CHAPTER 3.3: ORIGINS OF QUANTUM THEORY

In 1900, a physicist named Max Planck proposed an idea that was so revolutionary that he himself was unwilling to accept its implications.  Planck suggested that matter, at the atomic level, could absorb or emit only discrete quantities of energy.  This interpretation arose from the experimental results obtained by Gustav Kirchhoff while observing the light emitted by hot objects.  Kirchhoff observed light that was emitted by blackbodies.  Blackbodies refer to a perfectly black object that does not reflect any light and emits various forms of light at different temperatures.  

Read: Planck’s Quantum Hypothesis (pg 169-170) – make notes

Draw: Fig.2 pg 169

Read and make notes on: The Photoelectric Effect (pg 170-172)

Each of these specific quantities is called a quantum of energy.  In other words, Planck said that the energy of an atom is quantized.  Something that is quantized can exist only in certain discrete amounts.  It is not continuous.

Although Planck said that the energy of matter is quantized, he continued to describe energy as travelling in the form of waves.  He was, in fact, unwilling to consider that energy might have wave-like properties.  In 1905, Albert Einstein was prepared to make such an assertion.  Light, according to Einstein, is also quantized.  It occurs as quanta of electromagnetic energy that have particle-like properties.  These particle-like “packets” of energy were later called photons.  In Einstein’s view, light travels in the form of photons of energy.  Light is emitted as photons of energy, and light is absorbed as photons of energy.  

CHAPTER 3.4: THE BOHR ATOMIC THEORY

The big problem?  

Rutherford’s atomic model solved problem inherent in Thomson’s atomic model, but it also raised others.  For example: an atomic nucleus composed entirely of positive charges should fly apart due to electrostatic forces of repulsion.  Furthermore, Rutherford’s nuclear atom could not adequately explain the total mass of an atom.  In fact Rutherford’s model seemed to contradict the laws of nineteenth-century physics.

According to many assumptions, an electron in motion around a central body must continuously give off radiation.  Consequently, one should be able to observe a continuous spectrum of light energy as the electron gives off its radiation.  

Because the electron should also lose energy as a result of this radiation, the radius of its orbit should continuously decrease in size until it spirals into the nucleus (fig.1 pg.174).  This predicted annihilation of the atom would occur in a fraction of a second.  However, atoms were not seen to destabilize as predicted by this model.  

ATOMIC SPECTRA

Robert Bunsen and Gustav Kirchhoff invented the spectroscope (fig.2 pg.175).  The spectroscope forms the basis of an analytical method called spectroscopy, a method first reported to the scientific community. They studied the spectra of chemicals, especially elements, heated in a Bunsen burner flame, and the spectrum of the sun.  What they discovered was that an element not only produced a characteristic flame colour but, on closer examination through a spectroscope, also produced a bright-line spectrum that was characteristic of the element (fig.2 pg.175).  The spectra of known elements were quickly catalogued and when a new spectrum was found, the spectrum was used as evidence of a new element.  

RECALL:
(a) Visible light is part of a broader continuum of energy called electromagnetic radiation.
(b) The visible portion of the electromagnetic spectrum is called a continuous spectrum, because the component colours are distinct.  They appear “smeared” together into a continuum of colour.

(c) When atoms absorb energy, you observe a pattern of discrete (distinct), coloured lines separated by spaces of varying length- line spectrum.
How could you determine the composition of gases far away in the universe?  

BOHR’S MODEL OF THE ATOM

Scientists of the nineteenth century lacked the concepts necessary to explain line spectra.  In 1913, Neils Bohr, a Danish physicist and student of Rutherford, proposed a new model for the hydrogen atom.  This model retained some of the features of Rutherford’s model.  More importantly, it was able to explain the line spectrum for hydrogen because it incorporated several new ideas about energy.  Bohr’s atomic model pictures electrons in orbit around a central nucleus (fig.4 pg.176).  Unlike Rutherford’s model, however, in which electrons may move anywhere within the volume of space around the nucleus, Bohr’s model imposes certain restrictions.  

The spectra of elements mean that only certain quanta of light can be emitted or absorbed by an atom.  Bohr reasoned that if the light released or absorbed from an atom was quantized, then the energy of the electron inside the atom must also be quantized.  In other words, an electron can only have certain energies.  The simplest arrangement would be a planetary model with each electron orbit at a fixed distance and with a fixed energy.  In this way, the energy of the electron was quantized; in other words, the electrons could not have any energy, only certain allowed energies.  Therefore, Bohr stated that these were special energy states (stationary states), and the existing rules did not apply inside an atom.  

POSTULATES:

(i) The atom has only specific, allowable energy levels, called stationary states.  Each stationary state corresponds to the atom’s electrons occupying fixed, circular orbits around the nucleus.

(ii) While in one of its stationary states, atoms do not emit energy.

(iii) An atom changes stationary states by emitting or absorbing a specific quantity of energy that is exactly equal to the difference in energy between the two stationary states.  

Although Bohr was familiar with atomic spectra, he did not know about the mathematical analysis of the hydrogen spectrum by Jacob Balmer.  

Bohr realized that:

(a) Electrons jump from one orbit and energy level to another, which is referred to as an electron transition.
(b) A transition from a higher energy state to a lower energy state means that the electron loses energy and this energy is released as a photon of light.  (Fig.5 pg.177)

(c) When an atom is exposed to electrical energy, or other forms of electromagnetic energy, its electrons absorb photons of energy.  The atom is now said to be in an excited state.  

(d) The atom may also become excited through atomic collisions.  For example, when two hydrogen atoms collide, some of the kinetic energy from one atom is transferred to the other atom.  The electron of the second hydrogen atom absorbs this energy and is excited to a higher energy level.

HOW BOHR”S ATOMIC MODEL EXPLAINS THE SPECTRUM FOR ATOMIC HYDROGEN

Bohr proposed that the energy that is emitted and absorbed by an atom must have specific values.  The change in energy when an electron moves to higher or lower energy levels is not continuous.  It is, rather, quantized. 

The energy that is associated with the coloured lines in the spectrum corresponds to the change in energy of an electron as it moves to higher or lower energy levels.  

When the electron of a hydrogen atom that has been excited to the third energy level falls to the second level, it emits light of certain energy.  Specifically, an electron that makes a transition from the third energy level to the second energy level emits a photon of red light with a wavelength of 656 nm.  Because line spectra result when atoms in an excited state emit photons as they fall to a lower energy level, these spectra are also called emission spectra.  

Fig 1: How the Bohr model explains the coloured lines in hydrogen’s emission spectrum.  When an excited electron falls from a higher energy level to a lower energy level (pointed arrow downward), it emits a photon with a specific wavelength that corresponds to one of the coloured lines in the spectrum.  

Fig.2: In its excited state, hydrogen’s electron is in the energy level closest to the nucleus n=1.  This is the lowest-possible energy level, representing a state of greatest stability for the hydrogen atom.

RECAP: BOHR’S POSTULATES

BOHR’S FIRST POSTULATE:

        Electrons do not radiate energy as they orbit the nucleus.  Each orbit corresponds to a state of constant energy (called a stationary orbit).

BOHR’S SECOND POSTULATE:

         Electrons can change their energy only by undergoing a transition from one stationary state to another.

THE SUCCESS AND LIMITATIONS OF THE BOHR MODEL

Bohr’s realization that the atom’s energy is quantized- that electrons are restricted to specific energy levels (orbits)- was an astounding achievement.  This model successfully predicted the coloured lines in the visible-light portion of hydrogen’s emission spectrum.  It also successfully predicted other lines that earlier chemists had discovered in the ultraviolet and infrared portions of hydrogen’s emission spectrum.  

There was a problem with Bohr’s model, however.  It successfully explained only one-electron systems.  That is, it worked for hydrogen and for ions with only one electron, such as He+, Li2+, and Be+3.  Bohr’s model was unable, however, to explain the emission spectra produced by atoms with two or more electrons.  Further investigation was needed.  

Most importantly for our everyday work in chemistry, the Bohr model of the atom is able to offer a reasonable explanation of Mendeleev’s periodic law and its representation in the periodic table.  

According to Bohr’s model:

(a) periods in the table result from the filling of electron energy levels in the atom.  (eg. Atoms in period 3 have electrons in three energy levels).  A period comes to an end when the maximum number of electrons is reached for the outer level.  

(b) The maximum number of electrons in each energy level is given by the number of elements in each period of the periodic table; i.e., 2, 8, 8, 18, etc. 

–The last digit of the group number in the periodic table provides the number of electrons in the valence (outer) energy level.

(c) Bohr did his calculations as if electrons were in circular orbits 

– The most important property of the electrons    was their energy, not their motion  

       -Therefore, energy-level diagrams for Bohr atoms were created
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