C, and C,

at constant volume

at constant pressure

>
e 5
§ Internal é
energy, U E
Temperature, T Temperature, T
C,= ( o ) > C [—BU ]
P | AT v —
oT , oT )
— -1 -1
perfectgas: C,—C,=nR R=8.314 J mol” K

=0.08205L atm mol* K*



Variation of heat capacity (molar)

C

Cp!m=a+bT+F

a, b, and c are empirical parameters

a b/(10° K™ c/(10° K?)
C(s, graphite) 16.86 4.77 —-8.54
CO,(g) 44.22 8.79 -8.62
H,0(1) 75.29 0 0

N,(g) 28.58 3.77 ~0.50




Question  What is the change in molar enthalpy of N, when it is heated
from 25°C to 100°C? Use the heat capacity information in

Table a b/(10° K™) c/(10° K?)
C(s, graphite) 16.86 4.77 —-8.54
CO,(g) 44.22 8.79 -8.62
H,0(1) 75.29 0 0
N,(g) 28.58 3.77 —0.50

C}m=ﬂ+bT+F
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Question  What is the change in molar enthalpy of N, when it is heated
from 25°C to 100°C? Use the heat capacity information in

Table a b/(10°K™) c/(10° K?)

C(s, graphite) 16.86 4.77 —-8.54

CO,(g) 4422 8.79 ~8.62

H,0(1) 75.29 0 0

N,(g) 28.58 3.77 —0.50

_ H,(Ty) T C
dH=C,dT [ “dH,=["| a+bT+—5 |dT

Hpy (1)) 1; T

!

1

1

p

Cpm=a+bT+ Hm(?;}—Hmﬂ;)=a(Tz—m+%b(T;—m—c[T2 =

)



Question

Table

dH=C,dT

C

m=a+bT+?3

a b/(10° K™ c/(10° K
C(s, graphite) 16.86 4.77 —-8.54
CO,(g) 44.22 8.79 -8.62
H,0(1) 75.29 0 0
N,(g) 28.58 3.77 —0.50

H,(T,) T, C
j dH = (a+bT+de

H, (Th)

1

What is the change in molar enthalpy of N, when it is heated
from 25°C to 100°C? Use the heat capacity information in

1

Hmm;}—Hmﬁ;)=a(T2—11)+%b(T;—if}—c{

= 2.20kJ] mol™

T, T,

)



Focus 2: The First Law
Internal Energy
Enthalpy
Thermochemistry
State functions

Adiabatic changes



Enthalpy change



Enthalpy change

exothermic (exenthalpic) process: AH <0
endothermic (endenthalpic) process: AH >0
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standard states at a specified temperature
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The standard enthalpy change for a reaction:
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the most stable form of that substance at a pressure of 1 bar



Enthalpy change

exothermic (exenthalpic) process: AH <0
endothermic (endenthalpic) process: AH > 0

The standard enthalpy change for a reaction:
The difference in enthalpy between the products and the reactants in their
standard states at a specified temperature

!

the most stable form of that substance at a pressure of 1 bar

Standard (molar) enthalpy of H,0() > H,0(g)  A,,H (373K) =+40.66k] mol™
vaporization



Enthalpy change

Transition

Transition (Phase a — Phase [3)
Fusion (s — [)

Vaporization (| — g)

Sublimation (s — g)

Mixing (Pure — Mixture)

Solution (Solute — Solution)
Hydration (X *(g) — X*(aq))
Atomization (Species — Atoms)
lonization (X (g) —+ X (g) +€7)
Electron Gain (X (g) + e~ — X (g))
Reaction (Reactants — Products)
Combustion

Formation (Elements — Compound)

Activation (Reactants — Activated Complex)

Exemplary Chemical Reaction

Diamond — Graphite

H,0(s) — HyO(1)

H2O(l) — H20(g)

COz(s) — CO2(g)

NaCl + H,O — NaCl(aq)

KCl(s) — K" (aq) + Cl (aq)

Cu®"(g) + 6H>0 — Cu®" - 6 H20(aq)
Hy(g) — 2H(g)

Na(g) — Na'(g) + e

Cl(g) + e~ — C1 (g)

Hy(g) + O2(g) — H20(g)

CHy(g) + 202(g) — CO2(g) + 2H20(g)
C(s) + 2Hz(g) — CHy(g)

Ha(g) + L(g) — [HaLo]!

All are molar quantities

Symbol
AH
ApsH
AvapH
AgnH
AnicH
A H
ApyaH
AuH
AionH
Ay H
AH
AH
ArH
A*H



Enthalpy is a state function

e A state function means that its value depends only on the initial and final states of the
system, not on the path taken.



Enthalpy is a state function

e A state function means that its value depends only on the initial and final states of the
system, not on the path taken.

* Adirect consequence of enthalpy being a state function is that the enthalpy change of

a forward reaction is equal in magnitude but opposite in sign to that of the reverse
reaction.

>
o

AH®°(A — B) =—AH°(A « B) AH®(A—B) |AH°(A<B)

Enthalpy, H

y A




Enthalpy is a state function

H,0(s) — H,O(g) A H”



Enthalpy is a state function

H,0(s) > H,0(g) A H° H,0(s) > H,0() A H
HO(0) -»HO(g) A, H

ap



Enthalpy is a state function

H,0(s) > H,0(g) A H° H,0(s) > H,0() A H
HO(0) -»HO(g) A, H

ap

AsubHe — AfusHe + AvapHe



Enthalpy is a state function

e H,0(s) > H,0() A, H°

fus

H,0() > H,0(g) A, H

H,0(s) - H,0(g) A

sub

AsubHE — Af‘usf_‘rEjr + AvapHE}

>
»
>

Q

A,__H°

vap

Enthalpy, H

A, H°®




Standard reaction enthalpy
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Standard reaction enthalpy
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C.H,,0,(s) + 60,(g) = 6CO,(g) + 6 H,0(l) A H® =-2808k]J mol™



Standard reaction enthalpy

standard reaction enthalpy, A H®
CH,(g) +20,(g) — CO,(g) + 2H,0(]) AH®=AH"=-890k] mol™

C.H,,0,(s) + 60,(g) = 6CO,(g) + 6 H,0(l) A H® =-2808k]J mol™

2A+B—->3C+D AH"={3H_(C)+H_(D)} — {2H_.(A) + H_(B)}



Standard reaction enthalpy

standard reaction enthalpy, A H®
CH,(g) +20,(g) — CO,(g) + 2H,0(]) AH®=AH"=-890k] mol™

C.H,,0,(s) + 60,(g) = 6CO,(g) + 6 H,0(l) A H® =-2808k]J mol™

2A+B—->3C+D AH"={3H_(C)+H_(D)} — {2H_.(A) + H_(B)}

AH =Y VvH, - > VH,

Products Reactants




Hess's Law

The standard reaction enthalpy is the sum of the

values for the individual reactions into which the
overall reaction may be divided.



Hess's Law

The standard reaction enthalpy is the sum of the

values for the individual reactions into which the
overall reaction may be divided.

initial final
reactants products
ﬁ\Hg‘ ﬁy‘
‘&Hr.‘l. inten(t;;a diates “ﬁ‘Hﬁ
D > F

mtermediates ﬁ H 5 mmtermediates



Standard enthalpy of formation

6 C(s,graphite) + 3H,(g) — C.H,(]) +49.0k] mol™

The standard enthalpy of formation, A.-H", of a substance is
the standard reaction enthalpy for the formation of the com-
pound from its elements in their reference states:
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The reference state of an element is its most

stable state at the specified temperature and
1 bar.



Standard enthalpy of formation

6 C(s,graphite) + 3H,(g) — C.H,(]) +49.0k] mol™

The standard enthalpy of formation, A.-H", of a substance is
the standard reaction enthalpy for the formation of the com-
pound from its elements in their reference states:

!

The reference state of an element is its most

stable state at the specified temperature and
1 bar.

\ }
|

Enthalpy of formation of an element in reference states = 0 kJ/mol



Standard enthalpy of formation

6 C(s,graphite) + 3H,(g) — C.H,(]) +49.0k] mol™

The standard enthalpy of formation, A.-H", of a substance is
the standard reaction enthalpy for the formation of the com-
pound from its elements in their reference states:

Element Reference State (Most Stable Form at 298 K, 1 bar)
Hydrogen (H) H,(g)
Oxygen (O0) Os(g)
Eromine (BEr) Bra(l)
The reference state is specifically carbon (O Graphite C/(s)
used for elements, not compounds. Sulfur (5 Rhombic Sulfur Sa(s)
Phosphorus (P) White Phosphorus P (=)
Iron (Fe) Fe(s)

Mercury (Hg) Hgl(l)



Standard enthalpy of formation

AH"/(kJ mol ™) AHC /(K] mol™)

H,0(1) —285.83 CH,(g) ~74.81
H,O(g) —241.82 C.H,(1) +49.0
NH,(g) —46.11 CH,,() ~156

N,H, (1) +50.63 CH,OH() —238.66
NO,(g) +33.18 CH,CH,OH() ~277.69
N,0,(g) +9.16

NaCl(s) —411.15

KClI(s) —436.75




Standard enthalpy of formation

AH"/(kJ mol ™) AHC /(K] mol™)

H,0(1) —285.83 CH,(g) 7481
H,O(g) —241.82 C.H,(1) +49 0
NH,(g) —46.11 C.H, () ~156
N,H,(I) +50.63 CH,OH() ~238.66
NO,(g) +33.18 CH,CH,OH(]) ~277.69
N,0,(g) +9.16

NaCl(s) —411.15

AH"(H",aq) =0

KClI(s) —436.75




Stoichiometric numbers (vs Stoichiometric coefficients)



Stoichiometric numbers (vs Stoichiometric coefficients)

ArHe = Z VAfHB — Z VAfHe Standard reaction enthalpy

[practical implementation]
Products Reactants



Stoichiometric numbers (vs Stoichiometric coefficients)

Stoichiometric coefficient

ArHe = Z VﬁfHe — z VAfHe Standard reaction enthalpy

[practical implementation]
Products Reactants



Stoichiometric numbers (vs Stoichiometric coefficients)

Stoichiometric coefficient

AH =Y VAH - ) VAH

r
Products Reactants

= o
AH =Y v, AH ())
j

stoichiometric numbers

(positive for products and negative for reactants)

Standard reaction enthalpy
[practical implementation]



Example

2HN,(I) + 2NO(g) — H,0,(1) + 4N,(g)



Example

2HN,(I) + 2NO(g) — H,0,(1) + 4N,(g)

AH®° = AH°(H,0,,]) + 4AH°(N,,g) — 2AH"(HN,,])
—2AH°(NO,g)



Example

2HN,(]) + 2NO(g) — H,0,(I) + 4N,(g)

AH®=AH"(H,0,l) +4AH°(N,,g) — 2A.H (HN,,])
—2AH°(NO,g)

= {-187.78 + 4(0)} k] mol™
—{2(264.0) + 2(90.25)} kJ mol™
=—-896.3kJ mol™



