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Overview

- Understanding & Modeling

Solid

N 7

- Molecular Symmetry - H-bond o .
- Molecular and Supramolecular Structure - Electrostatic .. interactions

- C-H-t and m-7 .. interactions



Thermodynamics of solid / liquid / gas

Enthalpies of formation (s/l) Entropies and Enthalpies of sub/vap (s/l)
(Combustion calorimetry) (Knudsen effusion methods; static methods)
(high precision solution-reaction calorimetry) (Micro calorimetry)

l
p(T)

Solid — Liquid - 23S
—

| |

- Heat capacities; enthalpies and entropies of fusion; Gas phase ENERGETICS
- temperature of fusion (Computatior_mal
(DSC, adiabatic calorimetry; drop calorimetry) thermochemistry)



Pure substances

PVT diagram

Solid

-Why each compound have a different
and liquid

PVT surface profile?

.I
Critical »,

Constant-pressure

C-H-mt and m-m .. interactions
H-bond

Electrostatic .. interactions

Pressure P

Triple state

Molecular shape

Constant-temperature line - ???
Volume v ceee o e



Properties of pure substances

PVT diagram
/ gas [
L 4

pV projection
- PT projection :

]
\ vapour
Complex and interesting profile!

J \ - -2 - VT projection :
\ [ 4 Little dependence of the liquid / solid
phases

jection

—7'
o
,Ogm(p / MPa)

£/

Critical - - )
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Properties of pure substances

Liquid compression

Pressure—volume diagram

Critical point

Over heated gas

liquid / gas
Equilibrium
(Saturation)




Properties of pure substances

Temperature —volume diagram

T Critical point

liquid / gas
Equilibrium
(Saturation)

Liquido expantion

Over heated gas

gas

V, (m3/mol)




P-V ...Isothermic lines

|.|||.|||.|||.|||.|||.|||.|||.||l|l|l|l|l|:l|l|.:|l|l|l|l|l|l|l| T T S .....:.......... [ |

o 0.2 0.4 0.6
V.. /(dm’mol )




Properties of pure substances

PT diagram

Critical L
point - PT projection :

Complex and interesting profile!

Pressure, p

T X
Temperature, T 10




Properties of pure substances

PT diagram

Critical
Phase point
of a substance is a form of matter that is uniform :
throughout in chemical composition
and physical state.

Pressure, p

Phase transition,
the spontaneous conversion of one phase into
another phase, occurs at a characteristic T for a given p

1 .
Temperature, T
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Properties of pure substances

PT diagram

SOLID LIQUID
73
atm
P - - - Q\
f fiing — \critical
W <— Freezing ' point B
= ' 7 9:.11
5 Vaporization —> ﬁ& atm
a Triple point <— Condensation
Ptp ------------- Q ] atm
Sublimation —> | GAS
<— Deposition ' .
G’ ; !
T T,
tp ‘ Temperature (°C)

Temperature —
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Gibbs Phase Rule

Gibbs Phase rule . / p'T
vorF=C-P+2

for binary mixtures C=2

# Phases P

Variance: Number of degrees of freedon

Pressure, p

Four
phases in
equilibrium
(forbidden)

Phase a Phase €
Fg 2’h Phase o
Ol F =0, three
phases in
equilibrium
F=1,two
phases in
equilibrium

Temperature, T



Properties of pure substances

PT diagram

Chemical Heat
Volume, V Enthalpy H potentlal u  Entropy, S capacity, C,

g Y4 Y4 . Y4 : Y

First-order phase (a) / _—

e.g... fusion, vaporization ..etc

Second-order

e.g... some ..... solid- solid ..etc
AN J\ J\ J\ J

Temperature, T —>
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Properties of pure substances

Complex
Phase diagram of
HZO Ef:l 10° |
10° : :
éVapou:r
.
0 | 260 | 46;0 | BC;O | 8{;0

Temperature, T/K
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Properties of pure substances

Phase stability
((dG/dT),=-S) ‘ |
T o(pT) = 5(p,T) AN
(or ), — e,
p potential
Sol < Lig /
S..(g)>S_(1)




Properties of pure substances

Phase stability Sol = Lig Lig = gas

(0G/OT), = -$)

(9m) _
kaTJp_ m

Chemical potential, u

Solid Liquid Gas
stable | stable Is‘cable

T; Ty
Temperature, T
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Properties of pure substances

Phase stability

lig +«— Gas Sol <— Liq
(o
L op ) =V = : High
p T b= g pressure
O
S) s
a S .
T — Low | ™
E : : S pressure:
; : £ P
g : : o
5 5
— =

Temperature, T Temperature, T
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Properties of pure substances

PT diagram

Critical
point
Q
5 shape of the
2 equilibrium lines
&
dp
dT

T .
Temperature, T
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Properties of pure substances

PT diagram

U, (p,T) :‘U[';,(Parf)

Phase_o =—— Phase

Q
)
=
(a—‘u\ =V (%w - (a‘ua - Vﬁam_ Va.m: A‘rrsv %
% ), Cop )y Lop ) g
(ou) [%J—[a““} s, 45, = souwl
— | ==8 B,m of,m t
LaTJP J P JT p Ttrs

Temperature, T
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Properties of pure substances

PT diagram

Shape of the
Phase B equilibrialines

Phase o

ﬂa(p,T) - ‘u['i(p*T)
Phase «

—Sa‘de + Va‘mdp = —S[-j‘de'F Vﬁ,mdp

Q

o

(VIS,m - Va,m)dp - (SB,m - Sot,m)dT %

a
Clapeyron equation dp — i dTN
dT | >
dp - Atrss E E

Temperature, T

dT A,V
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Properties of pure substances

PT diagram

Afusv = Vm (I) - Vm(S)
Solid -Liquid ..condensed phases 4,5 =5S,.() - S, (s)

AfusS = AfusH / Tfus

Clapeyron equation

Q

lﬂj d_p: Atrss

a dT Atl’S‘/

9]

o

o dp  ApH
dT  TA.V

Temperature, T
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Properties of pure substances

Solid -Liquid ..condensed phases

Clapeyron equation

Solid

Pressure, p

Liquid [

Temperature, T p

p*

dp  AysS
dT ALV
dp Ay H
dT  TA,V
A H [T dT
dp= fus o
AV ] pe T
Ac H T
~pt 2 —

AV T

s

PT diagram

lnF:lnk

therefore,

A H
(T=1T~)
T*AyV

p=p+

Linear approximation
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DSC: Supercooled Liguid

Supercooled Liquid

e.g. quenching the liquid

Chemical potential, u

Solid Liquid Gas
stable stable | stable

T; b
Temperature, T
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DSC: Supercooled Liquid

Cold Crystallization
Glass to Liquid .. T,

Melting

No Glass transition found .. Tg

55 Pyris Seres - Diamond DSC - [Data Analysis - C6PyBr_6_2] =18 % 2% Pyvis Seres - Diamond DSC - [Data Analysis - CBPyBr_6_3] =18 %
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DSC: Supercooled Liguid

Pyris Series - Diamand DSC - [Data Analysis - Choline sal_1_1] -5 x|
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Properties of pure substances

PT diagram

liquid—vapour Clapeyron equation 9P _ AusS
solid—vapour T AV
- dp AvapH dp Avaplq
I _ ‘lvf = RT
Solid dT  TA,,,V dT  T(RT/p) m(8) /R
Avapvz Vm(g)
Liquid
Q
S dlnp _ AypH
> dT  RT?
wn
o
o

Gas

A8 H® 1 A%,S
Iniz_ cr/l' 'm iy cr/I¥m
p° R T R

Temperature, T Clausius—Clapeyron equation
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Properties of pure substances

PT diagram

P= f(T) ... vapor pressure Measurements 2=

AG°® = AH°—T. AS°=- RT:In (p/p°)

+ Positive ~  Negative
contribution contribution

Gas

AG° I

Solid / Liquid

T T

Enthalpy Entropy



p=f(7).......... Phase diagrams

2.00
150 - Clausius-Clapeyron equation
1.00 - |n p :_Afr/IHr(; .1_‘_ Afr/lsm

N R T
o0 ] \\

-1.50

In (p /Pa)

Clarke & Glew equation

0.00245 0.00250 0.00255 0.00260 0.00265 0.00270 0.00275 /I\
1T (K7)
Cp ..correction
/ Agcrﬂ Hom p
Vapour pressures (T) \ A8, S,

Agcr/ I Gom
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p=f(T)..........Phase diagrams

5.00
4.00 -
solid
3.00 4 Ln (p/Pa) = - 13826/ T +35.51 MKS (0-1333 Pa)
' R2 =0.99995
AN

. 2.00 P
[
g ®
<
= liquid

1.00 + Ln (p/Pa) = - 10737/ T+ 28.98

O O R? =0.99998
| X
0.00 A N
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oll
Ln (p/Pa)=- 14759/ T+ 38.66
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AE GO, /[ kI-mol™

p=f(T)..........Phase diagrams

50.0 . : . :
:298.15 K :354.41 K 1409.18 K :445.25 K

45.0 A \‘\\

40.0
- C-H-n and 77 .. interactions
- H-bond

35.0 -
- Electrostatic .. interactions

20,0 4 - Molecular shape
- PP

25.0 -

20.0 -

15.0 T T T T

290.0 340.0 390.0 440.0 490.0
T/K
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p=f(T)..........Phase diagrams

|
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700

|
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|
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l
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5% /3K mol?

Crystal structure becomes planar
Symmetry increase > Entropy increment

0 1 2 3 4

Number of @
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