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General

Chemistry

FITCH Rules

G1: Suzuki is Success
G2. Slow me down

G3. Scientific Knowledge is Referential

G4. Watch out for Red Herrings
G5. Chemists are Lazy

C1. It's all about charge

C2. Everybody wants to “be like Mike”
C3. Size Matters c, - k[ﬂj
C4. Still Waters Run Deep el
C5. Alpha Dogs eat first. ....
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Properties and Measurements

Property Unit Reference State
Size m size of earth
Volume cm? m
Weight gram mass of 1 cm? water at specified Temp
(and Pressure)
Temperature °C,K boiling, freezing of water (specified
Pressure)

1.66053873x1024g amu (mass of 1C-12 atom)/12
quantity mole atomic mass of an element in grams
Pressure atm, mm Hg earth’s atmosphere at sea level
Energy, General

Animal hp horse on tread mill

heat BTU 1 1b water 1 °F

calorie 1 g water 1 °C
Kinetic J m, kg, s
Electrostatic 1 electrical charge against 1 V

electronic states in atom  Energy of electron in vacuum

Electronegativity F
Heat flow measurements

constant pressure, define system vs surroundings
per mole basis (intensive)

S}

Intermolecular Forces

. Evidence for Intermolecular Forces
. Phase Diagrams (briefly)
. Liquid-Vapor Equilibrium

1. Kinetic theory
2. Gas escape as a way to measure liquid intermolecular forces

. Boiling points related liquid Intermolecular Forces

1. Dipole-dipole

2. Dispersion

3. H-bonding

4. example application — heat capacity of lakes

. Solid Intermolecular Forces

1. Molecular Solids (Dispersion/ H-bonding)

2. Network Covalent (Covalent) — example glass
3. Ionic solids (Ion/ion)

4. Metallic solids (metal bonding)

. Structures of Crystals

1. Unit Cells

2. Common Metal Unit cells
1. Calculate density of lead

3. Common Ionic Solid Unit cells
1__Calculate densitv of ionic solid




We learned about
“Ideal” behavior of gases - do not notice each other
Violate Rules #C1 (charge) & C3 (size)

But - we have accumulated evidence that molecules
a) Real gases “notice” each other
b) Condensed phase (liquids, solids) notice each other

What evidence have we accumulated?

Nomalized Molar Yolume

Yoy LiRT)
0.1 5 — = = —
’..\‘ n molarvolume P —
0.09 4 W - 02 al -S0C
\ —a— CO2 a8 50C
0.08
Real gases volume are “smaller” than expected -
0.07 4 o
suggesting that they see each other
0.06 1 and move to each other
0.05
0.04 1
0.03
0.02
001 1 S 1: deviation
———a
0+ T r T T T 1
1] 20 40 &0 B0 100 120

Pressure (atm)
Robert Boyle, 1660; Boyle's Law

Specific heats

Material Specific Heats ¢, (J/g-°C)

Pb(s) 0.12803

Pb(1) 0.16317

Cu(s) 0.382

Fe(s) 0.446

Cly(9) 0.478

C(s) 0.71

CO,(9) 0.843

NaCl(s) 0.866

Al(s) 0.89

CgHs) 1 Specific heat of
] H,0(9) 1 Water increases to

C,HOH(l) 2.4 A dramatically large
<H0() Value from gas

To liquid (more
Condensed — see each
Other more) phase
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| PHASE CHANGES - related to Intermolecular Forces

heat
e 29
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cool
Crystalling salid Liguid Gas
Ordered arrangement: Disorder; particles. Total disorder; much
particles are essentially o cluasters of ety space; particles

im fixed positions;

particles are froe
pasticles chose together

o move relative o
wach ather; particles
chose together

have complete
freedom of motion;
particles far apart

(oo £ 3008 Praraen Prsmtics Ml e
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Some NEWvocabulary

fusion
Vaporization
Condensation
Sublimation
Heat of
vapo ol
i \\'.Jor vapor i
100

Liquid water and vapor

S ——

0o
= /2 {vaporization)
Vaporization ondensation
b e i 0 .
g Boiling point Liquid water
T Sublimation Depositi F- 1
- ' Heatof 3 25 \
;;_:' i Eiid usion I Al
S Melting, }I-wwin,; fusion loe and liquid water (melting)
= = la e
Melting point " Heat added (each division corresponds to 4 kJ)

o 08 P P sk

| PHASE CHANGES - related to Intermolecular Forces

Cool or
comgres

Cool o9

+444
s

Crystalling salid Liguid
Disorder; partiches
o cluasters of
partiches are free

10 v sedative b
wach ather; particles
chose together

pressure

Ordered arrangement;
particles are essentially
im fixed positions;

pastices close together

(oo £ 3008 Praraen Prsmics Ml e

)

3 .'.
oP _e
8 e
200 @
o e
Gas
Total disorder; much
ey space; pasticles

have complete

freedom of motion;
particles far apart

Deposition
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Critical
/Jlmk

One form
Of A Phase
> Diagram

@ =9
Cond 01
e P : )
)
‘...
Crystalline salid Liguid kJ / mol kJ /mol
Substance mp(OC) AH fusion| bp(OC) A Hvapori ation
_ What do
Bromine Br, -7 10.8 59 29.6 5
Benzene CeHe 5 984 | 80 308 YOUsee:
Water H,O 0 6.00 100 40.7
Naphthalene CioHg 80 19.3 218 43.3
Mercury Hg -39 2.33 357 59.4
> Whatdo
Substance mp(°C) AH sion bp(°C A Rlrasiam you see?
Mercury Hg -39
Bromine Br, -7 What do
Water H,O 0 s
Benzene CeHs 5 you seex
Naphthalene CoH 80
p e ‘A Hvaporization >A H fusion
The heats of fusion and vaporization are a way of describing the energy required to break
intermolecular forces sufficient to melt or vaporize the material; trends differ because solid,
liquid structures of same substance can be very different
| PHASE CHANGES - related to Intermolecular Forces
y @ e 9
Cool or »
4t =~ 1) —_ ‘ o e @
b Hoat ar o
9328 i 9824
0900 - VB ®
N Liguid Gas
Ordered arvan Disorder; particles. Total disorder; much
particles ary o elustors of empey space; partiches
i fixed pditions; particles. are free have complete
pastichod Close together 0 move relative to Frevdons of motion;
wach ather; particles particles far apart
chose together
Cagpyrgpd € X008 Paarson Prevace sl e
F Energy required to move molecules

Water vapor__

Further apart (solid to liquid)

Liquid water and vapor
{vaporization)

Liquid water

Temperature ('C)

loe and liquid water (melting)

Heat added (each division comresponds to 4 k)




FITCH Rules

G1: Suzuki is Success

G2. Slow me down

G3. Scientific Knowledge is Referential
G4. Watch out for Red Herrings

G5. Chemists are Lazy

General

Cl. It's all about charge

C2. Everybody wants to “be like Mike”
C3. Size Matters £ k(ﬂ}
C4. Still Waters Run Deep fith
C5. Alpha Dogs eat first. ....

Chemistry

Coulomb's law k(Q )(Q ) E = electrical energy of interaction
_ ! 2 K = constant, 8.99x10°J-m/C2
- d Q= charge on ion, 1.602x10-1°C
r = ionic radius
d = r.cation + ranion

Reference state is some very far distance
Where they don’t see each other, 0 E of interaction

d, Angstroms

-1000

-400kJ/mol final T -
+1000kJ/mol

initial 20
-1400 0@

-1600

Costs energy to move apart

| PHASE CHANGES - related to Intermolecular Forces

Represents increase
In Kinetic energy of
Molecules moving

E, = 3mv’

Crystalline salid

od arvangement:
. ially

And increasing distance

\ ;
|

Liqyid water and vapor

v -\r/lll! ization)

/: Water vapor ,”

Ligylid water

Temperature {"C)

Toe and liquid water (melting)
o] The

Heat added {each division corresponds to 4 k)

| PHASE CHANGES - related to Intermolecular Forces

Crystalline salid

Ordered arrangement;
P . ially

Represents Kinetic energy needed

F
- To escape solution
& giten Liquid water and vapor
= {vaporization)
2
=
-
5 Liquid water
B
0
loe and liquid water (melting)
A lee

Heat added {vach division corresponds to 4 K]}




Example Problem: What energy is required to take 100.0 g

Of water at 57 °C into the gas phase? The heat of vaporization of

s water at 100°C is 40.67 kJ/mol, ¢
water is 4.184 J/g-K

s

Liquid water and vapor
{vaporization)

Nquid water (/
loe and Jfjuid water (melting) :
e

2 1lmt.uldu.'l‘i’l_v(2\’:Ei'\"'i-:-i:,-n’.\.'r[nw;mndq wak]) 40.67kJ mol
' —————1[100gH,0] .| 7o~ | = 22594k}
mol 10°c| 189

H,0at100°C

=
¥

Temperature {'C)
%@

q=CcmAT

Total = g+ AH,,,
22594k + 17.9kJ = 243.8444 = 244.8kJ

B (4.184\]

1K )(100.09)[(100+ 273)K - (57+ 273)K]

q=17,991]
What was the most “costly” part of the process?

w

Intermolecular Forces

Evidence for Intermolecular Forces
Phase Diagrams (briefly)
Liquid-Vapor Equilibrium

1. Kinetic theory

2. Gas escape as a way to measure liquid intermolecular forces

Boiling points related liquid Intermolecular Forces

1. Dipole-dipole

2. Dispersion

3. H-bonding

4. example application — heat capacity of lakes
Solid Intermolecular Forces

1. Molecular Solids (Dispersion/ H-bonding)

2. Network Covalent (Covalent) — example glass

3. Tonic solids (Ton/ion)
4. Metallic solids (metal bonding)

. Structures of Crystals

1. Unit Cells

2. Common Metal Unit cells
1. Calculate density of lead

3. Common Ionic Solid Unit cells
1__Calculate densitv of ionic solid

| PHASE CHANGES - related to Intermolecular Forces

o .’l
= %% A4S How does
. Soe Pressure affect
What is
Going on?

Termperature

Copyright © 2006 Pearsan Prentice Hal, inc

For a bubble to break ‘ Pbubble 2 PvaporAtB,P, ‘

External

pressure,
Py

T

I Pressure
in the
vapor

bubsble

ry




How do we get the heat of
vaporization

And

What is it related to (what
“picture” should we have)?

Only 1 of 2 times water “hits” the
Surface does it actually have
Enough energy to leave.

From earlier chapter we learned of kinetic energy:
Maxwell’s Distribution

1 At 25 °C miove malecsbes are movirg a1 abost

2 e
Ek = —mv N —/mm.l_lunﬂm_vmhnlperd
2 -; ..-"r "‘\__n, atasec
™ I"I | ogmiomec |
3kT il L
u. = |—— 5
rms 3
g molecule
E -—m 3kT However, only a fraction of
k ™ o assof molecule| 4/ uass of molecule | molecules at a given emperature that

average speed, and therefore,

1 3KT Average energy
Ek = mass of molecule If you assume a normal distribution

E Miss of molecule
for the “bell curve” you can calculate

the fraction of molecules with an
E - ( 3kT) energy above the average value
P B
2 Emolecule Emole

l(x—,uj2 ~
fx)=e2 7 f(x)=e N =-g &

Fraction of collisions in which the
energy is sufficient to allow water to
leave the liquid state

fraction = f

Only 1 of 2 times water “hits” the
Surface does it actually have
Enough energy to leave.

Vapor Pressure of Water

1200 -

1660 4 Kinetic theory involves an energy to break out of water

200 s
z | JIE =
E 600 TI R “'
o

400

@_ — AHyaporization .
R .
200 .
. < *
1] PEPPFRET S » i ; |

0 20 40 60 80 100 120

Temperature C




General

Chemistry

FITCH Rules

Gl
G2
G3
G4

G5.

: Suzuki is Success

. Slow me down

. Scientific Knowledge is Referential
. Watch out for Red Herrings
Chemists are Lazy

Cl
C2
C3
C4
C5

. It's all about charge

. Everybody wants to “be like Mike”
. Size Matters E, - k(&}
. Still Waters Run Deep fith
. Alpha Dogs eat first. ...

lnP:l ’AHvaporization |1
T R

of Pressurs of Water
)

Lazy:

Rule G5: Chemists are

1= AHvanonzalmn
InP=—|—FF—
e 1| =

In F {mm Hg)

9

0

0.0025

AH

vaporization

slope:{i }:—5165,1K
Vapor Fressure of Watér

J J kJ
= -51651K| 8.3145 =-429452— 9
mol - K mol mol

“Real” value
40.7

- AH

vaporization

Y
y =-5165.1x + 20,492
“=0.9999

T T T T T

0.0027 00029 0.0031 0.0033  0.0035
1(273+C)

0.0037 0.0039

8~
Which value of “R” do
74 \ We use?
" L-atm
Check data — should be able to get R = 0.0821 I K
Heat of vaporization for water = 40.7kJ/mol Hel)e
=
R =831
E 4 mol - K
- 2
o 3 g-m
R=831x10°" 5——
=g s -mol - K
InpP= l{’AHvaporizaﬁon }
2 T R y = -5165.1x + 20,492
1 vy x A=slope R*=0.9999
o 1 T T T ' 1 '
0.0025 0.0027 0.0029 00031 00033 00035 00037 0.0039
1/(273+C)
1 ’AHvaponzannn
InP-—|————|[=h
LT { R
Vapor Pressure of Water
InP 7i - AHvaporizanon - b
8 7 T, R -
71 1|~ AHvapnnzatlun 1]- AHvapunzallﬂn
Inp - — | —— 2 = 0P, - |
nh T{ R SERE R
[
- AH - AH
- ! { R} H R} o
- 1

The intercept “b” is annoying.
Get rid of it.

o 7 1 -
£3 P = ?'{‘A”%} b .
’ y =-5165.1 (\20.492 D
1 R?=0.0998
0 T : . . : : -
00025 00027 00020 00031 00033 00035 00037 0.0039
11(273+C)

1|- AHvapuriza(mn 1]~ AHvapﬂmalian
InP, - InP = — -—
E R T,{ R

In i — ’AHvaporlzation
P R

i




P2 _AHvaporization 1 1

In = _
P R T T

Clausius-Clapeyron equation 1834

Rudolph Clausius . | Emil

Polish born German gle;:elt rl:: Emile

1822-1888 4

Mathematical Physics 1799-1864, French
Engineer

Mathematical physicist
(developed concept of
entropv)

AH Example, Calculate the heat of
In & _ | —="vaporization i _i vaporization for lead knowing that the
- vapor pressure
P R L T Of elemental lead is 1 mm Hg at 987 °C

and 10 mm Hg at 1167° C.

RN —~AHyaporizati 1 B 1
tomm ]| (273+987)K (273 +1167)K
“Lmol-K

[-2302]83 |[ mo|J < J
- -1 - _AHvaporization

9.92063x107° L
K

— AH, [ 1 1 }
—2302=
83 l[ J } (1260)K  (1440)K

mol - K
L — L1 L1
2302 = 73 {79365)(10 ?76.9444X10 K} ]
830 ot K | - 192875.5798[—} = ~AHaporization
mol
kJ
CAH. 1 AHvaporizattiorl = 192-9m
-2302= - a"J‘ [9.9205)(10’5 ﬂ
831 ——
L mol - K |

16751946

2. Wilard G
18351903

.....

17891854

Richard August
Car Emil

16251909

& Johames Rycoerg 3.1 Th Heinrich R, Hertz,  Max Planc Suane Arenenius  Walther Nernst
e issa1o0 18562940 185711694 18561947 18591927 18642041

“Fitch Rule G3: Science is Referential

k3

Fritz Londor
Envin SENOdN0er  Louis de Broglie fedrich KM 1000, 1084.
18871961 (1502 1057)

Niels Bohr o Woligang Paull
18051962 i 19001658
18791947 10961997

Anders Celsius
04744

18341007

o
19011976

Intermolecular Forces

. Evidence for Intermolecular Forces

Phase Diagrams (briefly)
Liquid-Vapor Equilibrium

1. Kinetic theory

2. Gas escape as a way to measure liquid intermolecular forces
Boiling points related liquid Intermolecular Forces

1. Dipole-dipole

2. Dispersion

3. H-bonding

4. example application — heat capacity of lakes
Solid Intermolecular Forces

1. Molecular Solids (Dispersion/ H-bonding)

2. Network Covalent (Covalent) — example glass

3. Ionic solids (Ion/ion)

4. Metallic solids (metal bonding)
Structures of Crystals

1. Unit Cells

2. Common Metal Unit cells

1. Calculate density of lead
3. Common Ionic Solid Unit cells
1__Calcnlate density of ionic solid




Molecular Substances, Liquids: Intermolecular Forces

1. Uncharged = non conductors of electricity when pure (1,)
2. Uncharged = nonsoluble in water
soluble in nonpolar solvents such as CCl,
3. Uncharged = low interactions holding them in liquid = low boiling points
4. Uncharged = low interactions holding them in solid = low melting points

Cl o0 (L]
Q. / sl
/. h 1 ... ...
H
it : Both have same electro-
c{" 2 o Negativity so qually
Y =) Share electrons in the bonds
cl = non polar

ca,

Holding mass approximately constant:

Non-polar polar
formula_g/mol __bp (oC) formula_g/mol
N, 28 -196 cO 28
SiH, 32 -112
GeH, 77 -90

B, 160 59

150

bp (°C

Look at one polar
molecule

Non polar molecules

Permanent
Dipole moments
affect

boiling point

Boil at lower temperaturg
100
50
o 0
g Total valence electrons: 14
& -50 skeletonbond -2
g remaining electrons 12
E -100 required for octets 12
150 oo (1]
. L]
200 - 4 . I - CI .
(1] L1)
249 ‘Who pulls electrons
[1] 20 40 &0 80 100 120 140 160 180
Malar Mass Best?
Holding mass approximately constant:
formula_ag/mol___bp (oC
N2 28 -196
SiH4 32 -112
GeH4 77 -90
Br2 160 59
- Non polar molecules
Boil at lower temperaturg
100
50
g ¢
= Boiling point can
& .
2 o Increase if the
Molar mass goes up
-150
200 - 4 Why?
-250

[ 20 40 &0 80 100 120
Malar Mass

140

160

180




Dispersion (London) Forces

>
Largest possible wave crests at each end of bathtubﬂ

Place two bathtubs end to end with a rubber divider:

As one wave piles up the water in the
Bathtub responds creating a sympathetic
Wave

e
Schroedinger  Fritz London
1928

Fritz London

1900-1954

Born Breslau, Germany

Duke University physical chemist

Two bath tubs with sloshing
Water separated by rubber

1

Oscillations of electrons

Set up temporary and
o \ Oppositely charged
qb Dipoles which attract
d Each other
;Z‘;‘;‘i’v'zry temporary London dispersion
charge e Also referred to as
Van der Waals forces

- k)e)

d
d=r +r

cation anion

He
Ne
Ar
Kr

Dispersion forces arise from induced or temporary dipoles

1A

+)

Effect depends upon

1. number of electrons in the molecule
2. ease of creating a bathtub wave
(less rigidity or spatial fixedness of electron)
3. distance from nucleus (depth in periodic chart)
Noble Gaves
-100 o
g/mol  bp (C) 420 |
4 -269 140 |
20 -246 g
40 -186 R
e e ™ What explains
a0 | This trend?
<280 |
| .
o w mn » A &0 L o 80 L

10



As the molar mass goes up
boiling point goes up due to dispersion forces
Different slopes say something about induced dipole moments

100
- Something unusual happens here
1 What do these guys have in common?
£ Think of the Lewis dot structures
- Think of Whom H is bonded to
£ o
=3
=
H,Se - .
| H,S e —=HI
50 1 \F R e
ke Groupl7
| e HBr
PH; aer
-100 ' * v . | ¥ |
0 20 40 60 80 100 120 140

maolar mass

Electroneqgativity

e, Ne, and Ar are 1

(L] (L]
L] L]
H-Fe——-H-F?
(L] (L]
Hydrogen is bonded with three highly electronegative species

Also having unpaired electrons N, O, F

Hydrogen loses control of most of its shared electron and is an
Unhappy camper — needs more electrons

Hydrogen bonds are formed in each case

p——

=T,

Qeee(®e

@000 0@

n —p— —p - Electronegativit

@ec0 0@

gases He, Ne, and Ar are not ivied because they form o stabile com:

0000 0

Why not HCI also, similar in electronegativity to oxygen and nitrogen?.

k(Ql (Qz) Do you see anything here?

cation

d Need to be able to get close to the other

r molecule, - small size matters
anion




Example: Would you expect to find hydrogen bonds in hydrazine? (Rocket fuel),
N2H4

Valence shell electrons: 2(N) 2(5) 10
4(H) 4(1) 4
Total 14
H-N-N-H
Skeleton structure H,N-NH,
Single bonds 5(2) -10
Remaining electrons 4 H H

I
=t
=3

T

Example: Would you expect to find hydrogen bonds in Dimethyl ether
Vs ethyl alcohol?

Both have lone pair (unbonded) electrons on one of the three elements we
Are interested in (N, O, F).

H H

c.5-c
[ o]
H H

H - ~H

I

I
I_O_I
I_O_I

I

But hydrogen is not bonded to
the atom in dimethyl ether —
expect no hydrogen bonding

In Ethyl alcohol hydrogen is
bonded to oxygen. Expect
hydrogen bonding

Hydrogen Bonding explains much of what we have
Learned about water.

Material _ Specific Heats ¢, (J/g-°C

H,O Pb(s) 0.12803

. 1 Pb(l) 0.16317
Cu(s) 0.382
* Fe(s) 0.446
i i Cly(g) 0.478
5 C(s) 0.71
CO,(g) 0.843
. NaCl(s) 0.866
.| Als) 0.89
. CH(D) 1.72
e a e e = 0@ 1.87
H,O(1) 4.18

')
..
1
H:O:H

"‘ .. 109.5%

Hydrogen bonding gives a low density structure in ice

9
diiquigh,0 = 1.000——

- - -

0°C '_‘ '“ ‘ ﬁ ‘\
- - =

" R Nan W :“*1

9
dsoligH,0 = 0~917C?

¢ 41
- L _J -

. I”’t e ;*‘( 4
Pt )*( 4

Hydrogen bonded ice structure

12



Nutrient Cycling in Lake Michigan

o

0.009

SPRING | &
i) K]
= 0.99% -
Lae In e e
e Audh Mining a
[ — [ —— 0997
nnnnnn e ety emyypen-rich mater to v dept

D99

T T
£ 10 15 1l 28

]
» 4 EH 55 2]
Tewperature {"C}i F |

Surface temperature rises, Ice melts,
becomes more dense,

falls to bottom

pushing up nutrient

Rich particulate matter which feeds
The spring algae

Particulate matter as
Measured by satellite
Reflection measurements

A late spring phenomena

20
6
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Module #12
Intermolecular Forces

TO PRACTICE

EVERY DAY!

Summary of Intermolecular Forces in Liquids

- - Effect Observed as:
Dipole/dipole boili .
Dispersion (bathtubs) orng pmpts

. melting points
Hydrogen bonding .
heat capacity

vapor pressure of liquid
Heat of fusion
Heat of vaporization

Water and it’s density!

Effects also observed for molecular solids

W =

Intermolecular Forces

Evidence for Intermolecular Forces
Phase Diagrams (briefly)
Liquid-Vapor Equilibrium

1. Kinetic theory

2. Gas escape as a way to measure liquid intermolecular forces
Boiling points related liquid Intermolecular Forces

1. Dipole-dipole

2. Dispersion

3. H-bonding

4. example application — heat capacity of lakes
Solid Intermolecular Forces

1. Molecular Solids (Dispersion/ H-bonding)

2. Network Covalent (Covalent) — example glass

3. Ionic solids (Ion/ion)

4. Metallic solids (metal bonding)
Structures of Crystals

1. Unit Cells

2. Common Metal Unit cells

1. Calculate density of lead
3. Common Ionic Solid Unit cells
1__Calcnlate density of ionic solid
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\etwork Covalent, lonic, and Metallic Solids
H bonds (kJ/mol)

17-40
Van der Waals

f Y X ML X M X
BEXE XX Xou VD X N
e KX RO LR
BEKE EX X XMt My
Molecular Network [onic
covalent
(a) (b) (©

o W S
9 @ ¢3

es between molecules &

dispersion
dipole/dipole
H-bonding Graphite i .
Tendency towards (pencil lead) 53 &9 P o
ftness, 1 ; -
SOTNESS, TOWIP 14 2 molecular solid

' Mt e MT
Metallic
(d)

5 B B
8 e e
PAL AL A

7

Covalent bonds in solids

/

Crystal structure of quartz

Covalent bonds in the network imply

1. high melting points (~1000°C)
2. insoluble in all common solvents (solvents
can't break the bonds)
3. poor electrical conductors (like molecular
solids)

Glass making from 2000 B.C. Egypt
how did they do it?

Could not get temperatures > 1000°C

hese are all
Covalent bonds!

Si-O-Si-.....

Covalent Bond Energies for bonds inside a molecule
that we have

Bond Bond Enthalpy
alrea(%y Length Single Bond
examined pm kJ/mol

(Average)
c--C 154 348
C--N 147 308
C--O0 143 360
C--s 182 272
C--F 135 488
C--Cl 177 330
C--Br 194 288
C--1 214 216

What do you

Single Bond Energies in keal/mol  (to O)
observe?

Glass formers

. H He|l have intermediate
t D D bond energies with
Lilg AN Oxygen
| e Modifer Binary Glass
S Glass Former
M Former
:3' 1‘;2 Mn| Fe Co Ni;’-Cu ‘

Rb|sr \Mb Ag|ca )t :: i 1
. oo RN PBY Bi
.Cn Ba N Au(Hg X 1 \\\

4.184kJ ( 106kcal) 443504kJ

lkcal mol /  mol

Maximum value of glass formers is: 498 kJ/mol for Boron
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Single Bond Energies in keal/mol

Glass formers

y He| have intermediate
D - bond energies with

3 : Oxygen, also have
Modifer Binary Glass the ability to create
Glass Former

three or more
Former

bonds
7 1¥4@M’1‘ Fe ko‘l‘éi!ﬂu

Rule: Size Matters!

Fadins (pm)  Katio
25 0.206

40 0330
5 0438

3 oaee | Also have a particular small
0.347 Radius with respect to oxygen.

A.\z | Need to form tetrahedra

,\ rJr, r/r,
s 0.15-0.22

0.73-1.0
Ca?*, Th*',
U4t Sr2t, P2t

Nitrate,
Carbonate,
Borate

0.22-0.41

How did the Egyptians do it? — a topic to explore

BE. - 443504k Why is mp so high when enthalpy of fusion is not?
+=1Si0p T

mol Hint: naphthalne a large (multimolar) solid?
14.22kJ
AH = ———
f(sio,) mol
Substance mMPCC) AH . PPCCAH poriation
Mercury Hg -39 2.33 357 59.4
Bromine Br, -7 10.8 59 29.6
Water H,0 0 6.00 100 40.7
Benzene CeHs 5 9.84 80 30.8
Naphthalene CioHs 80 19.3 218 433
Quartz Sio, 1470  14.22

Typical fire temp 500-600°C
Typical chimney fire temp 1000°C

Glass Phosphate, silicate
® Chromate, sulfate,
former: Arsenate, vanadate, =1.0
molybdate Ba¥, K
0.41-0.73
A, Fe?*, Mp?t,
Pb#, Fe?*
Network Covalent, lonic, and Metallic Solids
il sl
Pl X —XﬁX*X_)l(— M ez oM e
[]e
B X G e N e M" & M
rilbati ] gr1d% ok
e XX et G Sy E b G M’ ex M ‘e
gl 3L Mo
em iy X — X e Gy o B G G e M" e M
[580] 2l ]
Molecular Network Metallic
covalent

( N4 0
Charged ions

1. strong electrostatic interaction
= high melting point (600-2000°C)
What Rule(s) Do We

Invoke Here?

()
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kQ)Q)

E="y

Coulomb’s law

Pl v X X
e K—X
e X—X
ek X—X
Molecular
(i
What Rule(s)

Invoke Here?

Network Covalent, lonic, and Metallic Solids

—X—X—X— Mt & MT e
[l i
e X e MY e M
TR i
e e o e G e M e
[2ald
—X—X—X— M & M’
[ £]E 2]
Network Metallic
covalent

(© (d)

Charged ions
1. strong electrostatic interaction
= high melting point (600-2000°C)
Do We 2. Strong electrostatic interaction
= fixed positions = no electrical conduction
3. Most (not all) soluble in water (polar water
organizes around the ions and satisfies their
charges)

Network Covalent, lonic, and Metallic Solids

d = rcation + ranion
E = electrical energy of interaction
K = constant
Q= charge on ion
r = ionic radius 2 @ @
‘] (¢
Explain this difference in melting points? O '
() 2O
mp °C ® O > - ()
NaCl 801 . \J \J
KBr 734 l 0 ® 9
No Clean Socks Oh Card me PleaSe
- 2+ 2-
CuSO,,, » CuZ, + SOZ,, CuSs) = Cliag) + Scany
AH® = -66.15kJ AH® = -14.5kJ
HZSO4(|) - H(-;q) + HSO;(aq) H3 PO4(I) - H(;q) + H2 PO;(aq)
AHC = -733kJ AH® = -20.1kJ

H bonds (kJ/mol)

What do you observe?

How do you explain it?

17-40

Van der Waals
X—X—>+X—X
Re=Xo K—X
e XX
Mem X X— X
Molecular

v4

Covalent (kJ/mol) lonic (kJ/mol) || Metallic bonds (kJ/mol)
64-1500 in molecules || 500-1000 100-800
600 in solids
i gy
T P e M Mg X rivt e
[ Ll
TR e e X e
bagilalive |
e R Wby e
[l )
g K N e X7 M KT
[ 200l Al ]
Network Ionic
covalent
A A @
Metal solids
1. No covalent bonding
2. But strong attraction holds atoms in fixed lattice points
3. Attraction is greater than H bonds or van der Waals forces
4. Metallic bonds can be as strong as ionic bonds
5. Sea of fluid electrons flows around the fixed metal ions

Determines properties

16



C I »ﬂ.’:‘hﬂ-‘ e
— A lead “came” factory
Came is used to bend
Around pieces of cut
Glass for stained glass
windows

Fluid electron sea explains

1. high electrical conductivity
2. high thermal conductivity: heat is carried by electron collisions
3. Ductile, malleable, electrons are a flexible glue
4, Luster, electrons not restricted to specific bonds
5. Insoluble — electrons are not soluble
[Felend e i " RE
Pl A — 3 T R e B ME X7 Mb X Ml e ME e
Ll 1]
BEHE XX e G N XL NN e MY ¢ M
to il ali |
B X o IX K MEXE M X M &Ml e
il ]
X—X x—X e ) X7 M ME et e MY
[ sl nai iy il
Molecular Network Ionic Metallic

covalent

4000 ¢ — i i
Fe — g R
— T R

Melting point: Lowest melting
point occurs when electrons are
least “fixed” around metal cations
—related to filling of the
valence shell electrons, and
solid structure structure

The seven metals earliest

Discovered have low

Melting points

Fluid electron sea explains
1. high electrical conductivity
2 high thermal conductivity: heat is carried by electron collisions
3. Ductile, malleable, electrons are a flexible glue
4. Luster, electrons not restricted to specific bonds
5 Insoluble — electrons are not soluble
6 Can have relatively low melting points

Low Melting Point

High Melting point

High Melting Point

Variable Melting Point

common solvents

(~1000 °C) (600-2000 °C)
Nonconducting of Nonconducting of Nonconducting of Conductor of
electricity electricity electricity Electricity
Insoluble in Water Insoluble in all Most are soluble in Insoluble

‘water

Low Boiling Point

High Thermal Conductivity

Ductile/Malleable

Luster

Intermolecular Forces

Evidence for Intermolecular Forces

2. Phase Diagrams (briefly)
3. Liquid-Vapor Equilibrium

1. Kinetic theory
2. Gas escape as a way to measure liquid intermolecular forces

4. Boiling points related liquid Intermolecular Forces

1. Dipole-dipole

2. Dispersion

3. H-bonding

example application — heat capacity of lakes

bl

5. Solid Intermolecular Forces

1. Molecular Solids (Dispersion/ H-bonding)
2. Network Covalent (Covalent) — example glass

3. Tonic solids (Ton/ion)
4. Metallic solids (metal bonding)

6. Structures of Crystals

1. Unit Cells

2. Common Metal Unit cells
1. Calculate density of lead

3. Common Ionic Solid Unit cells
1__Calculate densitv of ionic solid

17



CRYSTAL STRUCTURES
Macroscopic Minerals

Crystal Descriptions

b ¢
Cube e o
Tetragonal
arFb=c¢
- Orthorhombic
a=bF~c
90°
—
S i hexagonal

- monoclinic

Macroscopic Structures of Minerals

Macroscopic Crystal Form
Isometric Hexagonal Tetragona

PbS, cubic,

Macroscopic Structures are often driven by
Three dimensional microscopic organization of atoms or ions

There are 14 kinds of basic microscopic organizational structures (unit cells).

) b | Simplest unit cell
Is cubic

7 groups of unit cells

Wulfenite, tetragonal PbMoO,
. . I/NOt -

s Orthorhombic Monoclinic ~ Triclinic
Crocoite
. monoclinic
PrCrO,
METAL CRYSTAL STRUCTURES
Macroscopic Structures are often driven by
Three dimensional microscopic organization of atoms or ions
Common
. Metal
Atoms/unit cell 1 2 structures

Follow the corner atom

Each of 8 corner atoms
is shared by eight cells =
1 atom/cell

Each of 6 face atoms are shared by two cells

Total atoms = 6face/2 +8corner/8=4 Total atoms = 1body +8corner/8=2

18



Atoms/unit cell 1
Geometry 2ar=5s

Simple cubic ~ bce fce
2 4
4r = 543
T d, =d}+¢ .Ii"‘ S r

Simple
cubic

d,=+d}+5§°

d, = (\/E)2+s2 S

Simple cubic bee fee
Atoms/unit cell 1 2

4
Geometrty o _ g 4r = /3 4r = s\/z

T r — 4r
’ 2 2 2
Simple d1 =S +S
cubic
d, = V25

Simple cubic  pee fee
Atoms/unitcell 1 2 4
Geometry 2r=198 4r=s3 4r=sv2
%empty space  47.6 32.0 26.0
Empty space
related to
organization of
atoms
Number of metals
. R Unstable 20 metals 40 metals
having this Pb

unit cell shape

Example: Calculate the density of lead from its molar mass and the fact that it
Has a face centered cubic structure and bond length for elemental lead (center
of one atom to another) 349.9 pm for elemental lead.

Complicated example from some textbook.
What do we know?

What do we need to know?
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Example: Calculate the density of lead from its molar mass and the fact that it
Has a face centered cubic structure and bond length for elemental lead (center
of one atom to another) 349.9 pm for elemental lead.

g
density = cm?
1. Need volume DD,
a) fcc determines ——— 7 1 e 4r = s /2

: p, Sl
b) side, s, of cube

¢) s is volume ~
2. Need radius Bond length = 2r

a) fcc determines bond length
b) bond length represents sum of 2 radii
3. Need mass

a) fcc determines ——— 4 atoms/volume
b) number of atoms
¢) convert atoms to moles to grams

Want in cm?

elemental lead.

2r = 3499pm

m

Example: Calculate the density of lead from its molar mass and the fact that it
Has a face centered cubic structure and the bond distance of 349.9 pm for

349.9pm Im 100cm 10
r= 5 =174.95x10""cm
2 10 pm

4atoms mol 207.29 g
223 23 =11'37_3
4r=sy2  fec 121x10™“cm” ]| 6.02x10*°atoms | mol cm

4(174.95x10""cm) s
-
s=4948x10""cm

This calculated value is
consistent with the
reported value of 11.34
g/lcm3

§* =V = [4948x10°cm]’ = 121x10"2 cm’

We now know atoms/cm?; what next?

Atoms in a face centered cubic cell: 8corners/8 + 6faces/2=4

Estimated tors PhYr
a0 swuy dgq M

-

ey 3 AT
Year
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~4,000 deaths
of mute swans
in England/year
from fishing

sinkers
O'Halloran , 1988

Use "Zo Back" on your Browser to return to previous page
»

Wing droop in a tundra swan in advanced stages of
lead intoxication.

Photograph F Copyright - Miton Frisnd |
Bright green staining ofthe vent area is often indicative
of lead poisoning.

“muck” grazing birds, pick
Up solid lead as a “pebble” to
Grind in their gizards

AC93150374C
c3

THIS HOTE 15 LEGAL
Fon AL BUETS, FUBLIC AND:

2 bullets retained from 2 duels

AC 93150374 C
-

. O R
oty of e Ty

Costiveness
Fatigue
Paranoia
Unable to write

(colic or constipation)

(peripheral nerve logg)

Phote/TSS ‘KCY & rbair@acl.com

To create spherical Lead shot,

Heat added {each division correspond

.
.
.

NaCl(s) 0.866
Want the material To solidify Al(s) 0.89
M gefore itt l:]it; to Ground so it CoHo(l) 1.72
Rate of Cooling mem—— H,0(g) 1.87
Related to Heat capacity; i:‘* C,H;0H(l) 2.43
For lead is low; . H,O(l) 4.18
125
Drop cool 4 kJ
e AH o, = 512——
’ mol
g Liquid water and vapor
t\‘]pﬂlll.ltlﬁl\l m. p. o - 327.30 C
Ligquid wate 9
7 Sl dpy = 11345
Bullet technology
«  Energy cost to melt (low)
o e and liguid water (melting Rate of cooling (heat capacity) fast
Surface tension and deformation**

Density (for final use as a bullet)

Uses of lead: summary to date:

Lead — lead azide (firing ranges)

Lead — soldering (radiators, cars, electronics)
(Low vapor pressure)

(Metallic bonding, heat capacity)

Lead - Density of solid = good Xray shield

Lead — malleable metal (roofs, downspots, stained glass)

Lead - useful material for environmental transport studies (isotopes)
Lead - Lead acetate — used to “sweeten” wines; easily made from lead and wine

(Electron transfer reactions; low melting points)

Lead - Glasses and glazes (pottery) Low energy requirements
(Group 4 covalent network with extra electron pair = “spaghetti”
Lead - Solvent for other metals: purifying silver (Greek/Roman production)
(Group 4 covalent network with extra electron pair = “spaghetti”

Lead — low melting point, high density = bullets (low energy requirements)

Toxicity of lead: summary to date:
Similar ionic size to Caz*
Same charge as Ca?*

Covalent and lonic bonding
Electrostatic attraction of lead to calcium binding sites will be similar

Difference: has s? electrons — distorts binding in biomolecule
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What is the learning point of
harping on lead examples?

lonic crystals
somewhat similar to metallic crystals

One ion forms, for example, a uniform cell
The second ion fits in between the first ion
{K\\‘ ¥ Tontic radil {nm) .

o

e
C

@ :@:
€

CI-

LiCl

@ _Q
(f\;

Is this lithium or chloride?

How did you know?

What happens when the cation size is increased?

Face Centered Cubic Cl Structure Body Centered
AL Cubic CI Structure
4 N

Cl- Cl- Cl-
LiCl Macll

Chloride adopts a Chloride adopts the same -

e . Cesium is so large that
i structure as for Lithium chloride
uniform structure : the same structure can
and the smaller but the cell is larger because of not be adonted b
Li* fits in between movement to accommodate the N p Y
. - chloride
to satisfy the larger Sodium cation.
charge.

cubic

) \f s
K:/&E‘ \u“—ﬁ'—x
e &N o
TN N TNy
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lonic Bonds: Collection of Interactions (kJ/mol)

LiF — 1017 NaF 910 KF 808

Licl - 828 KCl 701 (CsCl 657
iBr— NaBr 2 KBr 671 Cs! 00
Lil-737 Nal 682

(625 -1550)

What “rules” apply here?

cr | J

cr o

Licl MNa(Zl CsCl

A warning: have to account for all the atoms and their individual

Unit cells

How about for Na*?

1 whole
In cen

Cl-
d ::’\/Easy to “see” fee

Fce =4 atoms

4 Y4 atoms at top

4 Y4 atoms at the “waist”

4 Y4 atoms at bottom

) @

2 2 2 0

o2 9T 0% oM T ot

LA ,‘q L J’J

2 g8 " g
CI fee Na* fec

12 Y4 atoms=
3

Total atoms=
4
Fcc

Example: Determine the net number of Li+ and F- ions in the
LiF unit cell, given that the structure is fcc (for both ions).
Calculate its density given that s is 4.02A on a side.

Fcc =4 for Li+
_ Necessary?
Fce = 4 for F- 4r= Sﬁ v

Total =8 ions No d

ImoleLiF ] (4(6.94) + 4(19.0))
g- 9 6.02x10” atomsLiF moleLiF

BT ]

(4mo|ecu|esLiF)[

=——=265
vol cm’

| WANT YOU
TO PRACTICE

EVERY DAY!

“A” students work
(without solutions manual)
~ 10 problems/night.

Alanah Fitch
Flanner Hall 402
508-3119
afitch@luc.edu

Office Hours W — F 2-3 pm

Module #12
Intermolecular Forces
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Intermolecular Forces

Evidence for Intermolecular Forces
Phase Diagrams (briefly)
Liquid-Vapor Equilibrium
1. Kinetic theory
2. Gas escape as a way to measure liquid intermolecular forces

wh =

4. Boiling points related liquid Intermolecular Forces
1. Dipole-dipole
2. Dispersion
3. H-bonding
4. example application — heat capacity of lakes
Solid Intermolecular Forces
1. Molecular Solids (Dispersion/ H-bonding)
2. Network Covalent (Covalent) — example glass
3. Tonic solids (Ton/ion)
4. Metallic solids (metal bonding)
6. Structures of Crystals
1. Unit Cells
2. Common Metal Unit cells
1. Calculate density of lead
3. Common lonic Solid Unit cells
1__Calenlate densitv of jonic solid

W

7. Summary slides

Summary Slide bond energy (kJ/mol)

Summary Slide

Vapor pressure over a solution is related to the energy required to
escape the solution: this ideal leads to the following equation

ln& _ —AHyaporization 11
il R T T

lonic Bonds: Collection of See also Table 8.2
Interactions (kJ/mol) ’
LiF — 1017 NaF 910 KF 808
LiCl - 828 NaCl 788 KCl 701 CsCl 657
LiBr - 787 NaBr 732 KBr 671 Csl 600
Lil-737 Nal 682 .
(625 -1550) Environmental/Geology
w (kJ/qu) Network forming covalent bonds (kJ/mol)
74-1000 Organic Chemistry B-O 498

See also Table 8.4 Also bio PO 464 .

GeO 431 Ceramics
Metallic bonds (kJ/mol) S0 443 Geology
100-800 Metallurgy
Other Interactions (kJ/mol)
H bonding: 17 to 40
Dispersion: 0.02 to 40
Dipole-dipole: 0-20
Self Assembled
Biology
Summary Slide

The boiling point

melting point
vapor pressure over a solid
are affected by intermolecular forces acting in liquids

Forces are:
dipole/dipole
dispersion (induced dipole/induced dipole)
hydrogen bonding: hydrogen bonding occurs with H-F;
H-O; and H-N where FON have unbonded electrons

Intermolecular forces operating in solids are:| Because the type
the above of bond is different
covalent bonding the trends change
ionic bonding when a material
metallic bonding goes from solid to

liquid to gas
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Summary Slide

Relative interaction for ionic bonding can be calculated from
Coulomb’s law

£ KQ)@)

d

d= cation +damion

Organization of molecules (or atoms) within a solid follow
14 different structural types

3 are most common for metals: simple cubic, face centered cubi
and body-centered cubic
The structure of the cell affects empty volume and
therefore, the melting point, density,
and stability of the material

Tonic crystal structures are similar except cations occupy the space
that was “empty” in metals
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