ChemE 2200 — Applied Quantum Chemistry Lecture 2

Today:
The Interaction of Electromagnetic Radiation and Matter
The Hydrogen Spectrum
Multi-Electron Atoms

Defining Question:
What Is a Grotrian Diagram?

Reading for Today’s Lecture:
McQuarrie & Simon — Multielectron Atoms
8.1, 8.5, 8.6, 8.9, 8.10, and 8.11

Reading for Quantum Lecture 3:
McQuarrie & Simon — The Chemical Bond: Diatomic Molecules -

9.1-9.3, 9.5-9.13



Tomorrow, 12:20-1:10 p.m. in 155 Olin Hall.



Quantum Mechanics of Closed and Open Systems

A hydrogen atom: a proton and an electron

Apply the time-independent Schrdodinger equation.

H¥(r,0,0) = E¥(r,0,0)

. ~ hz 2 e2 1

A closed system: H = \vE . -

N0 Mass or energy in or out 2m, dmgg \ T
A hydrogen atom and a photon travelling in

Apply the time-dependent Schrodinger equation.  the y direction

A@W(0.0.0 = i ¥(r,0,0,0) velocity =c
ot electron-photon otey(tial
o onm o, e (1 on, v ¥
An open system: H = om Ve - 4re, (Fj - eEchosy(ervt)
energy enters

elementary charge”  gjectric field Polarized along z



Solving the Time—Dependent Schrodinger Equation
H(t)¥(r,0,0,t) = ih%‘l’(r,e,q),t)

Assume Y is separable. Y(r,0,0,t) = f(t)y(6,0,1)
Synopsis of the derivation.

Time—Dependent portion: Requires energy is conserved.

E E

photon = Efinal state ~ —initial state

Seems appropriate because time and energy ;
are complementary quantum variables: (AE)(At) > 5

Spatial portion: Requires angular momentum is conserved.
I Yo TWiiadt = 02 Transition is forbidden.
= 07 Transition is allowed.
T = e(Exx+E,y+E,2)
Yields two selection rules for the hydrogen atom: A/ = +1 and Am, = 0, %1

Hint: to check if a transition is allowed, you need only check if
I \V:inalf\l’initialdr =0 or 0. No need to evaluate the integral.



Photon-Induced Transition Probabilty

What does the integral j \V:inalf\VinitialdT represent?

The integral calculates the overlap between the state created by the
photon absorption, T; .., and the proposed final state, ‘s;,-

That is, does the transition operator T transform P, ..., Into a
state function that overlaps with W, .,,?

Recall, eigenfunctions of a system are orthogonal: I WeinaWiniigdT = 0

Particle in a Box. irradiate W', with x-polarized photons

¥, = sin(2nx)

Y, = sin(2nx)

n=1

¥, = sin(nx)

j voysdt = j sin(mx)sin(2mx)dx = 0 _[ viFydr = j sin(x) xsin(2mx)dx = 0

¥, and ¥, are orthogonal. Photon-induced transition is allowed.

| X¥; = xsin(nx)




The Hydrogen Atom and Electromagnetic Radiation

The hydrogen atom electron orbitals are orthogonal. I \u;p\ylsdr =0

1s

2p,
The hydrogen atom can absorb a photon with energy E,,n = Eop — Ejg

AV —> Ty, = (CE D — Vi,

1s

IW;hW1sdT oC IW;p(eEzz)WlsdT oC J‘\ll;p\VZpdT = 0

Photon-induced transition from 1s to 2p, is allowed.

What if the photon is x polarized? Allowed? Final state?



The Hydrogen Atom and Electromagnetic Radiation
Photon-stimulated emission

AVAVAVAVAV.S j V1Tt o I V15 (6E,2)yppdt o j\vl}\vlsdf # 0
Photon-induced transition from 2p, to 1s is allowed.
initial
state
AN\ Two photons with exactly the same energy,
AN\ exactly the same phase,
and exactly the same direction.
final
state a “LASER”

Light Amplification by Stimulated Emission of Radiation
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The Hydrogen Atom Energy Levels

S P d f angular momentum
(=0 (=1 (=2 (=3 >
\ selection rules:
Yy v=12186cm™ energy: An >0
/ angular momentum: A/ =+1
- v=27414cm™ Am, =0, 1

energy conversions:
(wavenumber)(velocity) = frequency

vVC=V
(109,677 cm™)(3x10" cm/sec) = 3.29x10"sec™
E=hv
= (6.63x10734 J-sec)(3.29x10%° sec)
=2.18x10-18

(2.18x10-1 J)(6.02x10% mol-1) = 1,310 kd/mol

v =109,677cm™

UV radiation!



The Hydrogen Atom Spectrum
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Helium: start with the hydrogen Hamiltonian H = —V; - —

2m, 1 dmeg\
hZ
and add terms.  kinetic energy of electron 2: Rvgz

. . 2e¢? (1
nucleus — electron 2 electrostatic attraction: — (—j

. . e’ (1
electron 1 — electron 2 electrostatic repulsion: +
drey \ Iy

The helium atom is a ‘three-body problem.” Insoluble analytically. What to do?



The Helium Atom

Apply approximation methods and verify with spectroscopy.
Exact solution: W, (r;,0;,¢,,15,,0,,¢,)

Assume the wavefunction is separable: Wy, =", (1,0;,0,)%¥, (12,0,,0,)

Good approximations for the individual electron wavefunctions
are the hydrogen atomic orbitals, quantized by n, |, and m.

How are the electrons allocated in the ground state?

Fill the lowest energy orbitals first, with regard to the laws of quantum mechanics.

Rule 1. Because electrons are fermions, every electron must have a unique state,
defined by the electron’s guantum numbers. Pauli Exclusion Principle

principal n: 1,23, ...
orbital angular momentum /¢:0,1,2,...,n-1

orbital angular momentum z projection m,: 0,+1,+2,..., =/

spin angular momentum m,: =% What is spin angular momentum?



Spin
Intrinsic quantized properties of all particles: mass

electric charge

spin angular momentum (aka ‘spin’)

spin quantum allowed spin
number, s states, m, particles
0 0 m meson (pion), K meson (kaon)
7 o, +Y4 electron, proton, neutron, neutrino
1 -1,0, +1 photon, gluon
Y hhrkad (none)
2 -2,-1,0, +1, +2 graviton

integral spins: energy (Bosons)

non-integral spins: matter (Fermions)



Adding Electrons to Orbitals

Add electrons to nuclei: H: vy = vy
He: v = yig vy,
Li: Y = W151W132W233 or vy = \Vlsl\Vlsz\VZpZ;, ?

Fill the lowest energy orbitals first.

For hydrogen, 2s and 2p, are the same energy. Does this change for lithium?



The Filled 1s Orbital Shields the Nuclear Charge

w(r) v (r) ry(r)

1s

25

The 2s orbital penetrates into the 1s electron cloud more than
the 2p orbital penetrates into the 1s electron cloud.

from M. Karplus and R. N. Porter, Atoms and Molecules: An Introduction
for Students of Physical Chemistry, (Benjamin, 1970), pp 130-131.



Adding Electrons to Orbitals, continued

Rule 2: For atoms will filled core orbitals, the s orbital is lower energy
than the p orbital, which is lower energy than the d orbital, which is
lower energy than the f orbital ...

H: 1s;

He: 1s,1s,

Li: 1s,1s,2s4

Be: 1s,1s,2s,2s,

B: 15,15,25525,2p,5

C: 1s,18,25325,2p,52p,5  OF 15118,25325,2p,52p, OF 18115,28525,2p,52p 6 ?

. Placing electrons in different orbitals
reduces electron-electron repulsion.

° Rule 3: For orbitals with equal energy
(for example, 2p,, 2p,, and 2p,),
place electrons in different orbitals.



Adding Electrons to Orbitals, continued
C: 1s,1s,28425,2p,:2p,¢ Electron spin in 2p, and 2p,?
For 1s, and 2s, the electron spin was dictated by the Pauli Exclusion Principle.

If the 2p, electron is spin +Y2 should the 2p, electron be spin +%2 or spin —%2?

Does it matter?

Rule 4: A state function for a system of two or more electrons must be anti-symmetric
with the interchange of the labels of any two electrons.

switch labels of

any two electrons _ _
b > P anti-symmetric

b > +¥Y  symmetric

Designate the wavefuntion of an electron with my = +%2 to be o
and the wavefuntion of an electron with m, = %2 to be .

He: 1s,041s,B, = 1s;1s,a,4P,

1s,1s,0.4B, > 18,1810,B1  neither symmetric nor
anti-symmetric.



Anti-symmetric Orbitals

He: 1[32

the orbital portion
IS symmetric

Write the spin portion as symmetric and anti-symmetric state functions.

oy + Pray > 0B + Py symmetric

o1, — B0y > 0,3 — B0y  anti-symmetric

The state function for He is 1s;1s,(a,, — B10).
C: 1515,25525,2pP,52P,6
The orbital portion is neither symmetric nor anti-symmetric.
C: 15,15,25525,(2P,52Py6 + 2Py52P,565)  SYmmetric
C: 15;15,25325,(2P,52Py6 — 2Py52P,)  @nti-symmetric
Evaluating <E> = I v Hydr reveals that the anti-symmetric state function is the lower energy.

(Recall the approximate ¥ is not an eigenfunction; cannot use Hy = Evy)



The Ground State of Carbon is a Triplet
C: 15,15,25325,4(2P52Pxg — 2Px52P;6)

To use the lower-energy anti-symmetric orbital state function,
we must append a symmetric spin state function.

OlsOlg symmetric\
BsBs symmetric > three states — a triplet
osPBet Bsog symmetricJ

asBs— Psog  anti-symmetric  a singlet
The ground state of carbon has 2p, and 2p, electrons with both spins +%2 or both spins .
Hund’s Rules: Maximize the total electron spin in the open subshell.

Mandates electrons in different orbitals (2p, and 2p,),
which minimizes electron-electron repulsion and
minimizes nucleus-electron screening.

aka the “bus seat rule.’

Maximize the total orbital angular momentum quantum number L.
Not needed until Ti.  (will be ignored here.)

Maximize the total orbital + spin angular momentum, L + S.

aka spin-orbit coupling, ~1-10 cm=. (will be ignored here.)



(1s,2s,+1s,2s,)
(01— B10y)

energy in eV

1eV
= 8066 cm!
= 96 kJ/mol

The Helium Atom Energy Levels

singlet states triplet states

]

(15425,-18,25)(01 0t)

selection rules: energy in
energy: An >0 wavenumbers

angujar momentum: A/ =+1
Am, =0, £1

from G. Herzberg, Atomic Spectra and Atomic Structure, (Dover, New York, 1944), p. 65



Atomic Absorption Spectroscopy

flame

amplifier
|
(e —
hollow monochromator detector
cathode
fuel gas

oxidizing gas

— nebulizer |

5 recorder

sample solution

Useful for elemental analysis



Grotriam Diagram for Lithium

3s

25

Named for Walter Grotrian,
who introduced the diagrams in
his 1928 book “Graphische
Darstellung der Spektren von
Atomen und lonen mit Ein,
Zwei und Drei Valenzelektronen
(“Graphical representation of the
spectra of atoms and ions with
one, two and three valence
electrons”).

from G. Herzberg, Atomic Spectra and Atomic Structure, (Dover, New York, 1944), p. 57.



Grotriam Diagram for Calcium

from G. Herzberg, Atomic Spectra and Atomic Structure, (Dover, New York, 1944), p. 77



Grotriam Diagram for Mercury

from G. Herzberg, Atomic Spectra and Atomic Structure, (Dover, New York, 1944), p. 20



What i1s the Unknown Gas?

www.nagwa.com/en/explainers/469167813067 - Emisson and Absorption Spectra



Calculation Session 1
Exercises 1 and 4.

ChemE 2200 TAS:
Lara Capellino
Kong Chen
Emily Destito
Vivian Liu
Amy Wu



