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Legame chimico (ripasso)

Legami Primari (tra atomi)

forze intramolecolari

* si manifestano all’interno di una
molecola (o insieme atomi/ioni)

* piu forti (150-4000 kJ/mol)
* fortemente direzionali
* a corto raggio

* determinano le proprieta
CHIMICHE della materia

interazione tra atomi

legame
covelente

Importanti per i solidi inorganici

Legami Secondari (tra molecole)

forze intermolecolari

» forze che si manifestano tra entita
molecolari (uguali o diverse tra loro)

* pit deboli (0.05- 30 ki/mol)
* meno (nhon-) direzionali
* ad ampio raggio

* determinano le proprieta FISICHE
della materia

interazione tra
molecole

=
-

/ll

94.-\

g

- il

Importanti nei polimeri



Force F

Potential energy E

Attraction

Repulsion

Attraction

Repulsion

—_-—

Potential energy and Bond Force

\ Attractive force Fy

// Interatomic separation r
/ Repulsive force Fp

Net force Fiy ro: bond length

fa)

- Repulsive energy Ep,

Ej

N Interatomic separation r
|
I

*‘:—l— Net energy Ep

|
I
| E,: energy length
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,".L Attractive energy E4
/

Fn=Fa+ Fg

En :f Fn dr
x.
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= FEa + ER



Energia potenziale per coppie di atomi interagenti

troppa sovrapposizione

REPULSIONE TRA NUCLEI
nessuna sovrapposizione
piccola sovrapposizione NESSUNANTTRAZIONE
l ATTRAZIONE DEBOLE 0 0

° O
MASSIMA
ATTRAZIONE

-436 ki/mol N
(forza di legame) '

massima sovrapposizione
possibile, tenendo conto
della repulsione tra nuclei

Energia potenziale (kJ/mol)

0 74 pm

!

Lunghezza del legame
covalente H-H

Distanza internucleare (pm)



COVALENT BOND

We start from the simplest covalently bonded system: the H,™ molecular ion

elﬁ?:mn
+ +e
O e« 0
proton “ - * proton
% R *
: . . : . . — 1 aqq, |
A simple electrostatic estimate. using Coulomb’s energy “1 = — gives:
dre, 1,
1 L[1 1 1 1 3¢
= & —_— —_— =— < D
47re, |R R/2 R/2 dre, R

— with -e charge in the middle. the molecular ion IS stable



THE “ LCAO” MODEL

To make some progress. we will combine ORBITALS (i.e. electron states) from atoms
to describe the molecular orbitals in the molecule.

H atom: 151 /\
the energy is: -

= _]13.6058¢V Exponential Symmetry
(radial) (angular)
If we place the two protons close to / o |I3|
each other. the two orbitals may mix. ;,-f B
giving two new states, with different & "-1 t €
energies (an energy level “doublet™) \ B| /

e~ Bl
The electron occupies the lowest energy

. s 4 New Ground State
level. ie.. € — || —



THE “ LCAO” TECHNIQUE

A technique to construct “molecular orbitals™ which the electrons occupy when chemical
bonds are established. They are obtained as Linear Combination of Atomic Orbitals:

@,(T) = s (r-R)) D,(r) = @;;(T-R,)

£,
L
R, R,
Y = (CP, +C,P,| & |CAO
Using as “*basis set” just these two orbitals. the “molecular N7} ¢y
orbital” W is expressed by just 2 real coefficients. M
) - _ h AN
SCHRODINGER EQUATION EW = F\f wet EW( )= (—ZJ—W +V(7) v (7)
m
This as we saw 1s the full equation we would usually solve. :

but on our simplified basis the differential Hamiltonian Gy
operator H will just act on those two coefficients. .. (

CE
—

h

L atwill be a 2x2 MATRIX!!



Note di calcolo su come ottenere il sistema di equazioni lineari che poi possiamo scrivere
in forma matriciale (facoltativo). Occhio alla notazione diversa!

Plug the LCAO solution: |W(F)) = ¢, |#s(F —d X)) +cp |s(F +d%))
1 R 2
into: Ally () = E |y(F) A= V2 +V(F - dR)+ V(P +d%)
STEP 1: take the bra of the equation first with ( ¢ys(F —d X)| to get:

(hhs(F —d %)| A [ca |15 (F —d %)) +cp |phs(F +d%))]
= E(ps(F—d %)|[ca |1s(F —d X))+ cp |5 (F +d%))]

Note that:
(ﬁs(i‘d’?)‘ﬁwls(f-d)?»w Ejs V(f)
Let: aatom | b atom
(15 (F —dR)| A | s (F + dR)) m Vs, \ /
| | |
(s (F — d%)| gys(F + dx)) ~ 0 4 0 d x

So we get finally:
Eisca-Vsso Cp=Ec,

STEP 2: take the bra of the equation now with ( ¢y (F +d X)| to get:

Eis cp 'Vsso' ca=Ecp

Write the two equations obtained in matrix form:
[ Ejs —Vssa] [ca] =F [ca]
= Vsso- E1s Cp Cp
This is now an eigenvalue equation and the two solutions are:

E= E1s t Vssa-

Bl =&l L]l



THE “ LCAO” TECHNIQUE

_, The H), term 15 an energy f5
CONNECTING the two atoms

We next guess a 2Xx2 Hamiltonian H
—_— ﬁl <0

matrix:

The diagonal term 15 a single site
energy: the energy of an 1solated
if the other 1s pulled far away.

NOTE: the matrix has to be symmetric. like the molecule.

We recover an eigenvalue problem. representing the Schrédinger Equation on the @,. @,

basis: H(C1]=E(Cl) £ ,6’) C, _r ¢,

C C B e, C,

2 2
ﬁq OTE: in quantum mechanics. the density of probability for the electron to be found at \
some place r is the square modulus of the “wave function™ ¥(r).

[ d*r =1

calme

Normalization condition
for the probabality

W) win

\Here. we will just have ‘C1|2 + ‘CEF =1 Y,




THE “ LCAO” TECHNIQUE

Let’s solve the eigenvalue problem:

det

e-FE

p
- F

E,, = eigenvalues

=0 = (E—E)E—ﬁ2=0 = E1,2=£iﬁ

—{_

note: f <0

e~ p
e+

(Q: To what states do they correspond?

1) Ground State: €+ 3

g &

=S 1=y

e P\fx X
( )[ )=(ﬁ+£)( ]#m’+ﬁv=ﬁx+£r
y y

and the same for the 224 equation.

1

Normalizing x =y =—
i} V2

=

W= L("I"l "“I’IJ

J2

—— Bonding: since it 15 adding

up in the middle

2) Excited State: € — 3

We can show that

W= %(‘I’l —‘I’z)

&= Two electron levels

A node!! no
charge in the
middle =
antibondmng
state




THE “ LCAO” TECHNIQUE

/\ Antibonding

“excited” state

-, E—ﬁ

/ I3

g \/
l"x Bonding
_h £+ “ground” state

For H, we should take into consideration the repulsion between the two electrons. but if we
ignore this, we can just use the same model.

We put TWO electrons in the
bonding state. which is allowed

as they have OPPOSITE SPIN.

H, molecule: £ £

Pauli Exclusion Principle: “Tivo electrons cannot be in the same state with the same
spin”

—



THE “ LCAO” TECHNIQUE

Q: Which is the cohesive energy E_ (bond energy) of the H,molecule?

far away — —_
SN meaeen
i =2
= E =E, -E,,=2<0 £ =f5<0
c H, 2H electron
Exercise: try again with benzene
e £ 0 0 0 ByCQ o
B g B 0 0 0JC C,
0 £ ¢ B 0 0)GH_ E C; find the “SPECTRUM"
00 8 £ g 0]C, o of energy levels (Hint:
000 0 B ¢ B|C; Cs it will have to be a
B 0 0 0 B )G Cs multiplet with six states!)




HOMONUCLEAR DIATOMIC MOLECULES

Extension other diatomic homonuclear molecules:

For He,. we have again a doublet
(while of course € and 3 will have

. - 2 E € .
He atoms: 1s different values). but 4 electrons
to fit in these two states .
...NO energy gain! == the molecule does NOT bind.

But note that He," (another

. . £ = - =
molecular ion) is stable! € E =2p-p=p<0
The three p
: , — > electronic
+ With B, C, ... we must have LCAO with p electrons . states

These combine to form bonds in two ways.
depending if they “point™ along or orthogonal to the bond axis



HOMONUCLEAR DIATOMIC MOLECULES

1) p,1s along the line joining the atmns

The energy spectrum:

the two = levels are
doubly — degenerate
since We have the y
and z direction.

- big overlap in the niddle
will yield a larger B

2) using Py P, i i Small overlap in the middle B_ will be less!

000-0:9-
S-S

—

Note the “nodes™ in
the wavefunction
~(molecular orbitals)
s0 obtamned

=  We thus get 6 MOs overall. which is ok as we started from 6 AOs.



HOMONUCLEAR DIATOMIC MOLECULES

Covalent *bond order® Three electrons
f,-- mn the p-multiplet
» N atom: 152 252 2p° * O atom: 1s? 2s? 2p*
N, molecule O, molecule
€ap €2p EZp E2p

For O, we must occupy
antibonding state

We put the two electrons in different MO
”%b £, states. i.e.. more far away from each other

\ | / (lower energy. as they repel each other!)

—s NOW the spins can be the same (and

will., due Hund’s Rule)
Three fully completed {Tl) BONDING states

’ 0, bond order: Ebmﬁfng - ]'m:rfbr.:-rtiing =2

== TRIPLE BOND N=N

- — 1/ _ the molecule is
~ Total spin: 2 x A =] = paramagnetic




THE STERN-GERLACH EXPERIMENT

Gradient of a
magnetic field

S

D'h

fapin= 1

L

There are various (3) lines, as the s =1 1s a quantized angular momentum!



THE STERN-GERLACH EXPERIMENT

Gradient of a
magnetic field

L

Hy

There are various (3) lines. as the s =1 is a quantized angular momentum!

Other examples:

* H atoms would generate 2 lines. as there is only one state, with spin up or down
* N, molecule would vield only 1 line: the total electronic angular momentum is 0



/ Bonding and Anti-Bonding Orbitals

\

| L V(F)
For the lower energy solution we have: E
—=A —
E hY =TI /
Eg =E1s_vssa' B\/ /
. 1 - n - a g
|Vﬂ(r)>=ﬁ[|¢ls(r_dx)>+|¢15(r+dx)>] _Id 0 :_; X
tws(r)
This is called the “Bonding molecular urbital”_/\/\_‘
I

For the higher energy solution we have:

Ep=Es+Vsso

|
-d 0 d X

wa() = 5 [[d1a(F ~d %)~ [1s(F + %) ]

\This is called the “Anti-bonding molecular orbital”




/ LCAO: Energy Level Splitting and the Energy Matrix Element \

s V(F) W V(F)
—l-sﬁntl-banding V.

. 2V

ey v adR R o VAT

of the molecule

| | g
0 X -d 0 d X

Energy level diagram going from two isolated atoms to the molecule:
The total energy is

2:E oV 1:E4 lowered when
ss% Hydrogen atoms form
1:Eg

a Hydrogen molecule

The two 1s orbitals on each Hydrogen atom combine to generate two molecular

orbitals - the bonding orbital and the anti-bonding orbital — with energy splitting
related to the energy matrix element:

\ (s 7~ 0%)| A |7+ 02)) = Vi /



Atomic Orbitals

* Wavefunction amplitudes of the atomic s
and p orbitals in the angular directions are
plotted

* The s-orbital is spherically symmetric

* The p-orbitals have +ve and -ve lobes and
are oriented along x-axis, y-axis, and z-axis




,

Orbitals and Bonding

There are two main types of co-valent bonds: sigma bonds (or o-bonds)
and pi-bonds (or n-bonds)

(1) Sigma bonds (or o-bonds):

v

L J

s-s o-bond
(Example: Hydrogen molecule,
semiconductors)

<¢s(’ ’1)| |¢s(’ ’2» ssa-

p-p o-bond
(Example: Semiconductors)

<¢p F - (’ ’2)> Vopo

s-p o-bond
(Example: Semiconductors)

<¢p(’ f1)| |¢s(r r2)> spa'

s-p o-bond
(Example: Semiconductors)

($p(F = Fy)| A |45 (F - 7)) = Vspor



/ Orbitals and Bonding \
What about this situation?

Qa (8007~ 72) 1147 -7)) w0
\ The Hamiltonian is up-down symmetric
The s-orbital is up-down symmetric
1

The p-orbital is up-down anti-symmetric
- = The matrix element is zero! No bonding possible

non

k

<¢p(F'F1) H ¢5(F'F2)>” 0. Sin(a)+(_vspa)'cns(9)

\ = —Vgp €08(6) J/




/ Orbitals and Bonding \
(2) Pi bonds (or n-bonds):

p-p n-bond
(Example: graphene, carbon nanotubes, conjugated
conducting molecules)

<¢p(’ r1)‘ |¢p(’ r2)> Vopr

(#p(F = F))| A | gp(F - F2)) = ~ (- Vppyg ). sin(6)+0 . cos(o)/

= —Vppx Sin(0)



van der Waals BONDING

We predicted that the He, molecule is not bound. Actually. at very low temperatures. He
does vield a condensed matter phase: it becomes “superfluid”™ (TRY a LCAO theory for this!).

Another example is N,. liquid below 77°K at normal pressure.

Ne. Ar. Kr. Xe and Rn act similarly. and many more materials are just weakly bound.

— van der Waals *dispersive” forces

The idea: 3 steps

+ even in Ne. a fluctuation may occur in the atom. yielding temporarily a dipole.
* This will exert a field on the other atom. which will polarise.

* The two dipoles will now interact with a strength = —}/ ¢ . an attraction measured to
be proportional to the inverse sixth power of the distance.

— To show it. we need to derive the potential from a dipole




THE DIPOLE POTENTIAL

Potential from a dipole

7o)+ V(I)(—,?) with |V = —Liﬁi
dae, 1~ r
1 g r-
——1
dae, 17 1

«—— positive

«—— negafive



DIPOLE-DIPOLE INTERACTIONS

Q,

A,

[

: What is the field £ associated with an electric dipole?

qP (F) =[] = energy of a charge g in the external electric potential P (i'“ )

,: What is the energy of anofhier dipole in the field (potential) of a given dipole?

—

For a dipole, the energy must be:

_q@(7)+ q@F +7 )= —q@(7)+ q@(7)+ gV - T

E

| - — _ | Energy of a dipole

-F TP U=-FE "P| inan external field

= =VP iy = Field from a dipole

1 p-;~]=+ 1 [—;u

= -V




DIPOLE-DIPOLE INTERACTIONS

... We can compute the CNSTEY

3

ﬁ = TT Unstable

U=-E, fy=— {Prfz_;;(pmgpg-r)]
Te, | 7 7
2
ﬁ U==2 L }?3 \1 The opposite!
ﬁ‘ Axe, r /}
1 p2

it

L}' —

- 3
4350 7

td

The opposite!




VAN DER WAALS BONDING

So. what 1s the van der Waals energy?
It must be small. if the liquids boil at very low temperatures!

There is no net dipole on Ne. Ar. Kr. Xe ... a7 _"n\‘
But for any fluctuation = E, = y3 Py I
r ——@ 5~
Xe! Xe |
\ S|Py =% El
So |§5 ‘G'C 1 S _
i 2 o Atoms are polarisable!

A

= |U = —El C P, —yﬁ vadwW
7

Sometimes we use the Lennard — Jones potential

() - ()]

Ir'! Attraciive L van der Waals!

12 6

s )

-t
-
a
2
" 'E‘_.'l'

L

rh=de




THE HYDROGEN BOND

Sometimes molecules have a permanent dipole. Consider e.g.. water:

H

a net dipole

54—

[ (k] 450

5

Hydrogen bonds slightly modify the
electrostatics of dipoles. They are
directional.

Furthermore. there are strong QM
effects in the behaviour of the

protons (H atom)

Hydrogen Bond



The ElectronVolt

¢ = fundamental charge uniez = 1, 60217 x 107" coulomb

eV =e-1 volt Joule

Coulomb

( the Volt is a IS potential unit) Velr =

So|leV =1.6x10"J

Typical hydrogen bond energy == 0.2 — 0.3 el orhigherfor H _-F---H - F
that 1s. for molecules carrying very strong dipoles

Q: Can we relate the bond energies with the energy corresponding to roomn temperature?
Why is water a liquid, Si a solid and He a gas at room temperature, T ~ 300K ?

A Well. let’s assume that the typical “vibration™ of an atom e

carries an energy = K, T (we will prove this later) c“
Joule

Boltzmann Constant | k, =1.3806 %107

molecule K

R=N, -k, =602x10% 2k ] 38102 Ll _g314 Lk

mole molecule- K Mole-K
=11 : r
k,T|=k, - 300 = 3-1,38-10™" Joule _ 4 RYSIRIRY ~ a fortieth of an eV
1.6-10°% Joule 160 40 ~ room temperature

eV



THE HYDROGEN BOND

Q: So, do we expect hyvdrogen bonds to break at room temperature? And how soon?

—1

ime it takes to __frequency of  rate of
break a bond — attempt success / 0.25 eV
1 ! 1_AE
bond breaking frequency =101 e !y Boltzmann law
> _40 _| ESTIMATED \LEV
10 e 4 = 4_}5 h 10 bond breaking 40
\ frequency 10 _[in(10)=2.302585

Y 10 ﬁ"f

-5 -10 4 . 10
e —=]0" = " <10 Tsmee ¢ =10

...50 it takes less then a millionth of a second to break a 0.25 eV bond!
- and the “v” attempt rate might be higher then 1012

Q: so, weak covalent bonds also break, surely?

. = lel = 12, 440 _1012.10717 = 105 Soit takes on average ~10° s (~ 1day) to
AE =1eV 107" - ¢ 10 -10 10 break 2 1oV bond

Q: and a strong covalent bond, or an ionic bond?

. 12, 120 __ - 12, 52 - —40 such bonds will E‘EE‘Ctj.vE‘l}'
* AE=3eV = 10" "¢ =10"-10 =10 never break at room temperature



IONIC BONDING 1

Typical of oxides. ceramics. etc... . |
The 1dea 1s that atoms become ions < Cationsif q >0

following valence charge displacement .
Anionsif gq<0

The stoichiometry is such that charge neutrality is always achieved

e.g. MgO «_
AN
q=2e

e.g. CsCl

q=-2e

MgO involves two “FCC* lattices. one next to  Another structure one is CsCL corresponding
the other. NaCl does exactly the same. to two SC lattices one inside the other.
So this 1s called the “sodium chloride” smlcmre../.,.

@® Cl-
® (st

1mit eell Cesturn Chloride

we will look at lattices soon enough. Here we focus on ION formation (and why
would that happen. at all..!)



IONIC BONDING I1

TIonization vy
P
| Y
r’ ENErgy
. =P O" + @@ it can happen by light absorption
inducing electron-photoemission
Atom Ion Electron g P

the energy necessary to ionise the atom is called “ionization energy” or “Ionization Potential™.
(for a solid, it’s called “work function™ and is surface-dependent)

@

The energy produced by an electron to a neutral atom. is called
“electron affinity™; an anion is formed during this process

!
=
4
. = .— Negative Ion

S0: - —
Token Gwen
IE — J } " it’s not worth it...!!
515eV 3ﬁzev

@ ... Or1is it?



IONIC BONDING III

The process does happen experimentally, due to the stabilising Coulomb energy associated
with the formation/interaction of the two ions

&~~~ @ e,
Thas 15 even more true in solids.
weak

. strong where each atom can have
vdW M Tonic Bond several nearest neighbour atoms.
RANGE” € “LONG
s [/ Et}/
Rt R RANGE”

we will next attempt to estimate the ELECTROSTATIC ENERGY in solids
(periodic = crystalline). The diagram for NaCl was

Na®_+CI
+1.53 eV e
8.13 eV
0eV gamned clearly, the packing of
Nag,+Clg, forming the ions is very efficient!
solid!!
6,10 €V

Na Cl{sulidj



IONIC BONDING 1V

A 1-Dimensional Model

——]
+ - + = + - + -
o—@ 00 o0 o @
q -q +q -q tq -q q -q
) 1 2 2 2
the energy willbe U = _4 +':jr _4 + ! +...|x2
dre,| a 2a 3a 4a
for the ion in the origin: L U-—4 1—l+l—l+...
27TE @ 2 3 4
/-- _ 2 _ _ 3
Note: - (1+x)”—1+m:+a(a 1)x +a(.:r D(a—-2)x N
2 3!
2 3 4
! —l-x+x>—x +--- f =h(x+]}=x_x_+x__x_+m
(1+x) (1+x) 2 3 4
m2-1-++2->
_ 3 4

/

— L‘T—_ql.[ In2

a 2te,




THE MADELUNG CONSTANT

——
+ ~ + - + - + ~
o0 00 o0 o0
q -q q -q q -q q -q
2 ;
. —q In2
U = . Madelung Constant
a 27,
The energy is:
1) proportional to the square of the charge
= MgO has a much higher cohesive energy than NaCl...

) 1 this seems to suggest that halving all distances will double the
a  energy. ...indefinitely! Not so! Pauli exclusion will Kick in at the
appropriate “ionic radii” ®

3) There is a Madelung Constant which depends on the lattice (fce. bee. ...)

@' in general, the stoichiometry and the atomic radi will decide the structure of an 1onie solid.
We next look at crystal lattices.




THE MADELUNG CONSTANT IN 3D

(7 |
P
|

!
i
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diP
o) )
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[__‘_ " | [
F’ |
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adl
e
: Tuj.

A
}
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<

a sum over neighbours of alternated
charge sign of the atom at the origin

M =1.74756 ‘

@ in general, the stoichiometry and the atomic radi1 will decide the structure of an 10nic solid.
We next look at crystal lattices.

Q: would you know how to use a computer to evaluate numerically the Madelung constant M? [HINT: you will
have to find tricks to save cpu time and speed up converge...]



lonic vs Covalent Bonds

A

1o 2
covalente , , ionico

100

% carattere ionico

0

0 1,0 2,0
Differenza di elettronegativita

% 1onic character = {1 — exp[—(0.25)(Xa — XB)Z]] x 100

H, covalente puro HF covalente polare

n=Qr

se conosco momento
dipolare e distanza di
legame posso ricavare Q
(frazione di carica)

legame ionico
catione anione

o
LiF ionico
Ay =3.0

wAX=O Ay =18

Aumento del carattere ionico

>




Comparing Bond Energy

Bonding Energy
eV/Atom, lon, Melting

Bonding Tvpe Substance kJ/mol Molecule Temperature (°C)
Toni NaCl 640 33 301
ome MgO 1000 52 2800
Covalent Si 450 4.7 1410
ovalen C (diamond) 713 7.4 ~3550
Hg 68 0.7 -39
Al 324 34 660
Metallic Fe 406 4.2 1538
W 849 8.8 3410
Ar 7.7 0.08 —189
van der Waals Cl, 31 0.32 101
Hvd NH; 35 0.36 —78
ydrogen H,0 51 0.52 0



Elasticity




Force

Interatomic Energy (IAE)

Bond and Materials Properties
- an anticipation -

Strong bonding

= [stance

Equilibrium spacing between atoms
| Spacing after heating

iinur{r:mu:x energy by ALIAE

pee-

|

| Spacing after heating increases

i energy by ATAE (larger separation
lindicates higher thermal expansion)
|

T Separalion
TIIAIAE— P

High slope at r: high stiffness (Young’s
modulus)

Stiffness almost exclusively depends on
bond characteristics

High bond energy E,: high melting
temperature

Deep and narrow curve: low thermal
expantsion



Thermal expansion



Bond and Materials Properties
- an anticipation -

Deep and narrow curve: low thermal expantsion
Thermal expansion is due to the asymmetry of the curve

‘ — rm S€parazione media U ‘ — rm S€parazione media
tra gli atomi ‘ tra gli atomi

| |

| I

| r'!} || rD'

i/ |

i [ Ei=energia dello i r

BN i-esimo livello —

|I:H vibrazionale H_}_,

% E=hv(n+1/2) @ dr/re=adT

; n=0, 1, 2, |




lonic Bond =2 lonic Crystal

Coulomblc bonding force

0@“@0
@ @ @

@ @

©:6:-0-6-0

* Non-driectional bond
* High melting point
* Low deformability

* Low electric conduction

Potential energy K

Repulsion
—_—=

Attraction
-

|

1
! ; B
~—— Repulsive energy ER = —
l‘ | ph

|

(W

\

\|

N Interatomic separation r

<1— Net energy Ep

Madelung constant:

CsCl 1,7627
NaCl 1,7476
ZnS 1,6381

Couple of ions:

1
1 (Z1e)(Zze)
ey

crystal:
oe?
o: Madelung




Covalent Bond = Covalent Crystal

/ /
Ty * Bond energy can vary widely
= Legamiibridi . ) )
5 * Very directional bonds
* Low deformability

* High hardness

* They often degrade before they melt
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Metallic Bond 2 Metal
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legame metallico

legame tra elementi poco
elettronegativi (metalli)
caratterizzato dalla
delocalizzazione degli elettroni
di legame su piu nuclei
(“mare di elettroni”)

* Elevata conducibilita elettrica
* Elevata conducibilita termica
 Elevata deformabilita

 Temperatura di fusione dipende da
struttura elettronica



