Chapter 2: Atomic Structure and Interatomic Bonding

Goals
— Define basic concepts (refortify your chemistry):
« Filling of Atomic Energy Levels: Pauli Exclusion Principle
« Atomic Orbitals (s-, p-, d-, and f- type electrons)
« Types of Bonding between Atoms
« The Periodic Table (and solid state structures)
« Bond Energy Curves
— Describe how types of bonding affect Bond-Energy Curves.
— Describe how the Bond-Energy Curve describes macroscale properties.

Learning Objective

— Know, and be able to use, filling of atomic levels to get ionic electron
configurations of atoms.

— Use the Bond-Energy Curve to describe qualitatively the difference types
of materials and their macroscale properties.

— Know the origins of stress and strain, melting temperature, and thermal
expansion.

How are Macroscopic Properties related to Bonding?

Chapter 2: Refortify your chemistry - Atomic scale structures.

. Structure of atoms
A. Protons, neutrons, and electrons
B. Electron configurations: shells and subshells
C.  Valence states
D. Atoms and the periodic table

. Types of bonding between atoms

Tonic bonding

Covalent bonding

Metallic bonding

Secondary bonds

1. Permanent dipoles and the hydrogen bond

2. Temporary dipoles and the van der Waals bond

SRR

e Influence of Bond Type on Engineering Properties
A.  Brittle versus ductile behavior
B.  Electrical conductivity
C.  Melting temperature of polymers
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How are Macroscopic Properties related to Bonding?

The Bond-Energy Curve
A. Dependence of potential energy on atomic spacing
1. Long-range attraction versus short-range repulsion
2. Superposition of attractive and repulsive potentials
B. The bond-energy curve and

<t Repulsive energy £p

& Interatomic separation r

engineering properties
1. Melting temperature
2. Elastic modulus )
3. Thermal expansion coefficient /@Aum\ww.ewm

|1 Net energy Ey.

T
|
Eo
|
i

« How are macroscopic properties (mechanical, structural, thermal,
electrical, optical, ...) most simply related to bonding?

« Are there directionality dependencies in materials response?

« Can point defects (i.e., vacancies or impurities) change such
bonding related properties?

Atomic Structure and Periodic Table

Electrons

The behavior of electrons can be correctly described only by the
theory of quantum mechanics, which for most of you have or will be
covered in physics/ECE course.

For this class, we will simply borrow some of the major results of the
theory so that we can adequately understand the behavior of
electrons.

Notably, the Bohr model of the atom is incorrect as it does not
describe the dual particle (e.g., photo-electric effect) and wave (e.g.,
electron diffraction) features of electron scattering.

S
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Major Results from Quantum Mechanics

+ Electrons sometimes behave like particles.
+ they can scatter off objects and they have momentum, p=hk/2m.

* but sometimes they behave like waves.
- they don't exist uniquely at any given location, but are spread out in space.
- they can interfere with each other, and even form standing waves in a cavity.
« their energy and momentum depend on their wavelength.

* When orbiting an atomic nucleus, electrons are best described by
energy waves with a specific amplitude and wavelength, and these
specific values may be found by solving Schrodinger's equation.

« Solutions of Schrodinger's Eq. are catalogued in terms of quantum
numbers (three integers, plus a fourth that is either 1/2 or -1/2).

» These quantum numbers are: n, I, and m, and spin (1/2 or -1/2).
can be collected as set of integers and the e~ spin, e.g., 210(1/2)

S
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Electron States
see, e.g., Table 2.1: The Pauli exclusion principle forces there to be only a certain
number of electrons in each shell and orbital.
shell orbital m values spin # electrons
n (Oton-1) |(m=-Itol) | (m,=+1/2)| inshell
1 0 (Ls) 1 2 2 s bonds
2 0 (2s) 1 2 1x243x2=
s-p bonds
1@ [3@pe.)| 2 8 p bond
3 0 (3s) 1 2 1x243x2+5x=
1Gp) | 3Gp,...) 2 18 s-p+d
bonds
2 (3d) 5(3d,y,...) 2
4 0 (4s) 1 2 1x2+3x2+5x2
Tx2=
1@p) | 30Gpe--) 2 *;2
2 (4d) 5 (3d,y--0) 2
3 (4f) 7 (4,.--) 2
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Electron Quantum Numbers

Principle,n: Allowed values of n are 1,2,3...
* Roughly associated with electron's energy
— higher values of n mean larger (less favorable) energies.
* The value of n also tells how "far" from the nucleus the electron is
* nis also called the electron shell (n=1 is the first shell, etc.)

Ivalue | letter ‘Why?

Angular momentum, I: Allowed values of [ are 0 to (n-1)[ S sharp
« related to angular momentum of the electron in its orbit 1 rincival
« [ is also called the electron orbital within a given shell P P - P
* Each value of [ is assigned a letter of the alphabet: 2 d diffuse

3 f fundamental

Magnetic, m: Allowed values of m are -I to +/ (2/ + 1 distinct values)

Spin, mg: Allowed values of m, are -1/2 (spin-up) and +1/2 (spin-down).

Pauli Exclusion Principle: No two electrons in the same system can

share the same four (n, 1, m, m) quantum numbers!

Mé . MSE 280: Introduction to Engineering Materials ©D.D. Johnson 2004,2006-8

antum Mec : Hydrogen Atom (spherical 1-electron atom)

Schrodinger’s Eq. for spherical atom is a separable differential eq.

choosing separable (spatial and angular) form for atom

Hy=T+V)y=Ey where  Y(r.0,0)=R(r)Y,.(0,0)

. P\ oL+ _
Radial PDE ( 2’[”2][W](rRH{T#—V(r)}(rR)—E(rR)

Angular PDE AY, = (({+1R’Y,,
x=rsinfcos¢ T

y=rsinfsing
z=rcos@

Y.00)=\[GEDEE P @)1y (m20)

See P.W. Atkins,

Molecular Q.M. 2nd Edition Orbital shapes come from spherical harmonics, Y,

given by Legendre polynomials, P, and e™9.

g
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sharp energy

Unlike Bohr model orbits are given probabilistically..

* For each (n, [ , m, m) radial
distribution is given by IR ,(r)I?,
and electrons inhabit much
more space around the nuclei.

ee.g.,n-1tells # of nodes.

 The angular distribution is
given by the shapes of the Y,
dictated by the / and m.

Yy~ 1.
Y,,~z=cos.
Y, , ~y =sinfsin®.

Y,, ~ x =sin¢ cosb.

tates with diffuse orb.

et Wil n=3
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Periodic

ble: Orbital Filling

Atom s 25 2py 2py 2pz 3s 3py Spy 3pz

Py ]

e [HHHIN]

wo P T T TTT 1]
e WL T TTTTT]
u METTTTTTT]
e MM T [T [TT]
e ] T[]
o MM IT T[]
Nofeifede ] T[T
o [l [ [ []

[ 1]

[ 1]

<Example of Pauli Exclusion Principle
no 2 electrons share the same quantum
numbers for the same (n,/) at same E.

M.SE
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Energy Shell Diagrams

Note: 4s state fills before 3d state, i.e. (n+1)-s state fills before n-d state,
otherwise states fill according to increasing quantum numbers (n,1).

Note: a similar thing happens for f state also. It fills before some of the d-states.

F o T -
R 1 - - R 1o O -
[ P E P
c i= 4= PZ i = 4= P2
7 fe de= P2 2 = de PZ
1 |
dm P G- =
v = v =
E 4 p= & E 4 o= ®
- =1 "
E —F E - °
» »

N g2 N g2
E Do B Argon E B § b
E smm 1522522835235 g Sw- Scandium
v s g s 15%25%2p5 357354 5%3d!

1 2 3 4 5 & 7 2 3 E a & ¥

ELECTRCN SHELL ELECTRON SHELL
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Rornan numeral
) gives valence

Periodic Table o

[ WA VA YA WA VIA
7

:fuli] of the Elements [ac[n [o[F W

(0 A 4
3 WE B YE VB WIE ——¥l— 1B IIE L|P |35 |cCl|ar
I ECI FEh 3
N As | se|Br | Kr
e 50

End here

Electron-Level Filling

Start here

=12

Bi | Po| At | Rn

* 4s is slightly lower in energy and fills first, but is removed first as it is less
tightly bound (remove electron in higher lowest quantum levels first).

« Electrons in higher states, which resides farther from nuclei, come off first.

Consider Mn (1s22s*2p®3s?3p®3d°4s?), what is Mn?* state?

T
M.SE _
Ulirnor MSE 280: Introduction to Engineering Materials  ©D.D. Johnson 2004,2006-8




METALLIC PROPERTIES DECREASE
»
P
S| ATONMIC RADIUS DECREASES =
7 I <
@ - Ll = 4
B g - = g
= s v w0 ala] 8 g
i¥ Tc Ru Rh Pd Ag Cd & alwli i b % 3 : PP o7 [ o o o 3] %
I re s i paufl] T P Z g e ['a [ T [ o [l sl [a[a [alala [ e 2| 2
S— w M R A A A A A A A A N N IR e 5
S x| ma e [ [n [ "o [ [ [ [ [ [on o [ o
: § | bRkl = E 2
. & Y e il 4 5
fce: face-centered cubic g 2 o '8 [ [ [ [ [ [ [ [w 5[~ | é =
g
(=)
8 j ATOMIC NUMBER INCREASES " é
bece: body-centered cubi ‘v & v 2 52 z
e > L 2 A
bce Mn is metastable. Alpha-Mn has many atoms per cell. IONIZATION ENERGY INCREASES
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Periodic Information Primary Bonding Types: IONIC
=y Mass Number Bonding
Structure
\Magnesium 24.305 " . o . -
_d174em cm? 12 4| Atomic number O o Na'
Density cr
Mg t—  Symbol Na atom A atom
(Ne)3s Electron transfer

Lattice constant

(uaite & =100y 3214

HEX l
» Electron structure
922K .

NealiiE Crystal structure Naion (+ve charge) Clion (-ve charge)
Temperature . .
« Occurs for electronegative (positive) elements that can form close-shell
« Avogadro’s Number: 1 mole has 6.023 x 102 atoms (or molecules). configurations. Requires work to remove (add) e- from Na (to Cl-).
« 1 amu/atom (or molecule) = 1 g/mol (e.g. at. wt. of Fe is 55.85 amu/atom or g/mol) « Electronegativity plays a role here, e.g., H-F.

TS To
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Primary Bonding Types: IONIC

Electron transfer Structure

Naion (+ve charge) Clion (-ve charge)
Why does becoming ionic change sizes of atoms?

Structure is determined by electrostatic attraction E, =-Alr (Coulomb’s Law)
and collapse is prevented by electronic and nuclear repulsion Eg = +B/r".

For closed-shell gases (Ar, Kr,...) n~12. Generally need quantum mechanics.

M.SE
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Primary Bonding Types: COVALENT

Covalent bonds share electrons amongst adjacent atoms.

For Si, the electronic filling is 3s23p2.
« To fill up all the remaining p-states in bulk Si, 4 electrons are required.
« One way to due this is promote one of the 3s electrons into a p-state,
creating a sp? hybrid state, which has tetrahedral symmetry due to bond.

M.SE
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Primary Bonding Types: METALLIC

lon cores

/*\ Metals share so-called itinerant electrons, or

@ Heton @ “Sea of electron” (electron-glue).

Cloud
@ @ @ Itinerant electrons move (or “hop”) about
= i spending more time at an atom if they are
@ @ @ more tightly bound, as with d-state, and less

time if they are less bound, as with s-state.

Metallic bonds may be weak or strong
Bonding energies (E): range from {1 Repuiive energy £y
68 kJ/mol (0.7 eV/atom) for Hg
to 850 kJ/mol (8.8 eV/atom) for W.
Melting temperatures (T ,o~Eg):
-39 C for Hg and 3410 C for W.

R Interatomic separation r

(< Nt energy £y

Stronger bonds lead to higher melting temperature: *
atomic scale property = macroscale property.

A htractive energy £
/

T
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Primary Bonding Types: COVALEN

The sp? hybrid (109.5°) bonds shows directionality.

# z * ,.i We start with 4 atomic states:
= o 4 S, Py Py, and p,
HJ -~ UL - J and form linear combination to get
¥y LA ¥ estimate of molecular orbitals.
L_* P Py 2|
Combine to make four sp? orbitals ... The sp? hybrids are higher in energy
than separate s- and p- atom states
(need promotion energy), but the
molecule (solid) is lower in energy.

z P P P
5?/ y y y

R T X 6 R~ For sp®we still have 4 states to fill:

¥ g v y’ ¥ |

S+p, +p, +p,

... which are represented by the set S=Px*Py *P;
S+Pyx= Py *P;
¢ S*PxtPy = P;

A Sum together, they look like this!
*M Again, bonding determines structure,

which also affects properties.

20
M.SE _
Ulirnor MSE 280: Introduction to Engineering Materials  ©D.D. Johnson 2004,2006-8




Chapter 3 Materials Principles and Practice.,
Materials in Action Series, edited by Charles H H
Newey and Graham Weaver.

Structures

m sp3 hybrid tetrahedral bonds

Polymers [CH,],

Diamond

Molecule CH,

(b) diamond xe

(a) tetrahedral shape (b) shared electrons (c) orbitals

T
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Primary Bonding Types: COVALENT

« Materials with pi bonds have less electrons (not as many shared) between the
atoms compare to sigma bonds, and therefore are weaker bonds.

« Hence, the electrons are more mobile (i.e. delocalized), giving rise to the
conduction in carbon-graphite, for example.

7 bond rings
« Benzene (C4Hy) has sigma sp? 120° bonds in plane \
and sigma p, orbitals out of plane. r N

H : : H
-G (O-H
* Acetylene (C,H,) has sp' 180° bonds. NGO )

H
(a)

o bond

=
/\‘ 1
T
— = 3
[ [NE P Chapter 3 Materials Principles and Practice,
b ) Materials in Action Series, edited by Charles

Newey and Graham Weaver.
Figure 3.25 Acetylene molecule

[Uirois

M.SE
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The sp-hybrids can have 3 different shape, showing bond directionality.
(Numbers on orbitals indicate the fraction of electrons available in bonding lobe.)
SP'IS+p,, S=P, Py, P, SpES+p, +p,,S—p,+p,
S*P=Py, P,

p sp?
(linear) (planar) (tetrahedral)

Bonds formed between atoms that have sp-hybrid orbitals are highly
covalent (strong and directional) and are called sigma (for strong)
bonds, with electron density on the line between the atoms.

The ones out of the sigma-bond plane are called pi bonds, with no
density on the line connecting the atoms.

Primary Bonding Types: COVALENT

ter 3 Materials Principles and Practice, Materials in Action Series, edited by Charles Newey and Graham Weaver.

[Uirois

M.SE
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Primary Bo COVALENT

Of course, not all atoms with only s and p states form hybrids to
get covalent bonds. Hydrogen-Sulfide, H,S, does not need to
promote hybrid orbitals to form a strong covalent bond.

Lower energy bond configuration as
there is no need to promote to hybrid.

M.SE
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sment Questior

Types of Bonding Lead to Specific Charge Distributions and Polar Molecules

Consider the "Simple Molecules” H with C, N, O, and F:
Configurations are 1s? 2s? plus 2p? for C; 2p® for N; 2p*for O; 2p°® for F.

« If the 2s and 2p states form four sp® hydrids, what shape can be
anticipated for the molecules? (You must consider how many H are
needed for each case.)

« Can you identify the polar character of the molecule?

« How does this roughly explain that H,O is bent at ~109.3°?

« What is the effect of the increasing nuclear charge from C to F?

« Why is H-F different than others in shape?

M.SE
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Primary Bonding Types:

econdary (van der Waals)

Example of Permanent Dipole: H-Cl Gas

The ClI has a large electronegativity (3.0) compared to H (2.1); hence, Cl grabs the
electron away from H. (H-F and H,0 are other examples of this.)

Notably, such "Hydrogen bonds" with permanent dipoles lead to higher melting
points and boiling temperatures, more than can be expected from their low
molecular weights. Such bonds are crucial for polymer chemistry.

O+- - O+ 7®
H® LHM
Hydrogen Bond
M.SE .
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Primary Bonding Types: Secondary (van der Waals)

Two types of Secondary: induced dipolar and permanent dipole.

« Induced dipolar interactions are weak and depend on molecular environment.

« They are typically caused by vibrational effects within the particular molecule
and lead to interactions between molecules.

« Hence, they are weak secondary bonds to the stronger molecular bonds.

Example of Induced Dipole: Argon Gas
The positive nuclei repel one another and the electron cloud deforms in the
neighboring atoms such that the two dipoles align and their is a weak attraction
via dipolar forces, 1/r4.
Ar Ar
O —> «— ©

® ©

- =) -

Coulombic attraction betw een
charge center stabilizes dipole

7
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Primary Bonding Types: Secondary (van der Waals)

van der Waals Bonds lead to induced dipole interactions between, e.g.
graphite layers, or polymer chains.

Hence, to strengthen bonds between such layered and chain molecules additional
interactions must be made, as done in Vulcanization of rubber where sulfur
atoms are bonded between rubber molecules (later).

Example: C;H,; (Octane) O—
A molecular mass of 114, larger than most (e.g.,
Acetylene), has weaker van der Waals bonds,
hence lower melting temperature.

In fact, Octane bonds are easy to break and
form more stable bonds, giving off lots of
energy; that's why it is used in gasoline.

M.SE _
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Primary Bonding Types: Secondary (van der Waals)

Example of Permanent Dipole: H,0
Water is a Polar Molecule with a Permanent Dipole Moment.

Again, such "Hydrogen bonds" with permanent dipoles lead to higher
melting points and boiling temperatures, more than can be expected from
their low molecular weights. Such bonds are crucial for polymer chemistry.

Simple 2D drawing (really 3D)

% ;Wd
i @
; ool @
@ N
C * Q+ 9 ‘9"\3
- i
L9
"
M.SE i
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Macroscopic Properties: Force vs Extension

Force vs. extension
Issues to be addressed:

How are macroscopic properties
(mechanical, structural, thermal, electrical, ...)
most simply related to bonding?

Are there directionality dependencies?

Can point defects (i.e., vacancies or impurities)
change such bonding related properties?

Strain= € = AL/L, o

Stress = O = Force/ Area For linear-elastic strain, not plastic!
Slope is Young’s Modulus.

ST
M.SE
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Percent lonicity: lonic to metallic

Nature of the Bonds: Percent ionicity (X =Xp)
(see text, where X is the electronegativity) DIC =1-—¢ 4
polymers
diamond

graphite

H bonded polymers
covalent liquid crystals
doped semiconductors

transition metals

ionic glasses
complex salts
alloys

ionic ceramics metallic | alkali metals

%IC=1 %IC=0

M.SE
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Macroscopic Properties: Stress-Strain Curves

linear-elastic strain only — not plastic!
Normalized forces (F/A,) versus normalized strain (dl/l;)

T F Stress-Strain Curve
Hooke's Law

g=Ee —

Units:
'IrF E: [GPa] or [psi]

simple €

tension

test . , .

Slope is Young’s (Elastic) Modulus, E

M.SE ] ;
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Macroscopic Properties Inferred from Bonding

« Binding Energy, U,
* Melting Temperature, T,

AN A A /\ o) (really Tsublimation)

« 1, —

« Bond Length, r,

T,, goes M as U, goes |

equil.bond rg : F LI 0o F
dr
o
min. energy Eg :U(rg) r
Stored energy goes fTas U, goes 4
Larger T
(17798 ©D.D. Johnson 2004,2006-8
Coefficient of Thermal Expansion, o, or
Linear Thermal Strain E
AL(T)ILy= o (T-T,)
o
y r

o, o< asymmetry at r,
No asymmetry at r,
No affect on r(T) or V(T)

Smaller E
Larger o

Larger E
Smaller o

‘ o ﬂ as EO ﬂ (less negative) ‘

Parabolic E vs. r shape
Volume Thermal Strain

AVN, = ay, (T - Ty) E~(r]- o)

Symmetric well r(T)=r,: No expansion possible
Atoms just vibrate back and forth! !

Ui ©D.D. Johnson 2004,2006-8

Elastic Moduli, E (Young’s Modulus)
4/ slope=Elastic modulus

E o< curvature at r,,
o< d2U/dr?(r,)

<

like “spring constant”
F= k(r-ry)
and linear near equilibrium.

Smaller E
Less stiff

Negative F - compression
Positive F - tension

Larger E
More stiffer

E modulus T as E, I (deeper)

How does a vacancy (missing atom) change Elastic Moduli?

>
M.SE
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igin of Bonding Curve

arises from attractive plus repulsive interactions between atoms(ions)

= EA + ER Particular forms if E, and E depends
upon atoms and quantum mechanics,
but often described by simple forms.

A B
E,=— and E,=—
r

"

Energy : E,

total

Repulsion
—

(Z,e)(Zzt’))
4rme,
ForNaCl, Z,=Z; =+2 and Z,=Z,=-2

(e.g., Coulombic, A =

Potential energy £

Attraction
Sl
&

1

£ ptractive energy B
/

Macroscopic consequences of generic E,, shown in previous slides

Repulsive
force
dE dE dE
Force:F=——| =——2| ——£&
dr|, dr |, ~ dr|, ’ o
O A — v Minus sign in force makes sure that,
tft;:z:ve by definition, repulsive force is  “+”
IM.SE -
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Bond Energy and Melting Temperature

Callister
Table 2.5 Bondi
Various Substances

inergies and Meliing Temperatures for

Honding Energy Melting
ol i 7 Atone, Temperature
Bonding Trpe Substance (kel/nrol) fon. Molecule n
o0 £ 3 - -
Tonic Nacl 640 (153) 33 01 Z,=+1Zg= -1
M0 1000 (239) 52 B0 7, =+2Z,=-2
i si 450 (108} a7 1410
; € {diamond) 713 {170} 74 =350
Hg 68 (16} 07 -39
i Al 324 (7T} 34 6600
Metalic Fe 406 (97 42 1538
W 549 (203} 88 3410
: Ar 778 008 ~189
van der Wazle Ch 31 (7.4) 032 —1
X NH, 35 (8.4) 036 -78
Hydragen H.O s1(12.2) 052 [l

What is relationship between Bonding Energy and T_,,?

s
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Summary: Bonding,

Ceramics Large bond energies

lonic and Covalent bonds large T, E  Small o

Metals Varying bond energy
Metallic bonding intermediate T, E, o
Polymers directional properties

Covalent and Secondary secondary dominates outcome

small T,,E large o

S
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What can you now say about ...

* Whatis T, of ceramic, metal, polymer? Why?
*  What is E of ceramic, metal, polymer? Why?
« What do force-extension or stress-strain curves look like?

ceramic

F x

polymer:
elastomer

>

X

What is stress-strain curve of human tissue?

S
M.SE _
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Energy vs Volume : Bulk Modulus

. i . _ AV  Units:
Elastic Bulk modulus, K:  p= -Kvo E: [GPa] or [psi]

o

Pressure test: P

P .
— q€— Init. vol = Vo.

‘|‘ Vol chg. = AV

How is bulk modulus related to atomic interaction energy?

Repulsive + Attractive Energy U =Up+UR = _A + % = —Ar_1[1 + %r"‘q
r r

0
M.SE _
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Energy vs Volume : Bulk Modyly

Courtney Fig. 2.7
Total Force: equilibrium r, when F=0

\ Data from J.J. Gilman (1969)
F :FA+FR:—di(UA+UR)~r’2 '
r

Example Test Question
.dl'r‘ Slope
Bulk Modulus: volume deformation | =\

under hydrostatic Pressure
K=y, 2P

Why are covalently bonded materials generally less
2

@Y

dviy,

dense than ionically bonded or metallically bonded ones?
Vo

Hint:
since Vo ~ 3

K (GPa)

\
Surprisingly this represents alkali, covalent and compounds

Consider what is distinctive about covalent bonds.
having diamond cubic structures (but not TiC, TaC, etc.)

What does this tell you about the density of bonds (bonds per unit volume)?

If | suddenly changes Na* to Ca?* and CI- to S?- what
would happen to the equilibrium bond distance, the
melting temperature, etc?
":., Hint: There are multiple effects due to change in charge.
Simple analysis gives trends in simple systems! L e Vo
1y (nm)
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Synopsis

« Bonding between atoms dictates macroscale properties in solids,
e.g. mechanical and electrical, as well as molecules.

« Binding energies related to sublimation (loosely melting) temperature.

covalent, and secondary).

« In molecules, it determines also the solid/liquid/gas behavior (relative
evaporation temperatures), dependent on type of bonds (metallic, ionic,

« Thermal expansion related to curvature of binding curve.

« Initial stress-strain behavior (elastic moduli) dictated by binding curve.

(NOT TRUE for plasticity, which is controlled by line defects - later!)
Point defects do not affect mechanical properties to a large extent, but
could affect electrical properties (resistivity).
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