Periodic table, constants, and conversion factors

Miscellaneous constants and conversion factors
R = 8.314 J/molK
R = 0.08314 Lbar/molK
R = 0.08206 Latm/molK

1 atm = 1.01325 bar
1 atm = 760. torr
NA = 6.022 x 1023

1 bar = 105 Pa = 105 N/m2

c = 2.998 x 108 m/s
h = 6.626 x 10-34 Js
k = 1.381 x 10-23 J/K

ħ = h/2π = 1.055 x 10-34 Js

1 cm-1 = 1.986 x 10-23 J
1 eV =1.602 x 10-19 J
1 amu = 1.661 x 10-27 kg

me = 9.109 x 10-31 kg
mp = 1.673 x 10-27 kg
mn = 1.675 x 10-27 kg

RH = 109677. cm-1 = 1.09677 x 105 cm-1

CHAPTER 7
Black body radiation (see Chapter 7 handout)
An ideal blackbody is a perfect absorber and emitter of light (electromagnetic radiation)
Note that c =  , where  = wavelength (m),  = frequency (s-1), and c = speed of light = 2.998 x 108 m/s
The relationship between intensity (M(,T) d) and energy density ((,T) d) is
M(,T) d = (c/4) (,T) d
The correct equation for M(,T) d must be consistent with Wien’s law and the Stefan-Boltzmann law
By assuming vibrational energy is quantized in units of E = nh, n = 0, 1, 2, … the Planck distribution law
may be derived.
Photoelectric effect (see Chapter 7 handout)
Assume light is quantized as photons, with the energy of a photon E  = h = hc/
If  is the minimum energy required for an electron to escape a metal (the work function), then the critical
wavelength for the metal is 0 = hc/
If  > 0 , the light photons do not have sufficient energy to produce electrons from the metal
If  < 0 , then the light photons do have sufficient energy to produce electrons, and
E =  + EK,max , where EK,max is the maximum kinetic energy of the electrons that escape the metal
A plot of EK,max vs  will have a slope equal to h, the Planck constant. The intercept of the plot can be used
to find the vaue for the work function for the metal.
Atomic spectra
Atoms absorb and emit light only at specific wavelengths that are characteristic of the particular element
present. This can be explained by assuming that atoms can only have certain values of energy, called energy levels.
For the most simple atom, hydrogen, the location of the energy levels is given by the equation
En = - RH/n2

n = 1, 2, 3, …

RH = 109677. cm-1

Heat capacity of metals
At high temperature, the constant volume molar heat capacity of a metal should be C V,m  C = 3R = 24.9
J/molK . This is observed experimentally for most metals (the Dulong-Petit law), but at low temperature C  0. By
assuming the vibrations in a metal are quantized in units of h (similar to Planck’s assumption for blackbody
radiation), Einstein found a formula for C that qualitatively agreed with experiment, and which approached zero as T
 0. K. Debye modified Einstein’s approach to find a slightly different relationship that better fit experimental data.

de Broglie wavelength
The de Broglie wavelength of a particle is dB = h/mv, where m is the mass and v is the speed of the particle.
The de Broglie relationship predicts that particles will exhibit wavelike properties under some conditions, as is
observed in electron and neutron diffraction.
Eigenvalue equations (see Chapter 7 handout)
Postulutes of quantum mechanics (see Chapter 7 handout)
The maximum information that can be found in a quantum mechanical system is contained in the solution to
the Schrodinger equation. For time independent systems, the time independent Schrodinger equation (TISE) is an
eigenvalue equation, and its solutions give the wavefunctions (eigenfunctions) and possible values for energy
(eigenvalues) for the system. Multiplying a wavefunction by a constant (real or complex) does not give a new
separate solution to a TISE.
Any physically measurable quantity can be represented in terms of a quantum mechanical operator. The
operators are Hermitian, and so average values (for many measurements) or particular values (for a single
measurement) will always be real. Wavefunctions that are solutions to a TISE are single valued, continuous, and
(except for cases where the potential jumps to  ) have a continuous first derivative. Wavefunctions are
normalizable, and there is a general procedure for normalizing a wavefunction. The square of a normalized
wavefunction is related to the probability of a particle being located in some region in space.
The solutions to a TISE form a complete orthonormal set of functions (a set of basis function). Other “well
behaved” functions can be written in terms of the wavefunctions that are solutions to a TISE. There is a general
procedure for finding the average value expected for any observable property of a quantum mechanical system. For a
single measurement, the result must (when relevant) be one of the eigenvalues of the operator representing the
property being measured.
Finally, the commutator of two operators is defined as [A,B] = AB – BA, where A and B are oertators. The
value for a commutator can be found by allowing the commutator to operate on an arbitrary function.
If [A,B] = 0 , then the properties represented by A and B can be measured simultaneously without any
inherent error. It is also possible to find a set of functions that are simultaneously eigenfunctions of the operators A
and the operator B.
If [A,B]  0 , then there is always a minimum uncertainty when the properties represented by A and B are
measured simultaneously. It is also impossible to find a set of functions that are simultaneously eigenfunctions of the
operators A and the operator B.
The most important uncertainty relationships are
(x) (px)  ħ/2
(E) (t)  ħ/2

CHAPTER 8
Particle in a 1 dimensional box
The one dimensional particle in a box potential is
V(x) = 0 for 0  x  L

V(x) =  for x < 0 or x > L

Because the potential is infinite outside the box, the wavefunction outside the box is equal to zero. Inside
the box, the TISE is
- (ħ/2m) d2/dx2 (x) = E (x)
The normalized solutions and possible values for energy for this TISE are
n(x) = (2/L)1/2 sin(nπx/L) for 0  x  L

En = n2h2/8mL2 = n2E0 E0 = h2/8mL2

n(x) = 0 for x < 0 or x > L

n = 1, 2, 3, …

The energy of the lowest energy state is E 0. As the quantum number n increases, the spacing between
adjacent energy levels increases. The number of nodes in the wavefunction (places where the wavefunction is equal
to zero, other that at the boundaries x = 0 and x = L) is equal to n – 1 , where n is the quantum number.
Particle in a 3 dimensional box
The three dimensional particle in a box potential is
V(x,y,z) = 0

when

0  x  Lx
0  y  Ly
0  z  Lz

V(x,y,z) =  otherwise

This TISE may be solved by separation of variables, saying (x,y,z) = X(x) Y(y) Z(z) inside the box, and
(x,y,z) = 0 outside the box. The solution inside the box is therefore the product of three 1-dimensional particle in a
box wavefunctions
(x,y,z) = (2/Lx)1/2 sin(nxπx/Lx) (2/Ly)1/2 sin(nyπy/Ly) (2/Lz)1/2 sin(nzπz/Lz)
= (8/V)1/2 sin(nxπx/Lx) sin(nyπy/Ly) sin(nzπz/Lz)

V = LxLyLz = volume of the box

E(nx,ny,nz) = (h2/8m) [ (nx2/Lx2) + (ny2/Ly2) + (nz2/Lz2) ]
nx = 1, 2, 3, …

ny = 1, 2, 3, …

nz = 1, 2, 3, …

For the special case where Lx = Ly = Lz = L (particle in a cube), then the wavefunction inside the box is
(x,y,z) = (8/V)1/2 sin(nxπx/L) sin(nyπy/L) sin(nzπz/L)

V = L3

E(nx,ny,nz) = (h2/8mL2) [ nx2 + ny2 + nz2 ] = [ nx2 + ny2 + nz2 ] E0 where E0 = h2/8mL2
nx = 1, 2, 3, …

ny = 1, 2, 3, …

nz = 1, 2, 3, …

For a cubic box we can have more than one state with the same value for energy. Degeneracy (g) refers to
the number of different states with the same value for energy. For example, the states (2,1,1), (1,2,1) and (1,1,2)
(where the numbers refer to the values nx,ny,nz) are three different states, all which have an energy E = 6 E 0. The
degeneracy of the E = 6 E0 energy level is therefore g = 3.
Qualitative behavior of wavefunctions in 1-dimension
In general, we observe two types of behavior for TISE wavefunctions.
If E > V (classically allowed regions) the wavefunction oscillates (like a sin wave). The larger the value for
E – V the more rapid the oscillations in the wavefunction.
If E < V (classically forbidden region, since this would mean T < 0) the wavefunction is an exponential
decay. The larger the value for V – E the faster the exponential decay.
The wavefunctions have to obey all the other requirements of acceptable wavefunctions (single valued,
continuous, continuous first derivative, and so forth).
Harmonic oscillator
The one dimensional harmonic oscillator potential is
V(x) = kx2/2

k = force constant
x = displacement of the oscillator from equilibrium

The TISE is
[ - (ħ/2m) d2/dx2 + kx2/2 ] (x) = E (x)
The solutions and possible values for energy for this TISE are
v(x) = Nv Hv(y) exp(-y2/2)

Nv = normalization constant
Hv(y) = vth Hermite polynomial
y = x/  = (ħ2/mk)1/4

Ev = (v + ½) ħ  = (k/m)1/2

v = 0, 1, 2, …

The energy of the lowest energy state is E = ½ ħ. This energy is called the zero point energy, and is the
difference between the energy of the lowest energy state and an energy of zero. Note that the spacing between
adjacent energy levels is constant, and equal to ħ.
The normalization constant, Nv, takes on a different value for different values of v. It is found by the
normalization condition
1 = - [ Nv Hv(y) exp(-y2/2) ]2 dx
The wavefunctions that are solutions to the TISE for the harmonic oscillator have a small but finite
probability of being in the classically forbidden region of the potential (where E < V(x)). The number of nodes in the
wavefunction is equal to v, the value for the quantum number. The wavefunctions can be divided into even functions
(where v = 0, 2, 4, …) and odd functions (v = 1, 3, 5, …).
The harmonic oscillator is a good model for vibrations in a diatomic molecule. In this case we usually write
energy as Ȇ (in wavenumbers, or cm-1). In general

Ȇ (in cm-1) = E (in J)
hc
If we rewrite the expression for the energy of a harmonic oscillator in wavenumbers, then the energy levels
for a diatomic molecule A-B in the harmonic oscillator approximation are
Ȇv = ħ (v + ½) = (v + ½) 
hc

 = 1 (k/)1/2
2πc

=

mAmB
(mA + mB)

Note that  has units of cm-1. If we find the value for  experimentally we can use the above equation to find the
value for k, the force constant. The MKS units for k are kg/s2, or N/m.
Particle on a ring
A particle on a ring is a paticle confined to move on a circle with fixed radius r, where x2 + y2 = r2 =
constant. To solve this problem we need to work in polar coordinates (see Chapter 8 handout). The TISE in polar
coordinates is
[ ( - ħ2/2mr2) d2/d2 ] () = E ()

where 0   < 2π

The normalized solutions and possible values for energy for this TISE are
mℓ () = (1/2π)1/2 exp(imℓ)
Emℓ = (ħ2/2mr2) mℓ2 = mℓ2 E0

E0 = (ħ2/2mr2)
mℓ = 0,  1, 2,  3,…

Notice that the wavefunctions (except for the mℓ = 0 solution) are imaginary functions. It sometimes helps
to remember that exp(ix) = cos(x) + i sin(x). All of the energy levels except for the mℓ = 0 level have a degeneracy of
2, since the  mℓ states have the same value for energy. The lowest energy level has an energy of zero, and the
spacing between adjacent energy levels increases as |mℓ| increases.
There is an angular momentum associated with the particle on a ring, in the same direction as the axis
perpendicular to the ring (usually taken to be the z axis). The quantum mechanical operator for this angular
momentum is Lz = - iħ d/d.
In general, if a and b are two solutions to the same TISE corresponding to the same value for energy (that
is, if they are degenerate solutions) then any linear combination of these two solutions will also be a solution to the
TISE. We can make use of this general property to rewrite the solutions to the TISE for a particle on a ring (which
are imaginary functions) in terms of equivalent solutions that are real functions.
Particle on a sphere
A particle on a sphere is a particle confined to move on a sphere with fixed radius r, where x2 + y2 + z2 = r2
= constant. To solve this problem we need to work in spherical polar coordinates (see Chapter 8 handout). The
TISE in spherical polar coordinates is
[ ( - ħ2/2mr2) 2 ] (,) = E (,)

where

0<π
0   < 2π

and the 2 operator is defined in the Chapter 8 handout. Separation of variables (assuming (,) = () () ) can
be used to solve this TISE.

The normalized solutions to this TISE are called the spherical harmonics Y ℓ,mℓ(,). Normalization for the
paeticle on a sphere means
1 = 0π sin d 02π d Y*ℓ,mℓ(,) Yℓ,mℓ(,)
where the term sin d that appears in the integral is an integration factor (see Chapter 8 handout). The expectation
(average) value for a physical quantity represented by the quantum mechanical operator Ô is
< Ô > = 0π sin d 02π d Y*ℓ,mℓ(,) Ô Yℓ,mℓ(,)
The restrictions on the quantum numbers ℓ and mℓ are
ℓ = 0, 1, 2, …
mℓ = 0,  1,  2, …,  ℓ
The possible values for energy for this system are
Eℓ = (ħ2/2mr2) ℓ (ℓ + 1) = ℓ (ℓ + 1) E0 where E0 = (ħ2/2mr2)
Since the energy for a particle on a sphere only depends on the value for the quantum number ℓ, the
degeneracy (number of different states with the same energy) for a particular energy level is g = 2ℓ + 1. The lowest
energy state for a particle on a sphere has an energy of zero. As the value for ℓ increases, the spacing between
adjacent energy levels also increases.
The particle on a sphere is a good model for rotational motion of a diatomic molecule. As with vibrational
motion in a diatomic molecule, we usually work in energy units of cm-1. We also use J and MJ in place of ℓ and mℓ
for the quantum numbers. In that case, we may say
EJ =

h
J (J + 1) = B J (J + 1) where B =
h
is the rotational constant
8π2cre2
8π2cre2
J = 0, 1, 2, …
MJ = 0,  1,  2, …,  J

In the above expression re is the equilibrium bond distance for the molecule. Note that the restrictions on the
quantum numbers J and MJ are the same as on the quantum numbers ℓ and mℓ. If the value for B is found from
experiment, the above equation for B can be used to find the value for r e for the diatomic molecule.

