the visible glow that solid objects give off when heated- varies with the wavelength of the emitted light.  
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The dependence of the intensity of blackbody radiation on wavelength at two different temperatures.  Intensity increases from right to left on the curve as wavelength decreases. As the wavelength continues to decrease, intensity reaches a maximum and then drops off to zero. 

3) Photoelectric effect

Particlelike Properties of Electromagnetic Radiation: The Plank Equation
To explain the fact that the intensity of the radiation would not increase indefinitely, 

1900 Max Planck proposed
Energy, like matter, is discontinuous.  The difference between two of the allowed energies of a system also have a specific value, called a quantum of energy.  
The emission of electromagnetic radiation was that a group of atoms on the surface of heated object oscillating together with the same frequency. Then, the vibrating atoms could have only certain energy E.


Photoelectric Effect
The Photoelectric Effect with a Quantum Hypothesis 
1888, Heinrich Hertz 
discovered that when light strikes the surface of certain metals, electrons are ejected.  This phenomenon is called the photoelectric effect and its salient features are that

* electron emission only occurs when the frequency of the incident light exceeds a particular threshold value (o).  When this condition is met, it is further observed that

* the number of electrons emitted depends on the intensity of the incident light, but

* the kinetic energies of the emitted electron depend on the frequency of the light.

This observation can not be explained by classical wave theory.
1905 Albert Einstein
~ explained the photoelectric effect by proposing that a beam of light behaves as if it were composed of a stream of small particles, called photons, whose energy, E, is proportional to the observed frequency of light
E =h

In the particle model, a photon of energy h( strikes a bound electron, which absorbs the photon energy.  If the photon energy > the energy binding the electron to the surface (a quantity known as work function-the minimum energy required to removed an e from the surface of the particular metal ) a photoelectron is liberated.  

The lowest frequency light producing the photoelectric effect is the threshold frequency, o, and any energy in excess of the work function appear as kinetic energy in the emitted photoelectrons.

The # of photoelectrons increase with the intensity of light indicates that we should associate light intensity with the number of photons arriving at a point per unit time.

From both Plank and Einstein: The energy of the molecule is quantized.  

E.g. The work function is the energy that must be supplied to cause the release of an electron from the surface of a material in the photoelectric effect. The work function for gold is 7.67x10-19 J/photon. What wavelength of light is necessary to provide the threshold energy necessary to release an electron?

Photons of light and Chemical reactions

In photochemical reactions, photons are reactants. 

E.g. the reactions by which ozone is produced from oxygen in the atmosphere 

E.g. The protective action of ozone in the atmosphere comes through ozone’s absorption of UV radiation in 230-290 nm wavelength range.  What is the energy, in KJ/mol, associated with radiation in this wavelength range?

Theoretical Explanation of the Atomic Spectrum of H

*1913 Niel Bohr
~ using the work of Planck, Einstein and Rutherford’s model of atom proposed a quantum model of  the atom.
1 The electron moves in circular obits about the proton under the influence of the Coulomb force of attraction.

2 The electron has only a fixed set of allowed orbits, called stationary states.  As long as an electron remains in a given orbit, its energy is constant and no energy is emitted.  

The particular property of the electron having only certain allowed value, leading to only a discrete set of allowed orbits, is called angular momentum (mvr). The allowed electron orbits is determined by an additional quantum condition imposed on the electron’s orbital angular momentum. Its possible value are nh/2(. n=1 first orbit, n=2 second orbit… 
mvr = nh/2(.
n=1,2,3….


 ∟ quantum numbers

3 An electron can pass only from allowed orbit to another.  In such transitions, fixed discrete quantities of energy are involved-either absorbed or emitted.  
These integral numbers, which arise from Bohr’s assumption that only certain values are allowed for the angular momentum of the electron, are called quantum numbers.

*Bohr’s theory gives the radii of the allowed orbits in a H atom 

rn = (n2)ao

n= 1,2,3…
ao =0.53 Å 
and the energy level  


En = -RH 
RH =2.179 x 10-18 J


         n2
The energy has negative value because the separated nucleus are taken to have zero energy.  

Normally, the electron in a H atom is found in the orbit closest to the nucleus (n=1).  This is the lowest allowed energy, or ground state.  When the electron gain a quantum of energy, it move to higher level (n = 2, 3, ..) and the atom is in an excited state.  
The difference in energy between two levels, where nf is the final level and ni is the initial one.
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Also, according Plank’s equation 


E = h

The Bohr Theory and Spectroscopy

Atomic Spectroscopy:

Atomic Emission Spectra- emission of a photon of radiation occur when e- in an atom is excited to higher orbitals (an unstable excited state) by heat of a flame or an electric arc or spark and then return to its ground state and emitting photons of frequency given by

Ef = Ei -h

(proton = Ei-Ef
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Atomic absorption spectra- typically consists predominately of resonance lines, which are the result of atoms absorb light energy of specific wavelength as it transitions from the ground state to excited state. 
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Ef = Ei +h

(proton = Ef-Ei
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Ionization Energy
When the energy of a photon interact with a hydrogen atom is just enough to remove an electron from the ground state, the electron is freed, the atom is ionized, and the energy of the free electron is zero.  In this case, ni = 1 and nf =(, 
(E = IE (ionization energy) = h(photon = -Ei = RH/1 = RH
Thus, the quantization of the energy states of atoms lead to line spectra.

Bohr’s model also work for hydrogen-like species, such as He+ and Li2+, which have only one electron.  For these species, 

En = -Z2RH/n2
* Bohr’s theory does not work for atoms with more than one electrons and it does not explain the effect of magnetic field on emission spectra.*
Quantum Mechanics (Wave Mechanics)

~ If the proton is a particle, what is the meaning of the frequency and wavelength of the sense simultaneously a wave and a particle? 
1924 de Broglie
~ suggested that all moving particles have wave properties and asserted that ( of the wave is inversely proportional to the momentum of the particle. This wave associated with material particle is called matter wave.

E =mc2
h( =mc2
h(/c =mc =p
c=((
( =h/p
(= wavelength  of the particle
p = mu= momentum
Uncertainty Principle
1927 Werner Heisenberg
~ uncertainty principle- is a relation that states that the product of the uncertainties in position and momentum of an electron moving in the x direction .( It is physically impossible to simultaneously measure the exact position and exact momentum of a particle).
 
(x(p ( h/4

So, instead of being able to describe precise orbits of electrons as in Bohr theory, we can only describe orbitals, regions that describe the probable location of electron.  The probability of finding the electron at a particular point in space (electron density) can be calculated, at least in principle.
E.g. Suppose that we wish to locate the position of an electron to within 5x10-11 m. Estimate the corresponding uncertainty in the velocity of the electron according to Heisenberg Uncertainty principle. Mass of e- is 9.11x10-31 kg.

Wave Mechanic
1928  Schrödinger
~ Proposed a wave equation that described that manner in which matter waves change in space and time.   

~ The solutions to the wave equation are called wave functions, or orbitals and are represented by the symbol (. 
~ When the equation is solved for a particle, it is found that the wavefunction has a wavelength given by de Broglie relation, and that solutions of the equation exist for any wavelength.  

~ However when the equation is solved for a particle in a confined small region or is bound to an attractive center (like e in an atom), it is found that acceptable solution can be obtain only for certain energies.  That is the energy of such particle is quantized.  The probability of finding an e- at a given point in space is proportional to (2.
 

A simple illustration of how energy quantization emerges from Schrödinger equation is one-dimensional particle in a box.  The permitted energies of the particle are 
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•If  as the size of the box decrease (L (), the kinetic energy of the particle increase.

•The lowest possible energy, corresponding to n=1, is called zero point energy.  Because the zero-point energy is not zero, the particle cannot be at rest.  This observation is consist with uncertainty principle because the position and momentum both must uncertain, there is nothing uncertain about a particle at rest.

•Solution of Schrodinger equation for H atom give the wave function for e in H atom.  These wave functions are called orbitals.
Hydrogen Atom & Hydrogen like Atoms
~ When solved for H atom (3 dimension): A wave function contains  three variables called quantum numbers, represented as n, l, ml which describe the energy level of the orbital and the three-dimensional shape of the region in space occupied by a given electron.
((r,(, () = R(r)(((()(((() = R(r)(Y((, ()
Atomic Quantum Numbers 

n – principle quantum number: the larger the value n the greater the electron energy  and the farther, on average, the electron from the nucleus. 

n
1
2
3…


letter
K
L
M…

l –orbital angular momentum quantum number: is a measurement of the orbital angular momentum of the electron and determines the shape of the orbital




l = 0,  1,   2,   3…..n-1

                 s,   p,   d,   f …..
All orbitals with the same value of n are in the same principal electronic shell, and all the orbitals with the same n and l are in the same subshell.

ml - Magnetic quantum number: is related to the component of angular momentum along a chosen axis and determines the orientation of the orbital in space. ml= -l, -l+1…-1. 0, 1….+l
So, 
l = 0

 
l=1


ml=0


ml= -1, 0, 1


s orbital

three p orbitals


in an s subshell
in a p subshell

A subshell with quantum number l consists of 2l+1 individual orbitals. (The number of equivalent way of that orbitals can be oriented in space is equal to 2l+1). 

In the absence of an electric or magnetic field these orientations are degenerate; that is they are identical in energy.

To designate the particular principal shell in which a given subshell (orbital) is found, a combination of a principal number and a letter is used.  
E.g. 1s – the s orbital in the first principal quantum #. 
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Shell and subshells of a H atom: orbital energies for a H atom depend only on the principal quantum #, n. 

The shape of Orbitals
s orbitals: All orbitals are spherical symmetry and has # of radial node = n-l-1
~ # of nodes increase as the energy is increase.

Nodes are the points at which a wave function changes sign and zero probability of finding e-.
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p orbitals: are dumbbell shape, with their electron distribution concentrated in identical lobes on either side of the nucleus and separated by a planar node

(# of  angular nodes = l) 

cutting through the nucleus.
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d orbitals: there are 5 d orbitals ( dz2, dxy, dxz, dyz, dx2-y2) and there are two nodal surfaces(l = 2) in each d orbital.
Electron Spin: A forth quantum number

In addition to three quantum numbers required to specify the spatial distribution of an electron in a hydrogenic atom, another quantum number is needed to define the state of an electron completely.  These additional quantum # related to the intrinsic angular momentum of the electron, its spin.  There is only two allowed orientation of electronic spin: parallel or opposed to an applied magnetic field which classically can be pictured as rotation of an e- on its axis either clockwise or counterclockwise, ((spin up, have a value +1/2) and ((spin down, -1/2).
ms – spin quantum number :  each orbital can contain two electrons, corresponding to the two allowed values of ms; +1/2 . 

What is the evidence that the phenomenon of e- spin exist?


The Stern-Gerlach experiment 
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When no field is present, all ml values have the same energy and both ms values have the same energy.  Together the quantum # n, l, ml define an atomic orbital; the quantum number ms describes the electron spin within the orbital.

The Multielectron Atoms 

H atom is the only atom for which Shrödinger equation can be solved exactly.  All other atoms can be solved to a degree of accuracy by using approximation. 

The approximation approach taken to solve this many electrons problem is to consider the electrons, one by one, in the environment established by the nucleus and other electrons.  We assume that each electron experiences its own characteristic central field, which is the sum of the field of the nucleus and the average field of all the electrons other than the one of interest.  

In multielectron atoms, the attractive force of the nucleus for a given electron increase as the nucleus charge increase.  As a result, the orbital; energies because lower (more negative) with increase atomic number of atom.  Also the orbital energies in multielectron atoms depend on the type of orbital; the orbital; with different value l within a principal shell are not degenerate.
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Pentration and Shielding

Electrons in orbitals closer to the nucleus screen or shield the nucleus from the electrons farther away. This reduces the nuclear charge from its true value, Z ( the atomic number), to an effective nuclear charge, Zeff, the nuclear charge that an electron actually experiences.  

This reduction is called Shielding or screening.  
Zeff = Z- S
S = shielding parameter
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The magnitude of the reduction of the nuclear charge depends on the types of orbitals the inner electrons are in and the type of orbital that the screened electrons are in.  Electrons in s orbitals have a high probability density at the nucleus, whereas p and d orbitals have zero probability density at nucleus.  Thus the electrons in s orbitals are more effective at screening the nucleus from outer electrons than p or d orbitals.  This ability of electrons in s orbital that allows then get close to the nucleus is called penetration. 
As result of penetrating and shielding

*The effective nucleus charge for the valance electrons increases in line with the atomic number across each period.  

*The less of Zeff that an outer electron see, the smaller is the attraction of the e- to the nucleus, and hence the higher is the energy of the orbital in which e- is found. 


E  ( – Z2eff
                        n2
However, the Zeff for an electron in a valence s orbital is greater than that for the corresponding p orbital of the same atom.  Thus the energy level of a principal shell is split into separate levels for its subshell. (E2p > E2s) 

Electron Configurations

The electron configuration of an atom is a designation of how electrons are distributed among various orbitals in principal shell and subshell.
What is the electronic configuration of a given atom? 

That is, what are the values of n, l, ml, ms for each of its electrons?
Electrons occupy orbitals in a way that minimizes the energy of the atom.


The Aufbau Principle- a procedure that leads to plausible ground-state configuration. 

The energy of one-electron atom only depends on n.  

The energy of a many-electron atomic orbitals depends on both n and l. For many-electron atoms, the order of orbital energies is generally 

1s<2s<2p<3s<3p<4s<3d<4p<5s<4d<5p<6s<4f<5d<6p…

But there are atoms and ions for which some levels are reversed.

Pauli Exclusion Principle and Hund’s Rule

Pauli Exclusion Principle
~ no two electrons in an atom can have the same set of quantum numbers. No more than two electrons may occupy a single orbital and, if two do occupy a single orbital, then their spin must be (oppose) paired.  
Hund’s Rule
The configuration with the greatest number of unpaired spins (higher multiplicity) has lowest energy. (mean when more than one orbital has the same energy, electron occupy separate orbitals and do so with parallel spins- to reduce e-e repulsion) 
E.g.  the electronic configuration of

Z = 11-18, Na through Ar
Each element has 1s, 2s and 2p sushell filled.  Because the configuration 1s22s22p6 is that of neon, we will call this the neon core, represent it as [Ne]. electrons that are added to the electronic shell of highest principal quantum number ( the outer most or valence shell) are called valence electrons.  




                                  

                         Na                Mg                    Al                   Si   
noble gas-core

abbreviated 
 [Ne]3s1       [Ne] 3s2
             [Ne] 3s23p1      [Ne] 3s23p2

electron configuation 
Z = 19 and 20, K and Ca. After argon, instead of 3d, the next sushell to fill is 4s. 
K: [Ar]4s1
and Ca: [Ar]4s2

Z=21-30, Sc through Zn. In this series, 4s filled before 3d except Cr and Cu due to the a special stability for configuration in which a 3d shell is half-filled with electrons, as with Cr(3d5) or completely filled as with Cu(3d10). 
http://www.prenhall.com/petrucci
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