Chemistry 331 Tutorial #1

L

In terms of the fundamental physical quantities (mass, length, time, electric charge, degree of
temperature), the dimensions of energy (e.g., 2 mv?) are kg m? s 2. What are the dimensions of:

frequency (v) force (F)

Planck’s constant (/) vacuum permittivity (&)
Boltzmann’s constant (k) velocity (V)

angular velocity (@) momentum (p =mv) .
moment of inertia (1) angular momentum (/ = /®)
heat capacity (Cv) molar heat capacity (Cym)

radiation energy density distribution function (p(7,v))

Use Planck’s radiation law

grhv' 1
p(T,V) = 3 hv/kT
¢ e -1

for the energy density distribution of blackbody radiation to show that the frequency of
maximum energy density iS Vmax = 2.82kT/h. Notice that vmax is proportional to the temperature.
This is Wien’s displacement lasy.

At what frequency does the maximum in the energy density distribution function occur at
temperatures of a) 4 K, b) 300 K, ¢) 5700 K (the surface of the sun), d) 10 K (the temperature at
the center of a thermonuclear explosion)? In what region of the electromagnetic spectrum does .
each of these maxima occur?

Use the trapezoid rule for numerical integration to calculate the area under the curve y = 10x°
from x = 0 to x = 1. Divide the area into five rectangles of equal width and add their areas. (The
first rectangle extending from x = 0.0 to x = 0.2 and centered on x = 0.1 has 'width 0.2 and height
0.1% and therefore area 0.2 x 0.01 = 0.02. The second rectangle extending from x = 02tox=04
and centered on x = 0.3 has width 0.2 and height 10 x 0.3% and area 0.2 x 0.09 =0.18, and so on.)
Compare your answer with to the exact area evaluated by integration.

Approximate trapezoidal integration of
y= 10x* fromx=0tox=1.




‘Use the definite integral

© y3 g
Gy =%
5% =35

to show that the total radiation energy density at temperature T is
[p(T,v)dv = pT"*
0

where B is an abbreviation for the constant 8mk?/ (15K3S).

In quantum chemistry (and in many other areas of science and technology), analysis of problems
gives answers in terms of equations that cannot be solved analytically, so numerical methods are
essential tools. Using the trapezoid rule (and a computer!), estimate the fraction of the total
blackbody radiation energy at wavelengths of 400 nm and shorter (i.e., ultraviolet and higher

energy radiation) at 5700 K. For these calculations it is convenient to define the dimensionless
variable y = Av/kT which gives

v2 15 " 3
jmﬁwwz;ﬂTyl~@,

yley _l

Why did it take scientists until the late 1800s to discover that that energy is quantized? A
contributing factor is the relatively small value of Planck’s constant, which leads, in many cases,
to energy levels that are so closely spaced they appear to be continuous and therefore “classical”.

To illustrate this point, integrate the expression d = (8nv%/c*)dv for the number of blackbody
energy levels per unit volume at frequencies from v to v + dv to calculate the number of
accessible energy levels per unit volume at frequencies from 0 to k7/4 (corresponding to the

average thermal energy, k7). The reciprocal of this number gives a crude measure of the energy
level spacing in units of £T.

Infrared radiation is often expressed in “wavenumbers” (1/A) in units of cm™". For infrared

radiation of Wavélength 1.00 x 107> m, calculate the wavenumber, frequency, and energy per
photon.



10.

11.

12.

13.

14.

The work function ¢ for chromium is 4.40 eV. Calculate the kinetic energy of the emitted
electrons when chromium is irradiated with ultraviolet radiation of wavelength 200 nm. What is
the stopping potential for these electrons?

Show that the Balmer series in the emission spectrum of the hydrogen atom occurs at

wavelengths between 365 nm and 656 nm. Identify the spectral region of electromagnetic
radiation to which Balmer radiation corresponds.

Derive Bohr’s equation for the energy levels of an ion con51st1ng of a single electron and a
nucleus of atomic number Z (i.e., Z =2 for He', Z=3 for Li*", etc.). Why is Bohr’s equation
inaccurate for ions or atoms w1th more than one electron?

Usmg Bohr’s equation, calculate the ionization energy for a) a hydrogen atom, b) a singly
charged helium ion (He"). Express your answers in ev, J and J mol™

Show that the speed of an electron in the nth Bohr orbit of a hydrogen atom 1s e2/2eonh.
Calculate the electron speed for the first Bohr orbit (n=1).

Ignoring small relativistic effects, calculate the de Broglie wavelength of a) an electron in the
first Bohr orbit of a hydrogen atom, b) an electron with a kinetic energy of 10° ev c) a proton
with a kinetic energy of 10° ev, d) a helium atom moving at a speed of 500 m st
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