Objectives: liquids and solids, intermolecular forces, surface tension, capillary effect, PRIVATE 

viscosity
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In gases the molecules are fast enough to escape their mutual attraction:

Free and random movement of the molecules that are apart from each other

gases assume the shape of the container they are in and

gases fill the container they are in always completely

gases are compressible (easy reduction of volume)
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In liquids the molecules cannot escape their attraction, but they still can move freely and pass 

each other, however, touching each other.

liquids assume the shape of the container they are in, but

liquids do not fill the container they are in

liquids are incompressible (volume reduction very hard, almost impossible)
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in solids molecules can move only very little, they touch each other, have fixed positions, 

and can only vibrate around their equilibrium positions

solids do not assume the shape of the container they are in

solids do not fill the container they are in

solids are incompressible

There are weak forces between molecules and strong (bonding) forces within a molecule: 

[image: image4.wmf]
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solids can be 

(a) weakly bound (e.g. by hydrogen bonds in ice)

(b) metallic

(c) ionic

(d) network covalent

To understand the properties of condensed matter (liquids and solids), the intermolecular 

forces must be understood

Types of intermolecular forces

(1) London dispersion forces
These forces are caused by interactions between induced dipole moments

They are van der Waals forces and present in all molecules, also in non-polar ones like H2 

or C6H6
Because electrons move in a molecule, they can instantaneously (by chance) accumulate at 

one side of the molecule only at some given time. In the time they are assembled the 

molecule has a dipole moment for the time being and can induce a dipole moment in another 

molecule.
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q+ or q- stand for fractional charges, not full ones

dispersion forces are the only forces in non-polar compounds in gases or liquids at room 

temperature

They are also the most weak of all weak forces

The bigger the molecule (the more electrons it has) the stronger are the dispersion forces.

e.g. they are stronger in C6H6 than they are in H2.

(2) Dipole-dipole forces
such forces are caused by the orientation of the charged ends (+ to -) of permanent dipole 

moments of polar molecules

however, also forces between ions and dipoles and such between ions and induced dipole 

moments fall into the category polar or dipolar forces:
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6
also for example the hydration of ions in water (permanent dipole H2O):

[image: image7.wmf]
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q+ and q- denote again fractional not full charges.

A direct measure of the strength of intermolecular forces in a liquid is the boiling point Tb 

or also T(b) of the liquid:

The stronger the intermolecular forces are, the higher is the boiling point:

strong forces keep the molecules together, and thus a higher temperature (more heat) is 

needed to evaporate them:

[image: image8.wmf]
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(3) Hydrogen bonding
These are probably the strongest intermolecular forces and occur between 3 almost linearly 

arranged atoms, where the middle one is always H. 

The other atoms, to which H is covalently bound to one of them and hydrogen bonded to the 

other one must be N, O or F in order to call the force hydrogen bonding.

In H2O the two H atoms and the two lone pairs at O make 4 hydrogen bonds  

between 1 H2O molecule and 4 others possible.

So 3 dimensional hydrogen bonded networks can be formed, which hold together solid ice 

and the molecules in liquid water.

In water the liquid has a higher density than the solid, because the hydrogen bonded lattice 

in ice has large open spaces. 

When ice melts, parts of its structure stay intact in the liquid and free H2O molecules can slip 

into the vacant spaces of the structure and the density of water is larger than that of solid ice:

[image: image9.wmf]
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In ammonia with 3 H atoms bound to N and only 1 lone pair also 3 dimensional structures 

could be formed, but ammonia tends more to the formation of hydrogen bonded chains:

[image: image10.wmf]
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In hydrogen fluoride only long chains of hydrogen bonded HF molecules are formed:

[image: image11.wmf]
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Since in the main groups V, VI, and VII only N, O, and F can form really strong hydrogen 

bonds, the boiling point of H2O is much higher than those of H2S, H2Se, and H2Te:

[image: image12.wmf]
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Because of the weaker hydrogen bonds in HF its boiling point is lower than that of H2O, but 

still larger than those of HCl, HBr, and HI.

The hydrogen bonds in NH3 are even weaker, and thus NH3 boils lower than HF, but still 

higher than PH3. 

But Tb of AsH3 is already comparable to that of NH3, while that of SbH3 is even a little 

larger than that of NH3.

General trend: intermolecular dispersion forces increase with molar weight (increasing 

number of electrons in heavy elements)

CH4 cannot form any hydrogen bonds, and thus Tb increases when going from CH4 through 

SiH4 to GeH4 and on to SnH4.

Example: Name the types of forces in each of the following compounds.

CH4: dispersion forces only (non-polar molecule)

H2S: dispersion and dipole-dipole forces (polar molecule)

LiF(aq): dispersion, ion-ion and ion-dipole forces

               + hydrogen bonds between water molecules

CH3OH: dispersion, dipole-dipole, hydrogen bonding forces (O and H)

SO2: dispersion and dipole-dipole forces (polar molecule)

CH3NH2(aq): dispersion, dipole-dipole and hydrogen bonding forces

hydrogen bonds:

CH3 - NH2 ... NH2 - CH3 and CH3 - NH2 ... OH2 ... NH2 - CH3 and between the H2O 

molecules of the water

The liquid state
It is the most difficult state to describe

The number of holes (vacant spaces) in the structure increases with increasing T

Surface tension
[image: image13.wmf]
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For a molecule in the bulk all attraction forces to neighboring ones cancel on time average

For a molecule in the surface the downward forces do not cancel

Thus energy, E, is needed to bring molecules from the bulk into the surface, increasing the 

surface area A

If a liquid surface area is increased by ΔA, then the energy needed for doing that is 

proportional to the surface increase ΔA with proportionality factor γ, the surface tension

γ = (energy needed for surface increase)/(surface increase)
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Because of the surface tension, flies can walk on water (they are not heavy enough to break 

the surface tension and for going under, surface must be increased)

Capillary action A capillary is a small tube, can be made extra from glas, or is formed by 

pore holes for example in paper or stones

There are 2 forces in capillary action: 

[image: image15.wmf]
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A capillary in a liquid sucks up the liquid into the capillary above the liquid surface, if the 

adhesion forces > cohesion forces (glas, water): capillary rise

[image: image16.wmf]
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A capillary in a liquid can also press the liquid down the capillary below the liquid surface, 

if the adhesion forces < cohesion forces (glas, mercury): capillary depression

[image: image17.wmf]
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Viscosity measures the resistance of a liquid to flow

In a laminar flow (no turbulences, slow enough) through a tube with area A, the liquid is

fastest in the center and slowest at the edges: parabolic velocity gradient (dv/dx) across the 

tube. For keeping dv/dx constant a force is needed:
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η denotes the viscosity, the resistance of a liquid to flow:

[image: image19.wmf]
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The applied pressure is needed to overcome the flow resistance. ηoil > ηwater
in general: the larger are the intermolecular forces, the larger is the viscosity

spill of glue: flows very slowly, large η, large intermolecular forces

spill of water: flows faster, smaller η, smaller intermolecular forces than in glue (still large 

in water compared to other liquids, because of the strong hydrogen bonding)

Objectives: structures and types of solids, structure and bonding in metals, closed packed 

spheres

Solids: amorphous (not ordered) like glas

crystalline: structured and ordered in a lattice with unit cell

crystalline solids can be atomic solids like diamond, molecular solids like ice, ionic solids 

like NaCl

the lattice of a crystalline solid is the infinite structure in which the atoms or molecules are 

ordered and repeated in space

the unit cell is the smallest unit from which the complete structure can be obtained just by 

shifting and repeating the unit cell into all 3 space directions

the simplest unit cells are the cubic ones, which are cubes with different occupation of the 

space in the cube by spheres.

easiest is the simple cubic cell, scc: here all corners of the cube are occupied by a sphere.

When the unit cell is repeated in space, then the cubes are standing such, that the corner of 

a cube is the corner of 7 other cubes and thus 1 corner belongs to 8 neighboring cubes (see 

figure in book). 

Thus in each corner of such a cell there is 1 atom, belonging to 8 cubes:

8 x 1 atom/8 cells = 8 x 1/8 atom/cell = 1 atom/cell

[image: image20.wmf]
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The edge length e of a cube is always such, that the packed spheres, radius r touch each 

other.

Here two atoms touch each other across an edge length, and thus e = 2r in scc

In a body centered cubic, bcc, cell there is 1 atom in each corner of the cube, and also 1 in 

the center of the cube

the atom in the center belongs only to the cube in which it is situated

Thus there are 8 x 1/8 (corners) + 1 = 2 atoms/cell

In a bcc cell, there are 2 full atoms

3 atoms touch each other across a space diagonal g: 

Thus the length of the space diagonal g is 4r (2r from the atom in the center, 1 r from each 

corner atom)

[image: image21.wmf]
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Using the right angle at the corner of the bottom face, we can use the law of Pythagoras:

f2 = e2 + e2 = 2e2
To express the edge length in terms of the atomic radius, we must express the space diagonal 

g in terms of e, because we know that g = 4r:

Using again the law of Pythagoras, we can write

g2 = f2 + e2 = 2e2 + e2 = 3e2 = (4r)2
and thus e = 4r/(3

The so called cubic closest packed structure (the most dense possible cubic packing of 

spheres) we get from the face centered cubic cell, fcc

In fcc each corner of the cube contains an atom and also the center of each of the 6 faces 

of the cube.

When 2 cubes are face to face, and there is 1 sphere (atom) in the center of that face, this 

atom belongs to 2 unit cells:

8 x 1/8 (corners) + 6 x 1/2 (face centers) = 1 + 3 = 4 atoms in an fcc cell

Here 3 atoms touch each other along a face diagonal, which is thus 4r long, r being the 

atomic radius again. Since the face diagonal h is the hypotenuse in a rectangular triangle, 

Pythagoras tells that h2 = e2 + e2 = 2e2 = (4r)2, thus 2e2 = (4r)2; 2e2 = 16 r2 and thus

e2 = 8r2 and therefore e = r(8

[image: image22.wmf]
20
A closest packed structure of spheres (e.g. many metals), you get when you put together 

spheres in a plane as close as possible. This plane is 1 layer, a.

The next layer, to be closest packed, you put on top of the first, such that the spheres in the 

second layer fall into dips of the first layer. The second layer is not directly on top of the 

first one, and thus is called b.

For the next layer you have 2 choices. You can put it into the dips of the second, right on 

top of the first. Then when you repeat, you get ababab..., which is the hexagonal closest 

packed structur, hcp.

It is also possible to put the third layer into the dips of the second one such that it is not 

right above the first one, c. On repeating the layers you get abcabc.... which is the cubic 

closest packed structure, ccp, and has an fcc unit cell.

Metallic silver, Ag, crystallizes in a cubic closest packed structure. The radius of an Ag 

atom is 144 pm. Calculate the density of metallic silver.

d = m/V, where m is the mass of a unit cell, V the volume of a unit cell

ccp means that there is an fcc unit cell with the edge length e = r(8. Since r is given, we 

get e = 144 pm x (8 = 407.3 pm

Since our cell is a cube, its volume is V = e3 = 6.757 x 107 pm3
In such a unit cell there are 4 Ag atoms, thus the mass of the cell is
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So the density is
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4
Since 1 pm = 10-12 m = 10-10 cm; 1 cm = 1010 pm.

How can we measure the edge length of a unit cell? By X-ray diffraction. X-rays are needed 

because e is very small (small wavelength λ).

diffraction at a lattice:

[image: image25.wmf]
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δ = angle of incidence = angle of reflection

the difference in path length between the two rays reflected at 2 layers is 2e x sinδ

Bragg equation: constructive interference only when 2e x sinδ = nλ, n integer. Thus
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Usually the first diffraction with n = 1 is used for measurement.

X-rays with a wavelength of 1.54 Å resulted in a Bragg angle of 19.3o. What is e?

Since 1Å = 100 pm 


[image: image27.wmf]pm

 

233

 

=

 

)

3

(19.

 

 

2

pm

 

154

 

=

 

e

o

sin

·


6
Bonding in metals
in metals the electrons are actually freely moving between the ionic cores, occupying a 

lattice.

[image: image28.wmf]
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A "sea" of free valence electrons binds the positive metal core ions together

Overlap of n levels gives n levels:

for example: 1 atom with 1 level. When 2 of the atoms interact there are 2 levels, split in 

energy

When 4 atoms interact, there are 4 levels, split in energy. The amount of splitting cannot get 

larger and larger.

When 1 mol of atoms interact, we get 6.022 x 1023 levels very close together in energy:

energy band, occupied by free electrons:

[image: image29.wmf]
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The band of lowest energy that is not occupied by electrons is called the conduction band, 

because if an electron from lower, occupied bands is excited into the conduction band, then 

in this completely free band it can move freely and conduct electrical current.

The band with highest energy that is occupied by electrons is called the valence band, 

because it does all the bonding in the solid. Note that electrons in a fully occupied band are 

not free to move.

In insulators there is a large energy gap between the valence and the conduction band so that 

excitation of electrons cannot happen and thus there cannot be conduction.

In case of metals, which more or less all are very good conductors of current, usually there 

is no gap, but valence and conduction band actually overlap, so that thermal energy is 

enough to excite electrons into the conduction band.

Typical example: magnesium

There the fully occupied core levels, 1s22s22p6, which form three inner bands (core bands) 

when overlapping.

However, the 3s valence band overlaps (has in parts the same energy levels) with the 

conduction band, 3p which is empty. 

So electrons are easily excited into the conduction band which is the reason

for the metallic color of magnesium (light is absorbed by excited electrons)

for its ability to conduct electrical current

for its ability to transfer heat very good.

Metal alloys
mixture of elements with metallic properties = solid solutions of metals in metals

brass: Cu : Zn = 2/3 : 1/3

also an example is an alloy of 95 % Sn with 5 % Sb (antimony)

Note: N, P, As are not very typical metals, but in each group of the periodic table, the 

metallic character of the elements increases with increasing period as told before. Thus Sb 

has already quite some metallic character

brass and also the Sn/Sb alloy are examples of substitutional alloys
In substitutional alloys, the more abundant metal forms its normal crystalline lattice and the 

other metal atoms occupy lattice positions, which are usually occupied by the first one.

Interstitial alloys: the more abundant metal forms its usual crystalline lattice, but here the 

other metal atoms occupy empty spaces (holes) in the lattice of the first one.

Steel: Fe + 0.2 % C is such an alloy, although C is not very metallic. But because there are 

99.8 % Fe and only about 0.2 % C, the alloy has metallic character

Also Sn, Mn, Mo, Cr, and Si form such alloys.

Objectives: Molecular solids, ionic solids, network covalent solids, ceramics, semi 

conductors, vapor pressure, changes of state

Section 10.5: network covalent solids, ceramics, semi conductors:

Reading assignment

In molecular solids, the building blocks in the lattice positions are not atoms, but molecules, 

like S8 molecules in solid sulfur, P4 molecules in phosphorus, or H2O molecules in ice

See figure for structure of diamond (network covalent solid), NaCl (ionic solid), and ice 

(molecular solid) 

In ionic solids, like NaCl, usually the larger ions, here Cl-, form a closest packing of spheres

Here the Cl- ions have an fcc unit cell and the Na+ ions occupy vacant positions in the 

structure, here all of the octahedral holes:

vacant positions (holes) surrounded by octahedrally positioned Cl- ions (octahedral holes)

How many ions are in the unit cell?

fcc means, there are 1/8 x 8 (corners) + 6 x 1/2 (face centers) Cl- ions = 4 Cl- ions per fcc 

cell

the Na+ ions are in the center of each edge of the cube and 1 in the center of the cube 

Each edge belongs to 1/4 to a cell, i.e. an edge is shared by 4 neighboring cells and there 

are 12 edges in a cube: 4 in the top square, 4 in the bottom square and 4 at the sides: 12

12 x 1/4 (edge centers) + 1 x 1 (center of cube) Na+ ions = 4 Na+ ions per cell

Thus per cell there are 4 Na+ ions and 4 Cl- ions, thus the stoichoiometry is NaCl

Ionic solids are very stable and have a high melting point because of the strong electrostatic 

forces between the ions

molecular solids, like S8 or ice are much less stable with low melting points because only 

weak intermolecular forces bind them together

In some network covalent solids, like diamond, there are strong covalent bonds between the 

atoms

Binary ionic solids, like NaCl: closest packing of spheres

the larger ions, usually the anions, form a closest packed structure and the smaller cations 

occupy the holes in the ccp or hcp of the anions

This makes the forces between cations and anions maximal

types of holes
(a) trigonal holes: in a layer the spheres form empty triangles between them which are 

trigonal holes, but are usually too small to become occupied

(b) the basic triangle of a tetrahedral hole is formed by 3 touching spheres in one layer of the 

structure and an ion in the layer on top of the first one is in that dip and completes the 

tetrahedron around the tetrahedral hole

(c) octahedral holes are formed by 2 triangles of spheres, one in the top and one in the 

bottom layer, which are rotated against each other

[image: image30.wmf]
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trigonal holes (too small for cations) are smaller than the tetrahedral holes, which are smaller 

than octahedral holes

remember: in NaCl all octahedral holes in the fcc Cl- cell are occupied, and there are 4 Na+ 

ions per cell.

Thus there are 4 octahedral holes per cell.

Since there are 4 Cl- ions per cell, there is 1 octahedral hole per anion:

1 OH/anion and that gives NaCl stoichiometry

In ZnS the S2- ions (180 pm) form a ccp structure with the Zn2+ ions (70 pm) in half of the 

tetrahedral holes of the ccp structure (fcc unit cell)

The fcc unit cell can be divided into 8 small cubes, 4 in the upper and 4 in the lower half.

In these smaller cubes, half of the corners of each small cube are occupied by anions:

[image: image31.wmf]
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Thus each of these 8 small cubes is a tetrahedral hole and fully inside the unit cell:

fcc unit cell: 4 anions per cell, 4 octahedral holes per cell and 8 tetrahedral holes per cell:

1 OH per anion, 2 TH per anion

in ZnS half the TH are occupied by Zn2+, so in the unit cell we have 4 S2- anions and 

8/2 = 4 Zn2+ cations in the unit cell, thus the stoichiometry is ZnS

In NaCl the ccp is formed by the Cl- anions and each OH is occupied by Na+:

fcc: 8 TH and 4 OH and

8 x 1/8 (corners, shared by 8 cells each) + 6 x 1/2 (face centers, shared by 2 cells each)

= 1 + 3 = 4 anions per cell

per cell we have 4 OH, all occupied by Na+, thus 4 Na+ ions per cell

so the stoichiometry is Na4Cl4 = NaCl

ZnS: Zn8TH/2S4 = Zn4S4 = ZnS

Number of atoms in a cell:

Count each atom or ion fully in the cell as 1, each one on a face of the cell as ½, each one on an edge of the cell as ¼, and each one in a corner of a cell as 1/8

Covalent network solids
In C(diamond) C atoms are at every corner of a tetrahedron and an additional C is in its 

center and covalently bound to each of the corner C-s.

The tetrahedrons are linked together by C - C covalent bonds through each corner C. The C 

atoms have sp3 hybrids.

no conduction and very hard

in C(grafite) there are two-dimensional layers stacked above each other (no layer to layer 

bonds). In the layers each C has an sp2 hybrid in benzene like molecules, which are bound 

together through their edges.

In the π-electron clouds the electrons can move freely and conduct current along a layer.

Since there are no bonds between layers, the layers can move easily past each other and thus 

grafite is a good lubricant.

C(grafite) ( C(diamond) at 150,000 atm pressure and 2800 oC

The backward reaction is very slow, although at standard conditions grafite is the more stable 

form: diamonds can exist for several million years.

Si is most stable in SiOx compounds, where Si is in the centers of SiO4 tetrahedra covalently

bound to 4 O atoms. With Si - O - Si bridges these tetrahedra are linked together by their 

corners in SiO2 (quartz, sand).

This is why C occurs in biology (easy formation of CC bonds) while Si occurs in geology 

(formation of Si - O bonds, not of Si - Si bonds)

In silicates (sand, clay) different ions occur, all based on linked or unlinked SiO4 tetrahedra, 

for example SiO44- or Si2O76-:

[image: image32.wmf]
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glas: SiO2 is heated to more than 1600 oC and MgO, CaO, Na2O, B2O3 Al2O3, K2O are added

A glas is amorphous, it has no regular structure, is actually not solid

the flow of glas can be seen in 1000 year old church windows:

[image: image34.wmf]
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glas is basically a liquid with a very high viscosity

Ceramics: silicates + kaolinites, Al2Si2O5(OH)4 can be molten only 1 time and then harden, 

e.g. to pots, different from glas

Semiconductors
[image: image35.wmf]
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In metals there is no gap between the full valence band and the empty conduction band, so 

that electrons are easily excited and conduct current

In semiconductors the gap can be very small, so the excitation of electrons could be easy, 

e.g. Si

In n type doping, Si is doped e.g. with As, that has 5 valence electrons, while Si has only 

4. So each As atom gives a filled impurity level into the gap:

[image: image36.wmf]
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From these gap levels electrons can be more easily excited into the conduction band of Si:

[image: image37.wmf]
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Likewise, B has only 3 valence electrons, and in p type doping donates free levels into the 

gap into which electrons can be easily excited from the valence band, leaving mobile positive 

holes in the valence band

[image: image38.wmf]
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In a pn or np junction two such doped semiconductors are put together. In the junction the

negative electrons can occupy the positive holes and create a small current by themselves:

[image: image39.wmf]
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If there is a voltage in forward bias the electrons flow to holes and holes to electrons giving 

a large current:

[image: image40.wmf]
34
With a voltage in reverse bias charges are separated and only a small current flows:

[image: image41.wmf]
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Phase changes (s, l, g)

Vapor pressure in the liquid vapor equilibrium, but also solids have a vapor pressure

H2O(l) <=> H2O(g)  ΔvapH = +40.8 kJ/mol  heat of vaporization at 100 oC

The heat of vaporization actually depends generally on temperature, although sometimes neglected

At 25 oC: ΔvapH = +43.9 kJ/mol  

left to right: evaporation or vaporization

right to left: condensation (-40.8 kJ/mol)

H2O(s) <=> H2O(l)  ΔfH = +6.0 kJ/mol  heat of fusion

left to right: fusion or melting

right to left: freezing (-6.0 kJ/mol)

[image: image42.wmf]
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between Ti and the melting point Tm (0oC at 1 atm) the ice is heated, and so the temperature 

increases with increasing enthalpy (pressure = 1 atm, const.)

at Tm the ice melts and takes up heat for that without changing T

between Tm and the boiling point Tb (100oC at 1 atm) the water is heated, and so the 

temperature increases with increasing enthalpy

at Tb the water boils and takes up heat for that without changing T

between Tb and Tf the water vapor is heated, and so the temperature increases with 

increasing enthalpy

When there is a mass m of water, corresponding to n mol of water, and given the specific 

heats of ice, ss, water, sl, and steam, sv per g, then

ΔH = m x ss (Tm - Ti) + ΔfH x n + 

+ m x sl x (Tb - Tm) + ΔvapH x n + m x sv x (Tf - Tb)

H2O(l) in a container is always in equilibrium with its vapor at the equilibrium vapor 

pressure Pvap, which depends on T but NOT on the container size

[image: image43.wmf]
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Tb: normal boiling point, 100oC at 1 atm pressure:

[image: image44.wmf]
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A plot of ln(Pvap) vs 1/T gives a straight line with slope = -ΔHvap/R

(when taking ln P, the unit at P must be removed before taking ln)

This follows the Clausius-Clapeyron equation:
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Here T MUST be in K!

Example: The vapor pressure, P1, of ethanol at 34.9 oC is 100 mmHg (1 atm = 760 mmHg). 

What is the vapor pressure, P2, of ethanol at 63.5 oC, when ΔvapH = 39.3 kJ/mol?

We set up Clausius-Clapeyron equations for the 2 pressures:
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Now we build (1) - (2):
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Thus
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Objectives: vapor-liquid-solid equilibrium, phase diagrams

H2O(s) <=> H2O(l)  ΔfusH = 6.0 kJ/mol  fusion or melting, backwards: freezing

H2O(l) <=> H2O(g)  ΔvapH = 43.9 kJ/mol (25 oC) vaporization or evaporation, backwards: 

condensation

The heats depend somewhat on temperature, the above one is at 25 oC

Measurement of Pvap: inject liquid on the bottom of a mercury column. It will rise to the top 

and evaporate partially according to its equilibrium vapor pressure:

[image: image49.wmf]
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Pvap = 760 mmHg - h(mmHg)

Initially when there is no vapor, only liquid, there is a constant rate of evaporation, while 

the more molecules are in the vapor, the more condense back to the liquid, so the rate of 

condensation is increasing. 

When the two are the same, equilibrium is achieved.

When T increases, Pvap increases, because at higher T more molecules are fast enough to 

escape the intermolecular forces holding them in the liquid.

The larger the intermolecular forces are, the lower is Pvap: water (hydrogen bonds) has a 

lower Pvap than ether (dipole-dipole forces)

The normal boiling point of a liquid is reached, when Pvap = 1 atm:

in boiling gas bubbles are formed with the pressure Pvap in the inside.

If Pvap < 1 atm, then the atmospheric pressure on the liquid will crush the bubbles before 

they reach the surface.

Only when Pvap = 1 atm or larger, the bubbles can reach the surface and give their contents 

to the atmosphere.

[image: image50.wmf]
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The vapor pressure slopes with temperature are different. The normal melting point, Tm, is 

where Pvap of the liquid and the solid are the same.

[image: image51.wmf]
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The values for the liquid are obtained from measurements on supercooled liquid.

In a very clean container, without any shaking and a slow cooling rate, liquids can be kept 

liquid below their freezing point: supercooling. A shaking or a grain of dust is enough to 

bring about freezing.

Same effect with superheating: again at some boiling stones gas bubbles can be formed.

Comparison of vapor pressures of solids and liquids:

[image: image52.wmf]
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If T > Tm, then Pvap(s) > Pvap(l):

the solid evaporates vapor to have its higher vapor pressure. However, the liquid needs a

lower vapor pressure, so to obtain equilibrium, the liquid sucks in vapor. The solid then 

evaporates more, until all solid has been gone through the gas phase into the liquid.

If T < Tm, then Pvap(s) < Pvap(l):

the liquid evaporates vapor to have its higher vapor pressure. However, the solid needs a

lower vapor pressure, so to obtain equilibrium, the solid sucks in vapor. The liquid then 

evaporates more, until all liquid has been gone through the gas phase into the solid.

At a given T, the phase with the smaller vapor pressure is the stable one.

Heating curve: T as function of time, t, at a constant rate of heating, constant energy flow, 

constant heat flow:

[image: image53.wmf]
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At the melting and the boiling point T is constant, because the heat provided by the constant 

heat flow is all used for melting or boiling, not for raising T.

Besides melting (s/l) and boiling (l/g) there is also sublimation possible, the direct 

evaporation of a solid into the gas phase:

H2O(s) <=> H2O(g)  ΔsubH = 49.9 kJ/mol  sublimation, backwards: condensation or deposition

Hess's law: ΔsubH = ΔfusH + ΔvapH; intial (s) and final (f) states are the same

solid CO2 at normal pressure is called dry ice, because it does not melt to liquid, but 

by sublimation evaporates directly into the gase phase.

Phase diagrams
A phase diagram gives a complete picture of the phase equilibria in a system at different T 

and P.

Sometimes a phase diagram can be different from daily experience, because there we have 

always air in contact with the system.

A phase diagram, however, is measured in a closed system with a mobile piston pressing 

with a constant pressure, P, on it.

Nothing leaves the system or goes into the pure system and there is no atmosphere in the 

system:

[image: image54.wmf]
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The phase diagram for water:

[image: image55.wmf]
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At the lines in the diagram 2 phases can be in equilibrium with each other: both phases can 

coexist in the system.

Between the lines only 1 phase can exist.

Only at the triple point, Ttr, all 3 phases, s, g, l, can coexist. That point has a defined  

pressure (0.0060 atm, 4.58 torr) and temperature, Ttr = 0.0098 oC

The normal boiling point of water is on the l/g curve, where P = 1.0 atm

The normal melting point of ice is on s/l curve, also where P = 1.0 atm

A line of constant pressure, parallel to the T axis is called an isobar

A line of constant temperature, parallel to the P axis is called an isotherm

The l/g line ends at the critical point at Pc = 218 atm and Tc = 374 oC. 

Above the critical point there is no more l/g equilibrium, but the liquid changes slowly to 

gas through the fluid phase, which has some properties of the liquid, while others are more 

like those of a gas, so it is both liquid and gas

Above Tc it is impossible to liquefy a gas by pressure alone, only at T < Tc.

d(water) > d(ice): makes water a very special and unique liquid, only 2 or 3 others have 

this property.

Consequence: negative slope of the s/l equilibrium line.

Some isobaric ways in the water system:

[image: image56.wmf]
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way 1: external pressure is 1 atm. start at -20 oC: system filled with ice (no air space) and 

the piston presses with 1 atm on it. There is no vapor, only ice, because Pvap of ice is less 

than 1 atm. 

Up to 0 oC there is only ice in the system. The normal melting of the ice adds liquid water 

to the system which coexists with the the ice at Tm. There is no vapor, because Pvap(ice) = 

Pvap(water) < 1 atm.

From 0 oC to 100 oC there is only liquid water in the system. At 100 oC 

Pvap(water) = 1.0 atm and thus vapor apears in equilibrium with liquid.

At T > 100 oC only vapor is in the system.

way 2: starting at -20 oC at 2.0 torr pressure on the piston. Up to the s/g line there is only 

ice in the system.

At the s/g line we have equilibrium between ice and steam, there is no liquid.

Above the s/g line the sublimation is finished and there is only steam.

way 3: starting again at -20 oC and 4.58 torr pressure. Up to the triple point there is only ice 

and at the triple point, and only there, ice, water and steam are in equilibrium, beyond the 

triple point we have only steam.

way 4: liquid can exist, and it changes gradually through the fluid phase, which is neither a 

true liquid nor a true gas until it is evaporated. There is no more any defined l/g

equilibrium, at which the temperature stays constant until the phase has changed.

A gas can only be liquefied below the critical point.

skating: very high pressure on the blades (your weight pressing on a very small area)

because of the negative slope of the s/l curve, the pressure provides some liquid under the 

skate, which makes smooth gliding possible.

Phase diagram of CO2:

[image: image57.wmf]
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s/l line with positive slope as normal

at room pressure, no liquid CO2, only dry ice that evaporates directly to the gas 

(sublimation).


Handout on lattice calculations, packing efficiencies, P, of spheres and phasePRIVATE 


changes (Clausius-Clapeyron equation)
1. Density from unit cell type and atomic radius
Metallic (not ionic!!) barium, Ba, crystallizes in a body centered cubic lattice (bcc cell) and its atomic radius is rBa = 222 pm. What is the density, d, of Ba?

bcc: 2 atoms in each unit cell

the mass of a unit cell is thus 2 times the mass of a Ba atom which is the average atomic weight of Ba (137.3 g/mol) divided by Avogadro's number:
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The edge length, e, of a bcc cell in terms of the atomic radius, r, is:
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Thus the volume of the cubic cell is:
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This finally gives the density:
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2. Identification of an unknown element, X, from density and lattice data
A bar of an unknown metal X is measured (mass, m, and volume, V) to have a density of d = 10.5 g/cm3 (d = m/V). From the reflection angle of the first Bragg reflection it is determined that the edge length, e, of its face centered cubic (fcc) cell is e = 4.09 إ. Identify element X.

An fcc cell contains 4 atoms, so the density is
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With 1 إ = 10-10 m this yields the average atomic weight of X, AX:
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The three elements with atomic weights around 108.2 g/cm3 are:

Pd: APd = 106.4 g/cm3, error = 1.7 %

Ag: AAg = 107.9 g/cm3, error = 0.3 %

Cd: ACd = 112.4 g/cm3, error = 3.7 %

Thus the unknown element is silver, Ag 

3. Packing efficiency of spheres in cubic cells (boxes)
    The packing efficiencies [P fractional one, P(%) in %] of spheres are defined as the ratios of volume occupied by spheres in a structure, V(spheres), to the total volume of the structure. A question about this in fcc was asked in the final exam, term 052. This ratio can be calculated for our 3 different cubic structures (scc, bcc, fcc) by calculating the ratio of the volume occupied by spheres in a unit cell to the total volume, V(cell) of the unit cell. The volume of a sphere of radius r is
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The volume occupied by spheres in a cell is then V(spheres) = NVspheres, N being the number of spheres in the unit cell. A cubic unit cell of edge length e has the volume V(cell) = e3.

Note that it does not matter at all, if we look at atoms packed in a unit cell or at footballs or bowling balls packed in a cubic box.

Summary of necessary expressions:

	PRIVATE 

lattice
	
N = number of


spheres per unit cell
	
edge length e in


terms of sphere


radius r

	
scc
	
1
	
e = 2r

	
bcc
	
2
	
e = (4/(3)r

	
fcc (ccp)
	
4
	
e = ((8)r = (2(2)r


scc: simple cubic unit cell; bcc: body-centered cubic unit cell; fcc: face-centered cubic unit cell; ccp: cubic closest packed structure of spheres (most dense packing)

1)
scc: N = 1 atom/cell

Two spheres touch each other along an edge of the cell e

V(spheres) = (4π/3) r3
V(cell) = e3 = (2r)3 = 8r3
Packing efficiency:
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2)
bcc: N = 2 atoms/cell

Three spheres touch each other along a space diagonal of the unit cell

V(spheres) = 2 x (4π/3) r3 = (23π/3) r3
V(cell) = e3 = [(4/(3 )r]3 = [43/((3)3]r3 = [26/(3(3)]r3
Packing efficiency:
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3)
fcc: N = 4 atoms/cell

Three spheres touch each other along a face diagonal of a unit cell

V(spheres) = 4 x (4π/3) r3 = (16π/3) r3
V(cell) = e3 = [(2(2 )r]3 = 8 x ((2)3 x r3 = (8 x 2(2) x r3 = 16(2 x r3
Packing efficiency:
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Thus if you pack bowling balls into a cubic box (or atoms into a unit cell) you can fill the box by 52.4 % when you pack them in an scc structure, by 68 % if you pack them in a bcc structure and by 74 % if you pack them in a cubic closest packed or fcc structure.

4. Boiling point from pressure data
In Breckenridge, Colorado (high up in the mountains), the atmospheric pressure is P = 520. Torr. What is the boiling point, T , of water there, when the heat of vaporization of water is constant and ΔvapH(water) = 40.7 kJ/mol?

To use the Clausius-Clapeyron equation, we need to now that the normal (Pn = 1.00 atm = 760. Torr) boiling point of water is Tb = 100.00 oC. Further, at any boiling point of a liquid its vapor pressure must be equal to the pressure (here atmospheric) on the liquid. Thus we have 2 equations (C is the same at both pressures):
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To eliminate the unknown C, we form (1) - (2):
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The numbers give:
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Thus the boiling point of water in Breckenridge is
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5. Pressure application for condensation
What pressure P must be applied to steam (ΔvapH(water) = 40.7 kJ/mol) at 350. oC to condense it to liquid water?

For condensation, as well as for vaporization, the pressure P on the steam or on the liquid, must be equal to its vapor pressure at the given temperature, P = Pvap. 

To use the Clausius-Clapeyron equation, we need to now that the normal (Pn = 1.00 atm = 760. Torr) boiling point of water is Tb = 100.00 oC:
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To eliminate the unknown C, we form again (1) - (2):
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The numbers give:



[image: image74.wmf]5.2629

 

=

 

 

 

K

 

623.15

1

 

-

 

K

 

373.15

1

 

 

mol

 

K

J

 

8.31451

mol

J

 

10

 

 

40.7

 

=

 

 

 

T

1

 

-

 

T

1

 

 

R

H

 

=

 

P

P

 

3

b

vap

n

÷

ø

ö

ç

è

æ

·

÷

÷

ø

ö

ç

ç

è

æ

D

ln


17
and thus
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Thus, a pressure of 193.03 atm must be applied to condense steam to liquid at 350 oC.
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