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STUDY QUANTUM MECHANICS

Molecular Mechanics at UCSC

¢+ The Nobel Prize in Chemistry 2013

For utveckiandet av lerskalemodeler for ko

- ! ' Prof llan Benjamin
When scientists wanted to simulate complex chemical .

processes on computers, they used to have to choose Prof. Yuan Plng
between software that was based on classical Newtownian

physics or ones based on q uantu m physics. But the
academy said the three laureates developed computer 3 4
models that "opened a gate between these two worlds."

« electron spin, “the 4t quantum number and the
Pauli exclusion principle

« effective nuclear charge, Z ?

the “net” attraction for an electron in a many-electron atom

« knowledge of the principal quantum number (n) and Z for
and atom’s valence electrons leads to an understanding of:
"Ey<Ey
" Eqp <Egy
" E3q Vs By

* Hund’s Rule and electron configuration in many-electron atoms
the Aufbau Principle
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* how does increased atomic number (Z)
and the presence of other electrons affect
orbital energies?

* how does one “fill up” the available
orbitals in many-electron atoms

Chemistrg 1B -AL
multi-electron atoms

Electron SP’LVL

Electronic Configurations

Although the Schradinger equation, HY=EWY, for
polyelectronic atoms (and molecules) cannot be
solved exactly (mathematically)

Numerical computer calculations give solutions that
agree perfectly with experiment v

1 A . exp
e ] L —
w9 var,

1991 ralativ. Drake (1997)

¥is. u Ne 2 Cue

but solutions are very complex .

so- We can (and will!!) use the hydrogen-like orbitals
as a very good approximation to the exact
solutions of the Schrddinger equation for many-
electron atoms.

this video

« electron spin, “the 4t quantum number and the
Pauli exclusion principle

« effective nuclear charge, Z.
the “net” attraction for an electron in a many-electron atom

in next class
* knowledge of the principal quantum number (n) and Z; for
and atom'’s valence electrons leads to an understanding of:
"Eyx <Ey
® E3p < Egg
=E,yvs By

» Hund’s Rule and electron configuration in many-electron atoms
the Aufbau Principle
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« Stern-Gerlach experiment (fig. 8-1 Silberberg)

https:/iquantum-
reality.net/2015/11/03/the-ster-
‘gerlach-experiment/

Classical prediction

the electron has two
possible spin states
with spin quantum
numbers
mg=+', or m=-"2

spin up and spin down

>9

hitp:f/www.quantum-field-

no two electrons can have the same four
quantum numbers:

[

1s
n=1 (=0 m/=0 mg=+% n=1
n=1 /=0 m/=0 mg=—"% n=1

v

L

He, Li,Be,B,C,N,O,F, Ne .........
« greater nuclear charge (Z) than hydrogen
(Z=1)
< more electrons than hydrogen (one-electron)
16

¢ Quantum mechanics describes many-electron atoms
by filling hydrogen-like orbitals with the atom’s
electrons in a manner consistent with the Pauli
Exclusion Principle.

 This description allows us to understand the energies
of electrons in atoms and ions, the relative sizes of
atoms and ions, and the chemical reactivity and
other properties of various elements.
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electronic configuration: specification of which orbitals the 1
electrons occupy in an atom (or molecule) [and possibly the z 1)
spins of electrons] E 2s
1.
eg.for H:1s or_1_ 1s T~
1s 1s "~ N
He: 1s2or _1| His ~.L\
1s He 1s2 s S~ 1l
Li 1s22s s
C:1s22s22p? 1 1t _
% Be 1s22s2
+1 +2 +3 +4
Zz
19 20
. « ionization energy (IE) : the energy required to remove an electron
Dependence of en_ergy and average_ from an atom, ion, or molecule in the gas phase
radius of electron in a hydrogen orbital on:
nand Z + X(g)+IE — X*(g) +e- (absorbs energy IE:
4 72 2 endothermic, ¥ sign for IE)
S S YT NPT ) £
8h’e,” n n
n? « IE, for state n is energy difference between state n and state n—co
7 ~(5.29x10""'m) — 2
Z (LE),=(E,-E,)=-E,=+(2.18x107* ])?
* Holds EXACTLY for 1-electon atoms and ions:
H He*. Li2*Be3* < similar to the work function @ in the photoelectric effect, except IE
» He ' 177,587, ... . refers to gas phase ionization where @ refers to removal of
Here Z is “regular” nuclear charge with Z=1, 2, 3, 4, electron from the solid
21 22

=

all 1s electrons (n=1)

S

He* (z=2)

4 2 2 " " radius i
B 8259 . iz _ —(2.18><10”s /) iz Bohr" radius in gas phe:se
&’ n "
0 N T, ~(0.529%10'm) L
increase Z =

* more attraction
« lower (more negative) energy (ie higher IE)
* smaller r,,g

Li2* (z=3)

23

Increase Z

more attraction

lower energy (ie higher IE)

ionization energy

smaller average radius

24
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Importaat Factolds in Understandiag Effective Nuclear Charge | —

* Energy dependence on n and Z

E,~—(2.18x107" J)

nZ
* Z. and shielding (attraction-repulsion)
+

Z = L — (effect of electron repulsions)
T

Z ;=7 — (shielding of other electrons)

1s electron ‘feels’ full Z==+2 nuclear attraction

¢ electrons in same shell;

the two 1s electrons shield one another from the Z=+2 nuclear pull

less attraction 2nd 1s electron (e7)
(more shielded) A .

shielding of electron
by 2nd 1s electron

no shielding Z.q= 2 o 1<Zp<2

He*1s He 1s2

lower Z - larger average radius
lower Z 4 - lower attractive forces

shielding by
. 2nd electron
He*1s 1<Z,4<2
He 1s?
more shielding - lower Z ¢ -> larger average radius
26
Z and lonization Energies
Zo4 (He* 1s) > Z 4 (He 1s?)
0 ¥ i
' ]
1 ]
; ] '
] ]
1] L
' i
ET st 1 He-15?
L] IE=3.8x 108
(] Z,~1.34(1.20)
" '
asaar™y "
L]
]
ety [T
He*1s
27222
Z, P P wisiss ate way to calculate Zq,
X =
n .
28

27
g
El -\_ L This &~ is harder
) fo remove
& €
5 /
c
o d This arbital is @
—5250 4——— more stabie
He* 1s He*
29

One &~ makes e e
j the other e~ easier
te remove e

-~
\ This orbital is
2372 $——— less stable actual He Zumdahl's
Hals atom ‘hypothetical’
He atom

fo ramove

e
This orbital is @

more siable

-\ _—— This e~ is harder
& .

g
_g Energy (kJ/mol)

30
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what about shielding if the electrons are in
different shells

Li*" 2s vs Li 2s
shielding the 2s electron
would you expect electrons in an inner

shell to provide less or greater shielding
effects than electrons in the same shell ?

2s electron

IE, =0.86x10°J

‘experimental

wiE, |
(Zu),, = [72} -1.26

2.18x10™)

31
25
:.\ L This &~ is sasier
— T I ramove:
g
e
|| I.‘ms -w.'!:;:-'s
-5 8 stable
ey eS8 i
H
£
2
g
z
w
2954 ¢
33

how would one expect the shielding of 1s electron
for another 1s electron [same shell] to compare to
the shielding of a 1s electron for a 2s electron [different shells] ?

?
shielding of same shell S shielding of outer shell by inner shell

He 1s? vs Li1s?2s

How so?  [Z.4=Z,,qeus-Shielding of other electrons]

He: Z (1s) =1.34 = +2 —shielding of other 1s electron
shielding of other 1s electron = 0.66

Li: Z, (2s) ~1.26 = +3-shielding of two 1s electrons

shielding of each inner shell 1s electron = % =0.87

35

shielding by
1s? electrons
Z5~1.26
Li 1s22s
32
2s 2s
Z gy and lanization Energlos.
Zggs (Li2* 28) > Zgg (Li[15%125)
L + t b +
1 ' ' o
1 fl ' Limhas
s L] L] L) 1E=0.86x 107
b ' " " Zy 126
1 n | 1]
[ uis .
3 e L T
1 IE=3.8x 10" J L]
" Z,0 138 (1.20) L 25
1 IE=4.9 % 107 J
astns™ - 222
1
1
anaw™y L
He*1s
Tt
n® IE V2 this is approximate way to calculate
Zg~| 5o Z44: other techniques give slightly
2.18x107° different numbers 34
48236225 qif
36
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» Stern-Gerlach electron spin +%2 and -%2

In 1-electron atoms (H-atom) and 1-electron ions (He*, Li2* ...),

+ Pauli Exclusion Principle (PEP) a 2s and 2p orbital will have the .. SAME .. energy

+ effective nuclear charge: Z ¢ (TR Y

" +Zgear chage — rEPUISioN (shielding) by other ’

electrons "

fig. 12.23 for 1-electron atoms and ions

= shielding greater from electron in inner shell
than electron in same shell [from electrons ‘inside’
or closer to nucleus]

now Z

and the effect of penetration of inner shell
electron density by electrons in the same

met Zi o Za - NS
" B =-(218x10™)) e (5.29x107m) z shell (e.g. 2s electron vs 2p electron )

n 8h2502 n? »

37 38

‘penetration’ by 2s electron
of 1s2 shielding
GIVES INCREASED Zeff

s
radial probabilty

no (less) ‘penetration’ of 1s2 shielding
by 2p electron GIVES relatively smaller Z ¢

=

T

aat
2p electron /ﬁ FigtgeS

2s electron

. N 2 i i 2
shielding by 1s shielding by 1s actual 2p electron

actual 2s electron

Li 1s22s density Li 1s22p ( dglnTity )
no radial nodes;
Zeff ~ 1.26 (one radial node; no ‘inner maxima’ in

one inner maximum in
radial probability)

Z for 2s > Z for 2p
Ey <E o

radial probability)
40

more penetration of inner shell electron density

l E, <Ej,

electron see’s more +Z and has greater Z

2s 2p

Z 4 and lonization Energles

Zogr (Lilts? 25) > Zggr (Lil1522p)

ry ¥
L]
5 1
L] Linet 20
" IE=0.6x 107" J
Zo= 102
L)
]
"
428510t "
e
L 23
IE=4.8 x 107 J
T Zu=2=3

arzatg'®y

42
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¢ Configurations and valence-level ==
orbital diagrams

¢ Hund’s rule ==

e 2" row aufbau fig 8.8 (Sil) ==

43
Hund’s rule
¢ Energy ordering
+ Unambiguous [closed shell, 1e, (n-1)e’s
e.g. pl, p5,d,d°] ==
e Ambiguous [e.g. p%,p’,p?, d>—d?| =m»
Examples (periodic table) ==
¢ ground state
¢ excited state
* not allowed configuration
* transition metal cations
¢ “exceptions” -
45

Periodic |
i Al \,

Given PEP and ordering of orbitals, we can

build up the periodic table eloement by =y
element, and deduce much about the

chemical nature of the elements as they M.::k
interact to form molecules. g

47

* Increasing Z ; due to increasing penetration
effects (figure HO 127.6); ==

(Zep)ss > Zesp)zp > Zes)3a
(E)zs < (E);, < (E)zq
* 4svs3d (Z;vsn) ==

—-—p
e Orbital energy ordering fig 8.6 (Silb)
figure 8.13, Silb) ==

44
Diamagnetic Paramagnetic
« pushed out of magnet « pulled into magnet
* no unpaired electrons « unpaired electrons
Balance —
Damagnatic Paramagnitic
sample sampla
P &
. 7]
) L-\‘.l $
Elocticmagrat Electromagnet
L B
Gouy Balance
46
end of material sessions 5-6
48
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2,4y and lonization Enargies

+ L] ¥ ¥ T
P s g oilg L,
: imh 20
' ' b LndhZs b 2s gy gy
IE=0.86% 10y | N pe
" 'k : E ey (Esdeeiotey FasO2
is L] Z41.26
Zy=z=1.1 g M ]
[ ' 1
' 1
1 E=3sx10my 1
1 Zast34(20) b e
[l IE=4.9% 10"y =
¥ 242223
[
1
" (-
He'1s.
Zy=2=2.
COMCS U ERT R T L T ST TP e T TR E )

Zon A B > Zemilioet B

49 50
The Meiezm d » gl
/’
1s
o
25 2p ;
S
# 5
3 3 3d
e
»/ 4 / Vg
45 ap  Ad  af p;
/ /
r » / F
55 60 & 5
e
6s 6 6d
ERY
s Tp
4=m L]
51 52
radial nodes = n-€-1
-J)) 3s: 2 radial nodes
v & 2 “inner electron density maxima”
CALES
.-;I
v > 3p: 1 radial node
1 1 “inner maxima”
o It 1
’ J
J 3d: 0 [gdlal nodels .
I} 0 “inner maxima
| |
less penetration more penetration
= smaller Z ¢ larger Z
53 higher energy lower Energy 54
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screening by n=2 electrons

radial nodes = n-¢-1

more penetration
-fy 3s: 2 radial nodes larger Zey
2 “inner electron

lower Energy

al™
9
= 3p: 1 radial node
*‘k _) 1 “inner maxima”
VA VA 1
2 s :
79 3d: 0 5ad|a| node.s :
i 0 “inner maxima
@ 1 i less penetration
smaller Z.;
higher energy
unambiguous’
Experimental spectrum (states) of B

NIST Atomic Spectra
Database Levels Data

Bl 125 Levels Found
Z= 5, 8 iscelectronic sequence

) -F NE '}Only ‘one’ energy state
b 12.2e (ignore 3/2 vs 1/2) '
28 652 Excited states have excited
E e [He] 2s" 2p2 configuration
- womass — 1 1 _
o ‘
i
57
N
i
1
By
Bl L
L
T
15 —
ground state of boron: 5 e’s
configuration: 1s22s22p' or [He] 2s22p !
59

unambiguous’

Experimental spectrum (states) of P i

=] Dars
ASD)| tins tovits
NIST Atomic Spectra
Database Levels Data

Bl 125 Levels Found
Z= 5, 8 iscelectronic sequence

i

T_=> E '}Only ‘one’ energy state
% %28 (ignore 3/2 vs 1/2)

56
ambiguous’
o Experimental spectrum (states) of C
Darn - L
e Levets | it o
NIST Atomic Spectra
Database Levels Data
C1 282 Levels Found
=6, C loaloctronic sequence
M)
e ——
= R }Ground energy state
p (ignore 0 vs 1vs 2 )
X Excited states with same
o [He] 2s2 2p2 configuration
o e
" Mty o st
: 1 58

for a given configuration, the lowest energy

}' state will have the maximum number of
electrons with parallel spins
o
carbon 6e’s: 1s22s22p? or [He]2s22p?
Friedrich Hund

2 N ]
2s W‘

Energy — &
Energy

[T
[t

15E| l

higher energy: excited state

15@

lowest energy: ground state 60

10
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[ (legxlofla J)@ smaller n = lower (more negative) energy
larger Z ; = lower (more negative) energy

who wins for lower energy?
3d Vs 4s

n: 3 4 3d wins for lower energy
Zq: smaller larger 4s wins for lower energy
0 radial nodes 3 radial nodes

and the energy winner is :
in neutral atoms ~ Z g wins: E4g < Ezq
but in positive ions (e.g. Fe3*) nwins: Ezq < Egq 1

61

The Aufbau Principle that we have been using is extremely useful
in describing electronic configurations in atoms and ions.
However since it is an ‘approximation’ to the actual (Schrédinger)
wavefunctions, exceptions may be observed.

extra stability of half- or filled-shells:

23y [18Ar] 4s23d® T T T _ _ asexpected

28Nj: [18, 2308
Ni[PATAS30° L ioag g ragro )

'y

In chemistry 1B-02 you will NOT be responsible for
memorizing exceptions but just to ‘explain’ a given exception

62

11



