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2.7 Standard enthalpy changes
The enthalpy change for a process in the standard states

► The standard state of a substance: Its pure form at a specific temperature and 1 bar

ex) The standard state of ethanol at 298 K : a pure liquid ethanol at 298 K and 1 bar
The standard state of iron at 500 K : a pure solid iron at 500 K and 1 bar

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

ex) The standard enthalpy of vaporization, ΔHo
vap

The enthalpy change per mole when a pure liquid at 1 bar vaporizes to gas at 1 bar

H2O(l)  → H2O(g) ΔHo
vap(373 K) = +40.66 kJ/mol

- Conventional temperature for reporting thermodynamic data?  298.15K (25.00oC)

ContentsContents
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2.7 Standard enthalpy changes
(a) Enthalpies of physical change(a) Enthalpies of physical change

- Standard enthalpy of transition, ΔHo
trs: the standard enthalpy change that accompanies   

change of physical state (see Table 2.3)

ex)  Standard enthalpy of vaporization, ΔHo
vap

Standard enthalpy of fusion, ΔHo
fus

H2O(l)  → H2O(s) ΔHo
fus(273 K) = +6.01 kJ/mol

- Enthalpy is a state function
(Independent of the path between the two states)

(i) Directly from solid to vapor: sublimation
H2O(s)  → H2O(g)     ΔHo

sub

(ii) In two steps :  fusion + vaporization
H2O(s)  → H2O(l)     ΔHo

fus

H2O(l)  → H2O(g)     ΔHo
vap

H2O(s)  → H2O(g)     ΔHo
sub = ΔHo

fus + ΔHo
vap

- The standard enthalpy changes of a forward process and its reverse differ only in sign
ΔΔHHoo(A(A→→ B) = B) = −− ΔΔHHoo(B(B→→ A) A) 
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2.7 Standard enthalpy changes
Different types of enthalpies in Different types of enthalpies in thermochemistrythermochemistry
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2.7 Standard enthalpy changes
(b) Enthalpies of chemical change(b) Enthalpies of chemical change

-- Standard enthalpy of chemical reaction, Standard enthalpy of chemical reaction, ΔΔHHo o : the standard enthalpy change that accompanies   
chemical reactions 

-- Two ways reporting the enthalpy changeTwo ways reporting the enthalpy change
(1) (1) ThermochemicalThermochemical equationequation : a combination of a chemical equation and the corresponding    

change in standard enthalpy
ex) CH4(g) + 2 O2(g)  → CO2(g) + 2 H2O(l)    ΔHo = − 890 kJ
pure, unmixed reactants in their standard states → pure, separated products in their standard 

states (298K, 1bar)

(2) Standard reaction enthalpy(2) Standard reaction enthalpy : a combination of the chemical equation and the standard reaction
enthalpy                    

ex) CH4(g) + 2 O2(g)  → CO2(g) + 2 H2O(l)    ΔrHo= − 890 kJ/mol

For the reaction 2 A + B → 3 C + D
-- The standard reaction enthalpyThe standard reaction enthalpy
ΔrHo = {3Ho

m (C) + Ho
m (D)} − {2Ho

m (A) + Ho
m (B)}  

where Ho
m (J) : the standard molar enthalpy of species J at the temperature of interest

In general,                 ΔrHo =    ∑νHo
m − ∑νHo

m ν : stoichiometric coefficients
Products Reactants    
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2.7 Standard enthalpy changes

-- Standard enthalpy of combustion, Standard enthalpy of combustion, ΔΔccHHoo

The standard reaction enthalpy for the complete oxidation of a compound 

(c) Hess(c) Hess’’s laws law

- The standard enthalpy of an overall reaction is the sum of the standard 
enthalpies of the individual reactions into which a reaction may be divided

-- The individual steps need not be realized in practiceThe individual steps need not be realized in practice
(i.e., hypothetical reactions are possible)(i.e., hypothetical reactions are possible)
(The only requirement is that  chemical equations should be balanced)

-- The thermodynamic basis of the lawThe thermodynamic basis of the law : the path-independence of the value of ΔrHo

-- The information about a reaction of interest can be obtained fThe information about a reaction of interest can be obtained from information onrom information on
other reactionsother reactions
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2.8 Standard enthalpies of formation

The standard enthalpy of formation ΔfHo of a substance : the standard reaction enthalpy 
for the formation of the compound from its elements in their reference states

- Reference state of an element : the most stable state at the specified temperature and 1bar

ex) At 298 K, N2 gas for nitrogen (N), a liquid mercury for mercury (Hg), graphite for  
carbon (C), white (metallic) form for tin (Sn)

Exception: white phosphorous for phosphorous (not the most stable but more reproducible)

- Expression of ΔfHo : enthalpy change for the formation per mole of the compound

ContentsContents

(a) The reaction enthalpy in terms of enthalpies of form(a) The reaction enthalpy in terms of enthalpies of formationation

(b) Enthalpies of formation and molecular modeling(b) Enthalpies of formation and molecular modeling

-
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2.8 Standard enthalpies of formation
(a) The reaction enthalpy in terms of enthalpies of formation(a) The reaction enthalpy in terms of enthalpies of formation

°°° Δ−Δ=Δ ∑∑ HvHvH ffr

products reactants

(b) Enthalpy of formation and molecular modeling(b) Enthalpy of formation and molecular modeling

- We can construct standard enthalpies of formation from 
a knowledge of the chemical constitution of the species  

- Different standard enthalpies of formation even though they 
consist of the same thermochemical groups for conformers

- Computer-aided molecular modeling

- Mean bond enthalpies ∆H(A-B)

A-B(g)  A(g) + B(g)    ∆H(A-B)

v = stoichiometric coefficients
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2.9 The temperature dependence of reaction enthalpies
Enthalpy changes from H(T1) : T1→ T2

∫+= 2
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T pdTCTHTH

Standard reaction enthalpy changes from ΔfHo(T1) :

∫ °Δ+Δ=Δ 2
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T pr
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r
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r dTCTHTH
► Kirchhoff’s law: temperature dependence of reaction enthalpy

Where ∆rCo
p is the difference of the molar heat capacities of 

products and reactants under standard conditions weighted by the stochiometric
coefficients that appear in the chemical equation;

∑ ∑−=Δ °
mp

o
mp

o
pr vCvCC ,,

Products            Reactants

Normally, ∆rCp is assumed to be independent of the temperature.
Although the individual heat capacities may vary, their difference varies less 
significantly
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2.10 Exact and inexact differentials
State functionState function : a property dependent on the current state of the system and     

independent of its previous history
ex) Internal energy, Enthalpy

Path functionPath function :  a property related to the preparation of the state
ex) work, heat 

Consider a system in Fig. 2.20

Path 1: adiabatic expansion from the initial state i
to final state f

w ≠ 0,  q = 0

Path 2:    nonadiabatic expansion from the initial state i
to final state f

w’ ≠ 0,  q’≠ 0

ΔU = Uf – Ui = constant,  since Uf and  Ui are state functions
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2.10 Exact and inexact differentials

Overall change if a system is heated from the initial state i to the final state f
The path independence of the integral : dU is an exact differential

In general, an exact differentialan exact differential is an infinitesimal quantity that, when integrated, gives 
a result independent of the path between i and f

- We do not write Δq because q is not a state function  q ≠ qf - qi

- q is path dependence : dq is an inexact differential.
In general, an inexact differential is an infinitesimal quantity that, when integrated,
gives a result dependent on the path between i and  f

∫=
f

pathi
dqq

,

∫=Δ
f

i
dUU
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2.11 Changes in internal energy

(a) General considerations(a) General considerations

For a closed system of constant 
composition U = U(V, T)

When V changes to V + dV at 
constant T, U changes to 

dV
V
UUU

T
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

+='
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2.11 Changes in internal energy

For a closed system of constant 
composition, U = U(V, T) 

If T changes to T + dT at constant V,
U changes to 

dT
T
UUU

V
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂
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2.11 Changes in internal energy
Suppose that both V and T change infinitesimally, 
U changes to  (neglecting second-order infinitesimals)

dT
T
UdV
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2.11 Changes in internal energy

(b) The Joule experiment(b) The Joule experiment

James Joule tried to measure        by observing the change
in T of a gas when it is allowed to expand into a vacuum

Result : no change in T

Thermodynamic implications of this experiment?
w = 0 , (No work was done into a vacuum)

No change in T of bath → no heat transfer from the system 
: q = 0
Thus ΔU = 0 and finally,               = 0

Tπ

Tπ
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2.11 Changes in internal energy
(c) Changes in internal energy at constant pressure(c) Changes in internal energy at constant pressure

Since , 

at constant p

The expansion coefficient :

Thus, we obtain

For a perfect gas, since  
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2.11 Changes in internal energy
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2.12 The Joule-Thomson effect

Constant enthalpy (isenthalpic) process
cooled by adiabatic expansion

►We regard H as a function of p and T
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2.12 The Joule-Thomson effect
► Let a gas expand through a porous barrier from one   

constant pressure to another. (adiabatic process)

► The difference in temperature being proportional to the 

pressure difference 

Modern method of measuring μ :

T
T p

H
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

=μ

tcoefficienThomson -Joule isothermal=
T

μ

μμ pT C−=
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2.12 The Joule-Thomson effect

To measure μt , the gas is pumped continuously 
at a steady pressure through a heat exchanger

The gas flow through a porous plug

The steep pressure drop is measured

The cooling effect is exactly offset by 
an electric heater
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2.12 The Joule-Thomson effect

► Gases that show a heating effect (μ < 0) at one     

temperature show a cooling effect (μ > 0)

when the temperature is below their upper 

inversion temperature, TI


