midterm on Friday, can bring usual 1 pg note sheet and
calculator. Learning goals through first 5 sections

(to Schrod eq and potential energy wells) of

learning goals sheet. Not include stuff from today on
hydrogen atom-- section #6 of learning goals.

Individual plus group again.-- easier to mark if all perfect

1. Today-- return to models of hydrogen atom
Schrodinger model.

2. extension to other atoms & molecules

3. Concept mapping exercise.




Models of atom

1.0bserve atomic spectra, try to develop model for atom to
explain.

2. Bohr model-- particular energy levels.

3. How to justify Bohr model energy levels?

4. deBroglie: maybe electron a wave with A =h/p?

Dav. Germer-- it works.



5. Rethink atom model. Electron acts like a wave, what
should be next step in trying to create an electron wave
model of hydrogen atom?

a. Come up with an equation that describes the electron
wave-- solve to predict shape and properties.

b. Figure out how to get de Broglie standing waves that
represent multielectron atoms.

c. Find the boundary conditions on the electron waves

d. Measure energy levels of hydrogen more precisely

a. Schrod. equa.



the 3 D Schrodinger equation

2Mox°
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What is potential V to use for hydrogen atom?

a. V(X)=-

c. V(r)=-
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Schrodinger eq for Hydrogen, polar coordinates

Zke*
Define potential energy: V() = ————

r
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Use S’s Egn
and find solutions: sin @ ag( J sin @ o¢°

oI

V(I =Ey




Reading quiz-- answers graded on correctness, no talking

1. Solutions to Schrodinger eq. for hydrogen atom are

characterized by
a. a single integer, b. 2 integers, c. 3 integers, c. 4 integers

d. 5 integers ans. 3. n,Im

2. The energy corresponding to a solution depends on
a. all three integers n,Im Db.onlylandm c.n,|
d.only |, e.onlyn.

3. An electron in the 2 p state has

a. spherically symmetric probability density

b. significant probability of being at the nucleus

c. both of the above

d. neither of the above 6



Schrodinger eq for Hydrogen, polar coordinates

. . Zke* o
Define potential energy: V () = ————

2.0 1% Or
Use S’s Eqgn 2 [ 1 0 1 oy ¥ _
and find solutions:  ~ 2,2 |sing 26 SINo—4 tanteos | (Ny =Ey

w(r,0,¢)=R(r)1(6)9(s)

Apply boundary conditions on vy in terms of r,0,¢

Messy and tedious but straightforward-- lots of books--
get solution in terms of R, £ g functions.

Wnlm (r1 H, ¢) — RnI (r) flm (6) gm (¢)




a. | remember these from chemistry, but not details.
b. have never seen before.

c. | remember these functions, and what the energy
and angular momentum of electron in different
wave functions depend on.



What do the wave functions look like?

Wnlm (r’ H’ ¢) — Rnl (r) 1’-Im (‘9)gm (¢)

. —r/(nay) -1 r
Ry (1) = a,e Ly (a_oj Laguerre polynomials
] im| [ 1+{m|
f, (0) = (smlé’) d (cos® 8 -1)'
2'1' | d(cosd)
0, (4) ="

Messy functions!!

Infinite number of solutions,
labeled by integers, n,I,m

Bunch of facts on conditions on n,l,m

and shapes of y,, , ,, In book.



Wnlm (r1 91 ¢) — Rnl (r) 1:Im (‘9)gm (¢)

Boundary conditions:
Lead to restrictions on wave functions
Lead to quantization in angular momentum and energy

n=2 n=1, 2, 3 .. = Principle Quantum Number
\ En = —E1 /n° (for Hydrogen, same as Bohr)
Zp =012 3 .- Angular Momentum Quantum Number
|‘_1 =s,p,d, f (restrictedt00,1,2..n-1)
oo |LI=A1(1+2) 7

=..-1,0,1.= z-component of Angular Momentum
(restricted to -l to |)

L, =m#

m=-101"

10



Energy Diagram for Hydrogen

=0 =1 =2
(s) (p)  (d)
n=3 e = —
3s 3p 3d
n=2 —- =
25 2p  Energy only depends on n
(NOT true for hydrogen if look more
carefully-- improved solution,
iIncluding magnetic effects--
important triumph of Sch. Eq.).
Completely wrong for multi-
electron atoms.
n=1 1=0,m=0 y

1s



An electron in the Hydrogen atom is excited to the
following electronic state:

W n=3.1=1,m=0 (r,8,0) =R, (r)f,(6)9,()
with energy E__, =—E, /(n = 3)2 .

How many electronic energy levels have the same
energy as this one?

12



Comparing H atom & Infinite Square Well:

Infinite Square Well: (1D) H Atom: (3D)
* V(X) = 0if O<x<L * V(r) = -Zke?/r
« otherwise »f
0 L |
 Energy eigenstates:  * Energy eigenstates:
1222 mZ %k %e*
— E = —
= = 2mL? n 2n°n’
« \Wave functions: * Wave functions:
v, (X) = [2sin("*) Yo (1, 60,6) = Ry (1) 1, (6) 9, (4)

—iE t/h

\Pn (X, t) :Wn(X)e_iEnt/h LIInlm (r’ H! ¢’ t) — Wnlm (r! Q, ¢)e 13



Schrodinger finds quantization of energy and angular momentum:
n=1,2,3 .. =0, 1, 2, 3 (restricted 10 0, 1,2 ... n-1)

E,=—E, /n? ILI=A1(1+1) 7

How does Schrodinger compare to what Bohr thought?
|. The energy of the ground state solution is
ll. The angular momentum of the ground state solution is

l1l. The location of the electron is

. Same, same, same
. same, same, different
same, different, different

. different, same, different

. different, different, different

O Q0 T

14



Schrodinger finds quantization of energy and angular momentum:
n=1,2,3 .. |=0, 1, 2, 3 (restricted 10 0,1, 2 ... n-1)
E,=-E, /n? ILI=A1(1+1) 7
How does Schrodinger compare to what Bohr thought?
|. The energy of the ground state solution is same

same: E_ = E1/n2 for both (E,=-13.6eV)

n__

Il. The angular momentum of the ground state solution is _different

Schrodinger: Bohr and deBroglie said.:
Ground state L=nh, so L=h in ground state.
(n,I,m=1,0,0) so L=0 (Bohr and deBroglie were wrong)
Ill. The location of the electron is different
Schrodinger: Bohr said: orbiting as point
spread out as spherical particle at fixed radius (Both wrong)

cloud around nucleus  deBroglie said: spread out as
wave, but confined to fixed radius

Schrodinger’s solution does everything that Bohr’s could Rot!




Here are 3 different electronic state in the hydrogen atom
W1n=5,|=4,m=4(l’, o, ¢) — R5,4(r) f4’4(9)g4(¢)

l//zn:45,|:44,m:44(l’, 0, ¢) = R45,44(r) f44,44 (9)944 (¢)
p ni=om=0(r, 6, 4) = R (1) f,4(0) g, (#)

(orbital angular momentum |LI=1(1+1) 7).

If you could look at the probability density Vs time for the 3
wavefunctions above, which ones would move around in space
the most rapidly?

Rank the 3 wavefunctions (1,2, and 3) from slowest to fastest
motion:

(a) 1 slowest then,2,3 (b) 3,1,2 (c) 3,2,1
(d) 2,3, (e) All three are the same 16



e) all the same-- not changing!
When in single energy eigenstate, which all these states
are, no time dependence in probability distribution. See sim.

Remember last Friday, only mixtures of different energy
eigenstates give interference term that gives time dependence.

So have angular velocity-- going around the nucleus,

but probability distribution does not change.

Angular momentum is represented by phase in the angular
wave function, just like kinetic energy, by spatial

variation in wave function.

=

m=1
17



PLUS Schrodinger’s also works for multi-electron atoms

Easy to describe, hard to solve. What's different for these cases?
Potential energy (V) changes! More protons AND other electrons)

V (for ay) = KQnygeusd1/T1 + KQ2Q4/Toq + KQ3Q4/raq + ...
+V(for q,) +V(q5), ...

Need to account for all the interactions among the electrons
Must solve for all electrons at once! (v, v,, V3, vy, -..)

Clever approximations and big computer programs!

Solutions change: different shaped wave functions
higher Z - more protons—> electrons in 1s more strongly
bound - radial distribution quite different
general shape (p-orbital, s-orbital) similar but not same!

- energy of wave functions affected by Z (# of protons)
higher Z - more strongly bound (more negative total energy)

. . 18
Molecules-- same physics and equa. but even messier to solve




with work, Schrodinger eq. makes sense of periodic table

1 . 18
1 ——Atomic number o =
H 3 Metal He
1005 | 2 C |- Symbol [1Semimetal 13 1% 15 1 17 |aoos
Li |Be| & [INonmetal B|C|N|O|F|Ne
£.941 | 9012 Atomic weight 1051 | 1201 | 14.01 |1600 | 1900 | 2018
o i B

a g |
azg0 | pa3 iy ¥ 1] 7 8 9 1 11 12 | zeas| za.0a | sner | 3207 | 5545 sass
1o | =20 || =21 | == | == [ 22 [ 25 [ =26 [ =27 [ =& [ =20 | =0 | =1 | == | == | =4 | =25 | =6
K|[Ca|Sc|Ti| V |Cr/Mn|Fe|Co|Ni|[Cu|Zn|Ga|Ge|As | Se | Br| Kr
5010 | 4004 || 4496 | 4755 | soad| s2o0) saad | 5585 | sa0s | saea | esss | essa | eare | reet | raor | raoe | Poon | sasn
=7 | =5 || 50 | 40 | 41 | 4= | 4= | 44 | 45 | 46 | 47 | 45 | 49 | =0 | 51 E= | == =
Rb|(Sr| Y | Zr |Nb |Mo|Tc |Ru|Rh|(Pd |Ag|Cd|In (Sn|Sb|Te| I |Xe
s a7 |ares [ asa1 | o122 | ozat | asod | aaot | 1014 | 1oea | 1o6a [ 1ora | 1124 | 114 L 11ar | 121a [ 1ore L1z [1m1a
EE | &5 |[ 71 | 72 | 72 | 74 | 75 | 76 | 77 | 75 | 79 | =0 | 51 | == | &= | 24 | =5 | &6
CEBaLquTaWREﬂEIIP'I:AuH%TlPhBiPnAtRn
1nza | 1ara || 1750l 1785 | 1809 | 18ns |1ae 2] 1a0e [ 1oazs [ 1951 [ 1er0 | podk | 2odd | 2ov2 | 2oon | 2oon | p1o0 | 220
=7 | &5 |[10= | 104 | 10S | 106 | 107 | 105 | 104
Fr |Ral||Lr | Rf | Db E-? Bh|Hs | Mt
szasn | senll 2ez il 2614 | 2eei | 2651 2641 2651 ] 263

5 | &5 E5 | 60 | 61 | 62 | 63 | 64 | 68 | B8 | 67 | 68 | 64 | 7O

¢ | La| Ce Nd ([Pm|Sm|Eu|Gd|Thb Ho| Er [Tm|Yhb
1550 | 1401 [ 1400 [ 1442 | 1469 | 1504 | 1520 | 1575 | 1580 [ 1685 [ 1640 [ 1675 | 1ea0 | 1750
5o | o0 | 9L | 9= | 9= | 94 | 95 a8 | o7 | 95 | 99 | 100 | 101 | 102
| Ac|Th|Pa| U |Np| Pu|/Am|Cm|Bk|Cf | Es |Fm|Md|No 11953
zev.o | 2320 | 2310 | @360 | 2370 | 2441 | 2451 | 2471 247 @51 esen | as7a [ @5ea | @590 kremrFoud
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models of hydrogen (and other atoms)
1. Thompson- plum pudding

2. Rutherford solar system

3. Bohr

4. de Broglie standing waves

5. Schrodinger--

6. Schrodinger with electron spin added
good for almost everything that matters, to ~ 6 digits
used for all normal day to day physics

/. Dirac -- spin and relativity, negative energy states
8. Quantum electrodynamics (quantum field theory)
9. Electroweak unification

10. Grand unification???

20



a0lar
Concept map-- way to think

|
centered on centered on Fuppon about what are the most
@ . o o important ideas and
efuted by confirme I
’ concepts, and how they fit

together. Experts do all the

S — time. Good for pulling
quite simple together all the stuff we
map (] teareny s pti— - covered and getting it

organized in your mind.

Brainstorm for ~5 minutes-- list of important idea (“brainstorm”,
just throw out ideas, don’t waste time arguing, do that later.)
Then decide which belong on list, lay out on map with links.
Then mark the 6 ovals that are THE 6 MOST IMPORTANT ideas.
Sketch out practice map on small paper. Then do final one

on large paper with group number. 12:00 post. Everyone has to
rank the maps of at least 4 other groups, with brief reasons why
ranking, turn in ranking sheets. 3 points for ranking sheet.



Physics vs Chemistry view of orbits:

2p wave functions Dumbbell Orbits
Physics view) (chemistry)

p,=superposition

(addition of m=-1 and m=+1)
p,=superposition

(subtraction of m=-1 and m=+1)

22



