Chemistry 331 Test #2 (13 November 2019)

Name:

Q1. 6

This is a three-hour test. 02, T
Q3. 6

Please answer all 8 questions in the spaces provided. Q4. 6
Q5. 7

A calculator and the equation sheets provided can be used. Q6. 6
Q7. 8

No books or notes are allowed. No marks for unreadable answers. _ Q8. 4
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Q1  This question refers to a free particle described by the wave function y (x) = Be 272" .

a) What does “free” mean in this context?
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" b) w(x)is a complex function. What does “complex” mean in this context? S
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¢) Show w(x) is an eigenfunction of the kinetic energy operator ———— —
with eigenvalue E. _ 87°m dx
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d) Many scientists believe the energies of quantum particles are quantized (only discrete energy
values are allowed). Use part ¢ to show the energies of free particles are in fact continuous.
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e) Use the expression for y(x) to show negative energies are impossible for free particles.
Hint: Wave functions must be “well behaved”.
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Q2  An electron moving in the positive x-direction encountering an infinitely-wide potential energy
barrier at x = 0 is described by the wave functions:

wi(x) = Aexp(iKx) + Bexp(—iKwx) zone I x<0 V(x)=0
vi(x) = Cexp(iKmx) zone 11 x>0 M(x) =
with K1 = 0.400 m~' and and K = 0.100 m~".

a) Show that the probability distribution Pi(x) = t//l*(x)t/n(x) in zoneLz a real functhn
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b) Why does the electron probability dlstrlbutlon oscillate in zone 1?7
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¢) Show that the probability distribution Pn(x) = yir*(x)yu(x) in zone Il is also a real function.
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d) The electron probability distribution does not oscillate in zone II. Why?
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e) Does the electron show barrier penetration? If so, calculate the penetration depth. Or does
the electron show barrier transmission? If so, calculate the transmission probahili
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Q3 A free electron with kinetic energy E = 0.10 eV moving in the positive x-direction encounters a
Vo =0.25 eV energy barrier of width L = 0.25 nm extending from x = 0 to x = 0.25 nm.

wi(x) = Aexp(iKx) + Bexp(—iKw) zone I x<0 Mx)=0
yu(x) = Cexp(iKux) + D exp(—iKux) zone 11 0<x<L WVx)=W
ym(x) = Fexp(iKmw) zonelll x > 0 Mx)=0

a) Why must yi(x) and wn(x) be identical at x = 0?
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b) Why must dyu(x)/dx and dym(x)/dx be identical at x = L?
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¢) There is no term in exp(—iKuwx) for the wave function wii(x) in zone III. Why?
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i) using classical mechanics
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ii) using quantum mechanics
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Q4  This question refers to the vibration of N2 moleculeséssumed to be harmonic). The fundamental

frequency is 2360 cm~! and the energy levels are E, = (n + /2)hv withn =0, 1,2, 3, ...
= h\F( h+-2L_)
a) Calculate the zero-point vibrational energy for one mole of No.
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b) Why is the zero-point energy non-classical?
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¢) The probability energy level E, is occupied is proportional to exp(—Ex/kT). This gives
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for the average vibration quantum number. For N2 at 300 K, show < » >=0.000012.
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d) Part ¢ shows that almost all N> molecules are in the ground vibrational state (n = 0) at 300 K.
Does this mean N2 molecules are not vibrating at 300 K. Explain.
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e) Classical mechanics predicts Cym = 7R/2 for the molar heat capacity of N, but the measured
value is 5R/2. Account for this discrepancy.
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Q5  This question refers to the vibration of H**Cl and D*CI'molecules. Data:
ma=1673x102"kg mp=3.343x1027kg  mssc1=5.812x 1026 kg

a) IR absorption spectroscopy gives 2990 cm~' for the fundamental vibration frequency of
H*CI. Calculate the force constant k. m = "y Masey (O. 167 3)5-8’12 -2
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b) A weak forbidden absorption in the IR spectrum of H**Cl is observed at 5980 cm~'. What
O does “forbidden” mean? Why is this transitign weak? R . .
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¢) H*Cl and D**Cl molecules have nearly identical electronic structures and therefore nearly
- --identical force constants. Why? Explain briefly.
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d) Estimate the fundamental vibration frequency of D**Cl molecules.
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e) H33Cl and D**Cl have nearly identical electronic structures, but the dissociation energy
of H¥Cl is 5.0 kJ mol-! lower than the dissociation energy of D35C/1. Why?> 07
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Q6  a) The normal v1brat1oEa1 modes of H20 and CO; are sketched bel%vy + B ac P e
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i) H,O and CO; are both triatomic molecules. But CO» has four normal modes and H>O
has three normal modes. Why?
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ii) Hz0 has three IR absorption bands (1595, 3657 and 3756 cm™"), but only two IR

absorption bands (526 and 256 cm—l) are observed for COa. Explaln bneﬂy -69
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b) CO; and 02 are both nonpolar molecules. But CO> absorbs IR radiation and O, does not.
Explain briefly.
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¢) 02 does not have an IR spectrum. Does this mean Oz molecules are not v1brat1ng‘7 Explain.
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d) The wave functions wo, 1, W2, W3, ... for the harmonic oscillator are orthogonal. What does
“orthogonal” mean?
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Q7 a) Classify each of the following functions f{x) as odd (O), even (E) or neither odd nor even (N).
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b) Use the properties of even and odd functions to prove the average momentum of a harmonic .
oscillator is zero: Lors. YT = W) ™, M“‘%“ neoms
T I ih d
£n 5 = x)*p x)dx = x)¥| ——— x)dx = 0
P, Lw() pow() Lw() ( dejw()
Py

5

= L

— ) <l
<Px> Y SV@EV« I

—,

W) oddyHen O‘,’[‘f@/e\ﬁn
&
| Yy enewn, fan Zf'zf ) ol

e *“?O .2
| =-ih evandix 01 -<h wgax
(8] oLl - |
' T =K

¢) The electrons in a high-resolution electron microscope have 400,000 eV kinetic energy.

7 = 400,000 ¢V

i) Calculate speed of the electrons.
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ii) Calculate the de Broglie wavelength of the electrons.
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iii) Electron microscopes have higher resolution than optical microscopes. Why?
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iv) Something is wrong with the electron speed calculated in part i! Explain.
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This question refers to the harmonic vibration of a diatomic molecule:

= (n+ %)hv n=0,1,2,3, ... V(x) = Vs kx?
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Use the equations provided to show:
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¢) the Heisenberg uncertainty principle ox0px > h/4x is obeyed.
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