EXAM INFORMATION

Radial Distribution Function: P(r)}= RDF(r)= Br’R(r)* ,
B is the normalization constant.

p? Operator:  p? =—p2 =

Heisenberg Uncertainty Principle: o0, 2%

[-+3

|
Integrals: _( x"e™dx = },;
0 [
Particle in a Box
n*h?
Energy Levels: g = n=12,3..
" 8ma’
Harmonic Oscillator
Energy Levels i .
and Frequency: £ :(m——)ha) n=012,... w= \/: =27y =2mep  pu=—Th
2 M ny +m,
Rigid Rotor
W - = h
Energy Levels: B, =——=J(J+1}=heBJ(J +1) B=— J=0,1,2... g, =2J+1
i 8n°le
Moment of Inertia: Linear Polyatomic: /=) m7’ Diatomic: [ = z? y4=-11T2_
ml - m2

—b+~b* —4dac

Quadratic Equation: ax* +bx+c=0 x= 5
a

Thermodynamics: AG° =~-RTIn(Keq) = AH® —TAS®
This equation is not needed on this year's exam



EXAM INFORMATION (CONT'D)

orbs

= Electron Charge: g, EZn,.cfu

orbs

= Bond Order: p,, =Y n¢c,c

iy

Transition Moment: M, = M;i + M} j+Mik M =e(¥ [x'¥,)
M = e(‘{’f ly]LPG)
My, =e(¥,{2| %)
Czn Character Table

Can E Cz2 i Gh

Ay 1 1 1 1 X2 y3,22.xy
Bg 1 -1 1 -1 XZ,yZ

Av 1 1 A1 -1 Zz

Ba 1 -1 -1 1 Xy

Constants and Conversions:

h=6.63x1034 J-s
h=h/2n=1.05x103J's

k =1.38x102 J/IK

¢ = 3.00x10% m/s = 3.00x107% cm/s
Na = 6.02x102 mol™

me = 9.10x103" kg

mp = 1.67x10%7 kg

1A=10""m
1eV=1.60x10"°J

1 amu = 1.66x10?%7 kg
1J =1 kg-m?/s?

1N =1kg-m/s?

1 hartree (au) = 27.21 eV
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CHEM 56210 — Final Exam May 9, 2016

Name J;//K {74\"(

If you wish to have your final exam and course grade posted on the Web site, please
provide me with a four (4) digit number which will be the ID number for your grade.

Four (4) digit number for posting.
(08) 1. Short Answer (No explanation required)

(a) True/False: The derivative, dy/dx, must be continuous at boundaries in which the
potential energy is finite (i.e. V < o).

Trnds
(b) s the operator d?/dx? Hermitian?
o
/e &
A
(c) Is the function, Ae?*, an Eigenfunction of the p? operator?

Yy

(06) 2. Calculate the commutator: |:«-6~f-x]

'[}{ L7¢ //X&\ Xz/&/ //;;ZC ~)f/;%é{
T



(12) 3. Consider a particle in a box,
defined by the potential

Vix)=0 0<x<2b
V(x) > x<0, x>2b

0 2b

15
165°

A suitable normalized wavefunction for this particle is: y = A[x2 —~2bx:| , A=
2
Calculate the expectation value for the kinetic energy, <2‘L> ,
m
e
2 = ALSx-34)
= 2 ALox-24) B S 2A
>4 24
/ﬁ<>/ SUENDEL A = [ s, L
~— — Rl P - 7
g : Yeqq ;ﬂt\: ')C o JA’ - fi/ﬂ&’\/xﬁ: /YM //

= {_ﬂlé’ yf _A_éMX _%{L /Y ;éfflflé

as a function of h, band m




(15} 4. The first two lines in the rotational Raman spectrum (AJ = +2) of the linear molecule
SiOz [ '80=288i="80 ] are found at (1) 0.836 cm!, and (2) 1.560 cm"".

(5) a) Calculate the frequency (in cm™) of the fourth (4th.) line in the rotational

Mookster Spectrum of SiOz2. The election rule for the Mookster Spi’c’tym—l
e @‘Zj % 2108 24 — |82 0/,
- = —_ -
2 = {/3 W 3

— 7. ,a'-}—a £ ﬁ//ﬂé’ —3/9)4
o hon 4 J=3o(=
45\7“279-3){{ Améa /34’8 '
V =30/ 0/55) =] %68 o
o= ¢ =
/
(10) b) Calculate the Si=0 bond length, in A. ?0/ }?,}0 ) 5
7 A _— = %——rﬁ- _/’74?‘)@0«? 7
- TR NS eI A Y |
Ty _ .
Iy = 5/%51/; - ’/.)ﬂj fg‘d 7“//)?:(051%%/'_L = 77 ;/*.?/
$i0 d ¢
= 3
Z > 2/, Vey
> T 1734 TA
N Y /
ce . ¢ lé,l“’?,\r’/" AK%)
-SNg 2
537 m
— 0




(20) 5. The radial portion of one of the wavefunctions of the He* ion is:

R(r)= re

(10) (a) Calculate the normalized radial distribution function [RDF(r) = P(r)] for an
electron with this wavefunction (i.e. calculate the Normalization Constant, B).

Note: Your value for B shouid be a function of ao

/Dgasﬁ}")'@z":@fz//e“%) 5% 7>




#5 Cont'd
(10) (b)The potential energy between the electron and the helium nucleus is given by:
2¢°

V=-
Ang,r
Calculate the average value of the potential energy between the electron and

nucleus.
You should leave your answer in terms of e, 4nz,, and ao.

— 2,
D 2 T e ()

(1




(8) 6. Consider a particle in a two dimensional box of length a x b, where & =%

Draw a table (or diagram) containing the lowest 5 energy levels of a particle in a two

R . . . [#)
dimensional box of dimensions ax— .

V2

and show the set of quantum numbers

2

Put the energies in units of 5
ma

corresponding to each level
b
Py S/ L
I”] emg enb /|y
s g L 2
= /&7 A 1{% 2
gma’” Km/-;‘.- /
3
s /1 2 S
= /l}a 4 -7 Z

8) 7. experimental ionization energies of the lithium atom are: I[E1=5.38. eV,
[E2=75.66 eV, [E3=122.40 eV.

The correlation energy of the lithium atom is -0.046 au.
The Hartree-Fock energy of the Lithium +1 ions is: Eur(Li*)= -7.236 au

Use this data to determine the Hartree-Fock estimate of the first ionization energy
of Li, in eV.
Note: It should be similar in magnitude, but not the same, as the experimental
ionization energy (5.39 eV).

(27

Zoe> ~2TE [W/A) - gg;{?&'> ¢ Lo /th
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2.2 0ey/ "R A aq

T T “Qq%flé%é%f)ﬂéw/25>

—

= =20 -
= O A ay 522200V = ST 2/




(20) 8. The bonding in Lithium Hydride (Lilh) can be described by a two orbital interaction
beween the 2s orbital on Lithium and the 1s orbital on Hydrogen. The Hamiltonian
matrix elements (and overlap) are:

Hy,, =-8eV Hy =-l4eV H,,=-40eV S, =0
Assume that the molecular wavefunctionis: w =c¢, 25, +¢,1s,

(8) a) Set up the Secular Determinant and solve for the energy of the Bonding Orbital.

Ha;=<T A L v

-

=07 o ALY

Y,

- <5
#Ziﬁ ’A’/(M
[ N IAEDY <[4 ) =
L b 22 SES LY 8 =0
L >, 25 <> 4 cy= ()

Y = ) AYONTHNG) a2 [

200 EEY




8. Cont'd.

(8) b) Use your answer in part (a) to calculate the normalized coefficients, cy and cu,
in the bonding orbital. Be sure to normalize the orbital.
Note: If you don'’t like your answer for part (a), assume that Ebond= -20 eV (not
the right answer) to work this part.

(ﬁéﬁ“<ﬁ>) G- ¢ A’ 5 O

;?(‘/—1/ . -
[o-r] ¢ « g =0
g CZ("L/C’.W?O — Cﬂz"z CZV‘
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%; Q{/)—Qt b(ﬂ(/f/@\ = C'E( )*1/152\7
G

=/ ~35”, L _
3 ? ﬂf’&‘/ )150;0//%)

(4) c¢) Assume for this part that the antibonding orbital is: =N[0.65-2su +0.35-15H]

What fraction of the charge of an electron in the antibonding orbital is on the
Lithium atom?

P

P
/D, = 51,'2' _ @,/ﬂ’) -
4 1 6> /;M"
G o () 43T

275



(18) 9. QM Methods and Basis Sets

(3) (@In the‘CESD(T) method, what does each letter stand for? )
Colns Sni) R 5]+ 545 ST

(3) (b) Consider the 4-31G (aka ST0O-4-31G) basis set., What does each number stand
for? . / —
i /é&ﬁ’ro "’L%M FHHO S |
2~ nnk V%f—f’ﬁﬂ,m% /? 77"
s /k{«&( Vwéxzt _C?’ﬁ—f ":7% é7ﬁ
(9) (c) Consider using the 6-311+G(d,2p) to perfornt a Quantum Mechanical calculation
on the HSF molecule. Describe the types and numbers of STOs that are used

on each of the 3 atoms (H, F and S)
A

Y 4 <
S/ - /A [ (1S) et
/S50 7

%%“%Mk M@M/
— ' Sx@f) Mv g
:F' 2 a3 (Ef) ;;/ £
S o’ | '
//:; 4 C’/Bo/%f% “
cd F . N Y. I% !
*gx—ﬂ/vf) , {~ S -

I3

2 (m) /;-*%f@@f

(3) (d) Why is the Hartree-Fock method called a "Self-Consistent" (SCF) method.

"Ik B e B co o5k



(08) 10. Consider the electronic transition below, arising from the lowest triplet state of
(E)-1,2-dichloroethene [C2n symmetry], ...(ag)?(au)(bg)"
[diagram below and character table in information section at top of exam].

Show whether or not the fransition is allowed, AND, if it is allowed, is it polarized
parallel or perpendicular to the principal axis.
You MUST show your work to receive credit!!
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(18) 11. Consider the molecule, ethanedial (right) /03204
O1_C2

The oxygen Hiickel parameters are: a, =a+ j
Po =085

Notes: (1) H atoms on Cz and Cs are not shown
(2) Each O atom contributes one (1) electron to the n-system

(8) a) Write the Secular Determinant in terms of (i) o, p and E, (i) x [={a-E)/p]

VY ﬂgﬁ oV

dimE S OO0
SRS N I L
o B &k 2 o /2 ot Aﬂ,/F
[ o o r 4* o d ap

, S
O’v.% ﬁ f“/ S}’Jj/\/’f—/-g—*

{X_é/ 0% 0 0
0" 2,8 X 17
P /X o, 8

7, 72N SR V) /



n,> 4 /,% £ WW ﬁf)

For Parts b-d: The two occupied MOs and their energies are:

11. Cont'd.

/L

@ =0.90 x,+0.50 7, +0.50 », + 0.50 z, E,=a+1808 ———
@, =0.67 »,+0.23 y,-0.23 y, -0.67 ¢, E,=a+1.28p _ZZL-_

(3) b) Determine the = electron charge on O+

U= 2/60) ¢ 2100 {07 |

(3) ¢) Determine the O+-C2 bond order (P12).
//I)pz Q/ﬂ t)/m:‘} 7 ?—«/0{7)(0 zg) :

(4) d) The energy of the occupied = orbital in formaldehyde (H2C=0) is E1 = a+1.44p.
Calculate the = Delocalization Energy in Ethanedial.

L= 2Lk L) o g 28>
> p X465/

Yo = 23wy |F 75 g (/3

%” L, 15#4 Z[W*JW//S?’ Lre s R/




(10) 12. Consider the ethenamine molecule {on right).

The Secular Determinant is:

|
N N

C3 N3
x 1 0
1 x 08 =0 where x:a—E / \
0 0.8 =x+1.5 P

The two solutions to the Secular Determinant corresponding to occupied orbitals
are x1 = -1.95 and x2 = -0.68.

Determine the normalized Anti-bonding Molecular Orbital, ¢2, corresponding to
x2 = -0.68 as a linear combination of the basis functions, %1, x2 and %3 (x3 is on
the nitrogen).

Gt G IGEY T OyoXG ” "K—aﬁ")gl g ére,
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