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The first law of thermodynamics 

1-Internal energy: The internal energy of a system is the energy possessed by that system due to its 

mass, temperature, chemical composition, and the interactions between its various components. It is related 

to the forces acting between the molecules and the motion of these molecules (rotation, vibration, etc.). We 

represent it as U. 

In thermodynamics, we cannot calculate the absolute value of internal energy for a system, but we can only 

calculate the change (ΔU). 

2-Text of the First law: The first law of thermodynamics is synonymous with the law of conservation of 

energy and states that energy is neither created nor destroyed (cannot be created from nothing nor vanish into 

nothingness), but can only be converted from one form to another during reactions or chemical changes. This 

means that the energy of an isolated system remains constant 

Example: 

 

 The change in the internal energy of a closed system is equal to the energy exchanged (in the form of 

work and heat) between the system and the external surroundings. 

Where: 

 

 

 

Notes: 

  For an isolated system evolving from state (1) to state (2) (with no heat or work exchange with the 

external surroundings), it follows that: 

ΔU = 0 ⟹  W + Q = 0 ⟹ Q = 0  , W = 0 
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 The function U is a state function, and its change is independent of the path taken but is solely 

dependent on the initial and final states.

 

Therefore, this principle is known as the principle of initial and final states. 

 The change in internal energy for a cyclic process is zero, where a cyclic process is one in which the 

initial state is the same as the final state. 

 

3- Types of Thermodynamic Processes (Closed System): 
3-1- Adiabatic transformation (Isentropic): This is a process in which there is no heat exchange 

between the system and the surroundings. Q = 0. 

3-2- Isothermal transformation (Constant Temperature): This is a process that occurs at a constant 

temperature. 

3-3- Isobaric transformation (Constant Pressure): This is a process that occurs at constant pressure. 

3-4- Isochoric transformation (Constant Volume): This is a process that occurs at constant volume. 

Note: If the process is carried out at constant volume: 

𝑽 𝑪𝒔𝒕 ⟹ 𝒅𝑽 = 𝟎 ⟹ 𝑾 = 𝟎 ⟹ 𝒅𝑼 =  𝝏 𝑸 ⟹  𝜟𝑼 = 𝑸𝑽 = 𝒏∫𝑪𝑽 𝒅𝑻 

 

4- Enthalpy: Most chemical reactions take place at a constant pressure, which is atmospheric 

pressure (1 atm). In this case, if QP is the amount of heat exchanged during a transformation that occurs 

at constant pressure, it can be expressed as follows: 

∆𝑼 =  𝑼𝒇 − 𝑼𝒊 = 𝑾+𝑸 = −𝒑∆𝑽 + 𝑸𝑷 =  −𝑷(𝑽𝒇 − 𝑽𝒊) + 𝑸𝑷 

⟹ 𝑼𝒇 −𝑼𝒊 = 𝑸𝑷 −  𝑷(𝑽𝒇 −𝑽𝒊) ⟹ 𝑸𝑷 = (𝑼𝒇 −𝑼𝒊) + 𝑷(𝑽𝒇 −𝑽𝒊) 

⟹ 𝑸𝑷 = (𝑼𝒇 +𝑷𝑽𝒇) − (𝑼𝒊 +𝑷𝑽𝒊) = 𝑯𝒇 −𝑯𝒊 = ∆𝑯 
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⟹𝑯 = 𝑼+ 𝑷𝑽  𝐄𝐧𝐭𝐡𝐚𝐥𝐩𝐲 𝐟𝐮𝐧𝐜𝐭𝐢𝐨𝐧 

And thus, the amount of heat exchanged at constant pressure, QP, represents a state function called the 

enthalpy function, denoted by the symbol H. It is expressed mathematically as: H = U + PV. The 

enthalpy function plays a crucial role in thermodynamics and has numerous applications, particularly 

in thermochemistry, given that most chemical reactions occur at atmospheric pressure. 

 

Notes: 
1- H is a state function that changes only with a change in temperature, identical to the function U. 

QP = ΔH is the amount of heat exchanged between the system and the surroundings at constant 

pressure. 

QV = ΔU is the amount of heat exchanged between the system and the surroundings at constant 

volume. 

𝑯 = 𝑯(𝑻,𝑷) ⟹ 𝒅𝑯 = (
𝝈𝑯

𝝈𝑷
)
𝑻
𝒅𝑷 + (

𝝈𝑯

𝝈𝑻
)
𝑷
𝒅𝑻 

𝑼 = 𝑼(𝑻, 𝑽) ⟹ 𝒅𝑼 = (
𝝈𝑼

𝝈𝑽
)
𝑻
𝒅𝑽 + (

𝝈𝑼

𝝈𝑻
)
𝑽
𝒅𝑻 

2- ∆𝑯 = ∫𝒏𝑪𝑷𝒅𝑻          ;  ∆𝑼 =  ∫𝒏𝑪𝑽 𝒅𝑻    

     3-  ∆𝑯𝒄𝒚𝒄𝒍𝒊𝒄 𝒑𝒓𝒐𝒄𝒆𝒔𝒔 = 𝟎   ;  ∆𝑼𝒄𝒚𝒄𝒍𝒊𝒄 𝒑𝒓𝒐𝒄𝒆𝒔𝒔 = 𝟎 

    5- The relationship between CP and CV (for ideal gases): 

𝑽 𝑪𝒔𝒕 ⟹ ∆𝑼 = 𝒏𝑪𝑽∆𝑻  

𝑷 𝑪𝒔𝒕 ⟹ ∆𝑯 = 𝒏𝑪𝑷∆𝑻 
 

According to the ideal gas law: PV = nRT 

For 1 mole: 

𝑷𝑽 = 𝑹𝑻 ⟹ 𝒅(𝑷𝑽) = 𝒅(𝑹𝑻) 

𝒅(𝑷𝑽) = 𝑷𝒅𝑽 + 𝑽𝒅𝑷 = 𝑹𝒅𝑻 

𝒅𝑼 = 𝒅𝑸 + 𝒅𝑾 

 𝑾𝒉𝒆𝒏  𝑷 𝑪𝒔𝒕 ⟹ 𝒅𝑷 = 𝟎 ⟹  𝑷𝒅𝑽 = 𝑹𝒅𝑻 

                 𝒅𝑼 = 𝒅𝑸𝑷 − 𝑷𝒅𝑽 =  𝑪𝑷 𝒅𝑻 − 𝑷𝒅𝑽 

And we have: 

𝒅𝑼 =  𝑪𝑽𝒅𝑻 ⟹ 𝒅𝑼 = 𝑪𝑷 𝒅𝑻 − 𝑷𝒅𝑽 =  𝑪𝑽𝒅𝑻 

⟹ (𝑪𝑷 − 𝑪𝑽)𝒅𝑻 = 𝑷𝒅𝑽 = 𝑹𝒅𝑻 
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𝑪𝑷 − 𝑪𝑽 = 𝑹      𝐓𝐡𝐞 𝐌𝐚𝐲𝐞𝐫 𝐫𝐞𝐥𝐚𝐭𝐢𝐨𝐧𝐬𝐡𝐢𝐩 (𝐟𝐨𝐫 𝐢𝐝𝐞𝐚𝐥 𝐠𝐚𝐬𝐞𝐬 ) 

        𝜸 =  
𝑪𝑷

𝑪𝑽
      ;  𝐂𝐏 = 

𝛄𝐑

𝛄−𝟏
   ;   𝐂𝐕 = 

𝐑

𝛄−𝟏
 

6- Determining the laws of Laplace for Adiabatic and reversible transformation 

(ideal gases): 

We have, according to the first principle: dU = dQ + dW 

Adiabatic transformation ⇒ dQ = 0  ⇒  dU = dW 

𝒅𝑾 = −𝑷𝒆𝒙𝒕𝒅𝑽 
 

Reversible transformation   ⇒  𝑷𝒆𝒙𝒕 = 𝑷𝒊𝒏𝒕 = 𝑷𝒔𝒚𝒔 = 𝑷𝒈 = 𝑷 

⟹ 𝒅𝑾 = −𝑷𝒅𝑽 

So :     𝒅𝑼 = −𝑷𝒅𝑽 ; 𝒅𝑼 = 𝒏𝑪𝑽𝒅𝑻  ; 𝑷𝑽 = 𝒏𝑹𝑻 

𝒏𝑪𝑽𝒅𝑻 =  −𝑷𝒅𝑽  ; 𝑷 =
𝒏𝑹𝑻

𝑽
  ⟹ 𝒏𝑪𝑽𝒅𝑻 =  −𝒏𝑹𝑻

𝒅𝑽

𝑽
 

  

⟹ 𝐶𝑉
𝑑𝑇

𝑇
= −𝑅

𝑑𝑉

𝑉
⟹
𝑑𝑇

𝑇
= −

𝑅

𝐶𝑉

𝑑𝑉

𝑉
 

⟹∫
𝒅𝑻

𝑻

𝑻𝟐

𝑻𝟏

= −
𝑹

𝑪𝑽
∫

𝒅𝑽

𝑽

𝑽𝟐

𝑽𝟏

 

⟹∫
𝒅𝑻

𝑻

𝑻𝟐

𝑻𝟏

= −
(𝑪𝑷 − 𝑪𝑽)

𝑪𝑽
∫

𝒅𝑽

𝑽

𝑽𝟐

𝑽𝟏

= −(𝜸 − 𝟏)∫
𝒅𝑽

𝑽

𝑽𝟐

𝑽𝟏

 

⟹ 𝑳𝒏 (
𝑻𝟐
𝑻𝟏
) =  −(𝜸 − 𝟏)𝑳𝒏 (

𝑽𝟐
𝑽𝟏
) = (𝜸 − 𝟏)𝑳𝒏 (

𝑽𝟏
𝑽𝟐
) 

⟹
𝑻𝟐
𝑻𝟏
= (

𝑽𝟏
𝑽𝟐
)
(𝜸−𝟏)

 ⟹ 𝑻𝟐𝑽𝟐
(𝜸−𝟏) = 𝑻𝟏𝑽𝟏

(𝜸−𝟏) 

So, in the general case of a transformation for a system (adiabatic) and its reversible 

counterpart for an ideal gas: 

𝑻𝑽(𝜸−𝟏) = 𝑪𝒔𝒕 

Similarly, the following laws can be deduced in the case of a transformation for a system and 

its reversible counterpart for an ideal gas: 

𝑻 = 𝒇(𝑽) ⟹ 𝑻𝑽(𝜸−𝟏) = 𝑪𝒔𝒕 

𝑷 = 𝒇(𝑽) ⟹ 𝑷𝑽𝜸 = 𝑪𝒔𝒕 

𝑻 = 𝒇(𝑷) ⟹ 𝑻𝑷
(
𝟏−𝜸

𝜸
)
= 𝑪𝒔𝒕 
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7- Application of the first law to ideal gases: When a system evolves from 

the initial state to the final state, applying the first principle to ideal gases 

requires us to calculate the quantities ΔH, ΔU, Q, and W. 

7-1- Isobaric transformation (cooling, heating): 

 

• Calculating the work, W: 

 

 Calculating the heat quantity Q and the change in enthalpy ΔH12: 

 
 Calculating the change in internal energy ΔU12: 
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7-2- Isochoric transformation (cooling, heating): 

 

 Calculating the work, W: 

 

 

 

 Calculating the heat quantity Q and the change in internal energy ΔU12: 

 
 Calculating the change in enthalpy ΔH12: 
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7-3- Isothermal transformation (expansion, compression): 

 
 Calculation of work W: 

 

 
  Calculation of the change in internal energy (ΔU12) and the change in enthalpy 

(ΔH12): 

Experimentally, it has been established that the change in internal energy and the 

change in enthalpy for an ideal gas during a reversible adiabatic process at constant 

temperature are equal to zero. 

 
 Calculation of the heat quantity Q: 
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7-4- Adiabatic and reversible transformation of an ideal gas: 

 

 
 

 Calculation of work W: 

 
 Calculation of the heat quantity Q: 
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 Calculation of the change in internal energy (ΔU12) 

 

 

 
 Calculation of  the change in enthalpy (ΔH12): 

 
Application Example: 

One mole of an ideal gas undergoes a series of reversible transformations as follows: 

 

- Adiabatic compression transformation from state A (TA = 300K, PA = 1 atm) to state B (TB = 360 

K). 

- An isochoric transformation takes the system to state C such that TA = TC. 

- Expansion at constant temperature brings the system back to state A. 

 Calculate the variables VA, VB, PB, and PC. 

 Represent these transformations on a Clapeyron diagram. 

 Calculate for each transformation and for the entire cycle W, Q, ΔU, ΔH summarizing your results in 

a table. What conclusions can be drawn? 

Given data: 

CP = 5/2 R, CV = 3/2 R, R = 0.082 atm.l/mol.K = 8.314 J/mol.K 

 

Solution to the application example: 

 
1- Calculate each of VA, VB, PB, PC : 

𝑽𝑨 = 
𝒏𝑹𝑻𝑨
𝑷𝑨

= 
𝟏 × 𝟎, 𝟎𝟖𝟐 × 𝟑𝟎𝟎

𝟏
= 𝟐𝟒, 𝟔 𝒍 
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Since the transformation from A to B is adiabatic, then: 

𝑻𝑽(𝜸−𝟏) = 𝑪𝒔𝒕  

𝑻𝑨𝑽𝑨
(𝜸−𝟏)

= 𝑻𝑩𝑽𝑩
(𝜸−𝟏)

⟹ 𝑽𝑩 = (
𝑻𝑨
𝑻𝑩
)
(
𝟏
𝜸−𝟏

)

 ×  𝑽𝑨 

𝑽𝑩 = (
𝟑𝟎𝟎

𝟑𝟔𝟎
)

(
𝟏
𝟓
𝟑
−𝟏
)

 ×  𝟐𝟒, 𝟔 = 𝟏𝟖, 𝟕𝟏 𝒍 

 

𝑷𝑩 = 
𝒏𝑹𝑻𝑩
𝑽𝑩

= 
𝟏 × 𝟎, 𝟎𝟖𝟐 × 𝟑𝟔𝟎

𝟏𝟖, 𝟕𝟏
= 𝟏, 𝟓𝟖 𝒂𝒕𝒎 

 

𝑷𝑪 = 
𝒏𝑹𝑻𝑪
𝑽𝑪

= 
𝟏 × 𝟎, 𝟎𝟖𝟐 × 𝟑𝟎𝟎

𝟏𝟖, 𝟕𝟏
= 𝟏, 𝟑𝟏 𝒂𝒕𝒎 

 

2- Clapeyron diagram: 

 
3- Calculate Q, W, ΔU , ΔH  for each transformation: 

The transformation from A to B : 

𝑸𝑨𝑩 = 𝟎 
𝜟𝑼𝑨𝑩 = 𝑸𝑨𝑩 + 𝑾𝑨𝑩 = 𝑾𝑨𝑩 = 𝒏. 𝑪𝑽(𝑻𝑩 − 𝑻𝑨) 

 

𝜟𝑼𝑨𝑩 = 𝟏 ×
𝟑

𝟐
× 𝟖, 𝟑𝟏𝟒 × (𝟑𝟔𝟎 − 𝟑𝟎𝟎) = 𝟕𝟒𝟖, 𝟐𝟔𝑱 

 

𝜟𝑯𝑨𝑩 =  𝒏. 𝑪𝑷(𝑻𝑩 − 𝑻𝑨) = 𝟏 ×
𝟓

𝟐
× 𝟖, 𝟑𝟏𝟒 × (𝟑𝟔𝟎 − 𝟑𝟎𝟎) = 𝟏𝟐𝟒𝟕, 𝟏𝑱 
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The transformation from B to C : 

𝑾𝑩𝑪 = 𝟎 
𝜟𝑼𝑩𝑪 = 𝑸𝑩𝑪 + 𝑾𝑩𝑪 = 𝑸𝑩𝑪 = 𝒏.𝑪𝑽(𝑻𝑪 − 𝑻𝑩) 

 

𝜟𝑼𝑩𝑪 = 𝟏 ×
𝟑

𝟐
× 𝟖, 𝟑𝟏𝟒 × (𝟑𝟎𝟎 − 𝟑𝟔𝟎) = −𝟕𝟒𝟖, 𝟐𝟔𝑱 

 

𝜟𝑯𝑩𝑪 =  𝒏. 𝑪𝑷(𝑻𝑪 − 𝑻𝑩) = 𝟏 ×
𝟓

𝟐
× 𝟖, 𝟑𝟏𝟒 × (𝟑𝟎𝟎 − 𝟑𝟔𝟎) = −𝟏𝟐𝟒𝟕, 𝟏𝑱 

 

The transformation from C to A : 

According to the first law of thermodynamics: ΔUCA= 0 

According to the second law of thermodynamics: ΔHCA=0 

𝜟𝑼𝑩𝑪 = 𝑸𝑪𝑨 +𝑾𝑪𝑨 = 𝟎⟹ 𝑸𝑪𝑨 = −𝑾𝑪𝑨 
 

𝑾𝑪𝑨 = −𝒏𝑹𝑻𝑨𝑳𝒏(
𝑽𝑨
𝑽𝑪
) = −𝒏𝑹𝑻𝑨𝑳𝒏(

𝑷𝑪
𝑷𝑨
) 

𝑾𝑪𝑨 = −𝒏𝑹𝑻𝑨𝑳𝒏(
𝑽𝑨
𝑽𝑪
) =  −𝟏 × 𝟖, 𝟑𝟏𝟒 × 𝟑𝟎𝟎 × 𝑳𝒏(

𝟐𝟒, 𝟔

𝟏𝟖, 𝟕𝟏
) =  −𝟔𝟖𝟐, 𝟔𝟑𝑱 

𝑸𝑪𝑨 = 𝟔𝟖𝟐, 𝟔𝟑𝑱 
 

 Q (J) W (J) ΔU (J) ΔH (J) التحول

A  الىB 0 748,26 748,26 1247,1 

B  الىC -748,26 0 -748,26 -1247,1 

C  الىA 682,63 -682,63 0 0 

 0 0 65,63 65,63- الحلقة
  

                  ΔUcycle=0, ΔHcycle=0 

Because both functions are state functions 

 

8- Application of the First Law to Chemical Reactions: 

8-1- Standard State: The standard state of a pure substance is the most stable 

physical state (from a thermodynamic perspective) in which it exists at atmospheric 

pressure (P = 1 atm) and at standard temperature (usually equal to 298 K). 
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The following table provides the physical state of some elements under standard 

conditions. 

 
 Based on this definition, the standard-state enthalpy of formation for pure simple 

substances is equal to zero. 

Examples : 

∆𝐇𝟐𝟗𝟖
° (𝐎𝟐)𝐠 = 𝟎; ∆𝐇𝟐𝟗𝟖

° (𝐍𝟐)𝐠 = 𝟎; ∆𝐇𝟐𝟗𝟖
° (𝐇𝟐)𝐠 = 𝟎 

 
 

2- Enthalpy of Formation of a Compound ΔHf: 

The enthalpy of formation of a compound is the enthalpy change for the reaction 

that forms the compound from its elements in their standard states. 

 

Example: 

Formation reaction of water: 

𝑯𝟐(𝒈) + 
𝟏

𝟐
𝑶𝟐(𝒈)     →   𝑯𝟐𝑶(𝑳)                  ∆𝑯𝒇(𝑯𝟐𝑶(𝑳)) 

Formation reaction of ethanol: 

𝟐𝑪𝒈𝒓𝒂𝒉𝒊𝒕𝒆 (𝑺) + 𝟑𝑯𝟐(𝒈) +
𝟏

𝟐
𝑶𝟐(𝒈)    →   𝑪𝑯𝟑𝑪𝑯𝟐𝑶𝑯(𝑳)         ∆𝑯𝒇(𝑪𝑯𝟑𝑪𝑯𝟐𝑶𝑯(𝑳)) 

 

Notes: 

• At standard conditions (1 atm, 298 K), the enthalpy of formation is called the 

standard enthalpy of formation. 

• Enthalpies of formation are temperature-dependent. 

Example: 

𝑻𝟏 = 𝟐𝟗𝟖 𝐊    
𝟏

𝟐
𝐍𝟐(𝐠) + 

𝟑

𝟐
𝐇𝟐(𝐠)   →  𝐍𝐇𝟑(𝐠)    𝐐𝟏 = −𝟐𝟐, 𝟎𝟖 𝐊𝐜𝐚𝐥 =  ∆𝐇𝐟,𝟐𝟗𝟖

𝟎 (𝐍𝐇𝟑(𝐠)) 

𝑻𝟐 = 𝟑𝟗𝟖 𝐊    
𝟏

𝟐
𝐍𝟐(𝐠) + 

𝟑

𝟐
𝐇𝟐(𝐠)   →  𝐍𝐇𝟑(𝐠)    𝐐𝟐 = −𝟐𝟑, 𝟎𝟓 𝐊𝐜𝐚𝐥 =  ∆𝐇𝐟,𝟑𝟗𝟖

𝟎 (𝐍𝐇𝟑(𝐠)) 

 The enthalpy change can be positive or negative: 
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Examples: 

𝐂𝐠𝐫𝐚𝐩𝐡𝐢𝐭𝐞 (𝐒) + 𝐎𝟐(𝐠)   →  𝐂𝐎𝟐(𝐠)         ∆𝐇𝟏
° = −𝟗𝟒, 𝟎𝟓 𝐊𝐜𝐚𝐥    𝐄𝐱𝐨𝐭𝐡𝐞𝐫𝐦𝐢𝐜  

𝟐𝐂𝐠𝐫𝐚𝐩𝐡𝐢𝐭𝐞 (𝐒) + 𝑯𝟐(𝐠)   →  𝐂𝟐𝐇𝟐(𝐠)         ∆𝐇𝟐
° =  𝟓𝟒 𝐊𝐜𝐚𝐥        𝐄𝐧𝐝𝐨𝐭𝐡𝐞𝐫𝐦𝐢𝐜  

Note: 

The reaction can cause a change in the physical state of the substance, so it is     

necessary to specify the physical state of the reactants and products. 

 

Example: 

𝑻𝟏 = 𝟐𝟓 °𝐂    𝐇𝟐(𝐠) + 
𝟏

𝟐
𝐎𝟐(𝐠)   

∆𝐇𝐑
°

→   𝐇𝟐𝐎(𝐋)     ∆𝐇𝐑
° = ∆𝐇𝐟

°(𝐇𝟐𝐎(𝐋)) =  −𝟔𝟕, 𝟓 𝐊𝐜𝐚𝐥 

𝑻𝟐 = 𝟏𝟏𝟎 °𝐂    𝐇𝟐(𝐠) + 
𝟏

𝟐
𝐎𝟐(𝐠)   

∆𝐇𝐑
°

→   𝐇𝟐𝐎(𝐠)     ∆𝐇𝐑
° = ∆𝐇𝐟

°(𝐇𝟐𝐎(𝐠)) =  −𝟓𝟕, 𝟖 𝐊𝐜𝐚𝐥 

 

9- How to calculate the change in enthalpy for a reaction (∆𝐇𝐑
° = ∆𝐇𝐟

°): 

9-1- Direct Method: The change in enthalpy for a reaction can be 

calculated using     calorimetry by relying on the zeroth law of thermodynamics 

(∑𝑸𝒊), treating the reaction as an isolated system. 

 

9-2- Indirect Method: In this case, we resort to an indirect method to calculate the 

change in enthalpy for a reaction, knowing that enthalpy is a state function that 

depends only on the initial and final states. 

 
Example: 

Consider the following reaction at T = 298 K: 

𝑪𝑶(𝐠) + 
𝟏

𝟐
𝐎𝟐(𝐠)   

∆𝐇𝐑
°

→   𝐂𝐎𝟐(𝐠)            ∗  

  

(𝟏)            𝐂𝐠𝐫𝐚𝐩𝐡𝐢𝐭𝐞(𝐒) + 
𝟏

𝟐
𝐎𝟐(𝐠)   

∆𝐇𝟏
°

→   𝐂𝐎(𝐠)     ∆𝐇𝟏
° = ∆𝐇𝐟

°(𝐂𝐎(𝐠)) =  −𝟐𝟔, 𝟒𝟐 𝐊𝐜𝐚𝐥/𝐦𝐨𝐥 

(𝟐)            𝐂𝐠𝐫𝐚𝐩𝐡𝐢𝐭𝐞(𝐒) + 𝐎𝟐(𝐠)   
∆𝐇𝟐

°

→   𝐂𝐎𝟐(𝐠)     ∆𝐇𝟐
° = ∆𝐇𝐟

°(𝐂𝐎𝟐(𝐠)) =  −𝟗𝟒, 𝟎𝟓 𝐊𝐜𝐚𝐥/𝐦𝐨𝐥 

To obtain the change in enthalpy for the reaction (*), we do the following: 

We reverse equation (1): 

(𝟑)           𝐂𝐎(𝐠)    
∆𝐇𝟑

°

→     𝐂𝐠𝐫𝐚𝐩𝐡𝐢𝐭𝐞(𝐒) + 
𝟏

𝟐
𝐎𝟐(𝐠)   ∆𝐇𝟑

° = −∆𝐇𝟏
° =  𝟐𝟔, 𝟒𝟐 𝐊𝐜𝐚𝐥/𝐦𝐨𝐥 

∗ = (𝟑) + (𝟐) ⟹ ∆𝐇𝐑
° = ∆𝐇𝟑

° + ∆𝐇𝟐
° = −∆𝐇𝟏

° + ∆𝐇𝟐
°  

∆𝐇𝐑
° = −(−𝟐𝟔, 𝟒𝟐) + (−𝟗𝟒, 𝟎𝟓) = −𝟔𝟕, 𝟔𝟑 𝑲𝒄𝒂𝒍/𝒎𝒐𝒍 
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9-3- Hess's Law: Consider the following reaction: 

𝒂𝑨 +  𝐛𝐁  
∆𝐇𝐑

°

→   𝐜𝐂 + 𝐝𝐃            

∆𝐇𝐑
° = 𝐜∆𝐇𝐟

°(𝐂) + 𝐝∆𝐇𝐟
°(𝐃) − 𝐚∆𝐇𝐟

°(𝐀) − 𝐛∆𝐇𝐟
°(𝐁) 

That is, in the general case: 

∆𝐇𝐑
° =∑𝛂𝒊 ∆𝐇𝐟

°( 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒔) −∑𝛃𝒊 ∆𝐇𝐟
°(𝑹𝒆𝒂𝒄𝒕𝒂𝒏𝒕𝒔) 

 𝛂𝒊و 𝛃𝒊 are the stoichiometric coefficients  

Notes: 

• The change in enthalpy corresponding to a reaction is independent of the number of 

intermediate steps and equals the sum of the enthalpies of formation of the products minus the 

sum of the enthalpies of formation of the reactants. 

• The enthalpy of formation of a compound when the formation reaction occurs under standard 

conditions (T = 298 K, P = 1 atm) is: ΔHf°298. 

Example: 

 

 The compound is more stable if the absolute value of ΔH°f is large. 

Example: at 298 K: 

       ∆𝐇𝐟
°(𝐂𝐎(𝐠)) =  −𝟐𝟔, 𝟒𝟐 𝐊𝐜𝐚𝐥/𝐦𝐨𝐥 

    ∆𝐇𝐟
°(𝐂𝐎𝟐(𝐠)) =  −𝟗𝟒, 𝟎𝟓 𝐊𝐜𝐚𝐥/𝐦𝐨𝐥 

Therefore, CO2(g) is more stable than CO(g). 

 

Dissociation enthalpy, ΔHd
°: 

Dissociation enthalpy is the enthalpy change for the reverse reaction of the formation reaction, 

and it is equal in magnitude to the enthalpy of formation. 

Example: 
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Example: Let the following reactions occur at P = 1 atm, T = 298 K: 

(𝟏)            𝐂𝟐𝐇𝟐(𝐠) +  𝟐𝐇𝟐(𝐠)   
∆𝐇𝟏

°

→   𝐂𝟐𝐇𝟔(𝐠) 

(𝟐)            𝐂𝐎𝟐(𝐠) + 𝐇𝟐(𝐠)   
∆𝐇𝟐

°

→   𝐂𝐎(𝐠) + 𝐇𝟐𝐎(𝐠)     

(𝟑)            𝐂𝐇𝟒(𝐠) +  𝟐𝐎𝟐(𝐠)   
∆𝐇𝟑

°

→   𝐂𝐎𝟐(𝐠) + 𝟐𝐇𝟐𝐎(𝐠)     

Calculate the change in enthalpy for the previous reactions. 

Data: 

2(g)CO 6(g)H2C (g)CO 4(g)CH )L(O2H (g)O2H )2(gH2C The compound  
-94,05 -24,86 -26,42 -17,89 -68,32 -57,80 54,19 (Kcal/mol) f,298

°HΔ 

 

Solution: 
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The enthalpy change for a reaction of physical state change. 
It concerns a physical transformation of matter (a change in its physical state): 

Fusion: It is the transformation of matter from the solid state to the liquid state, such as: 

 

 

And it is represented by the change in enthalpy for this transformation ΔH°fus or Lfus, and the reverse 

process of this transformation is freezing. 

Vaporization: It is the transformation of matter from the liquid state to the gaseous state, such as: 

 

And it is represented by the change in enthalpy for this transformation ΔH°Vap or LVap, and the 

reverse process of this transformation is condensation. 

Sublimation: It is the transformation of matter from the solid state directly to the     gaseous state 

without passing through the liquid state, such as: 

  

And the reverse process of this transformation is condensation. 

• It is also possible to include within the change in physical state the alterations that occur in the crystalline 

structure of the substance, such as the transformation of graphite carbon into diamond carbon. 

  

Note: The change in enthalpy for any physical transformation differs from the change in enthalpy for the 

reverse transformation only in sign. For example, if ΔHfus° = -248 kJ/mol, then the change in enthalpy for 

the reverse transformation is ΔHcond° = +248 kJ/mol. 

 

9-4 The relationship between ∆HR and ∆UR in chemical reactions: 

We have the following reaction at temperature T: 

aA   +  bB                cC  +  dD 
If this transformation (reaction) occurs at constant pressure, then: 

𝑯 = 𝑼+ 𝑷𝑽 ⟹ 𝒅𝑯 = 𝒅𝑼 + 𝒅(𝑷𝑽) 

⟹ ∆𝑯 = ∆𝑼 + 𝑷∆𝑽        𝑷 𝑪𝒔𝒕 

 If the reaction occurs between liquid or solid substances, then the total volume does not change, 

where the initial volume is approximately equal to the final volume. 

⟹𝑽 𝒇 = 𝑽 𝒊⟹ ∆𝑽 = 𝟎  

⟹ ∆𝑯𝑹 = ∆𝑼𝑹  ⟹  𝑸𝑷 = 𝑸𝑽      
 If gases are present among the reactants or products, then: 

𝑷𝑽 = 𝒏𝑹𝑻⟹ ∆(𝑷𝑽) =  ∆(𝒏𝑹𝑻) = 𝑹𝑻∆𝒏       ( 𝑻 𝑪𝒔𝒕)  

∆𝒏 = (𝒄 + 𝒅) − (𝒂 + 𝒃) 
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So :                        

        ∆𝑯𝑹 = ∆𝑼𝑹 + 𝑹𝑻∆𝒏𝒈   

And only the coefficients of gaseous elements are considered in the calculation of ∆n. 

Example: Consider the following reaction at T = 25°C and P = 1 atm. 

  

    𝐇𝟐(𝐠) + 
𝟏

𝟐
𝐎𝟐(𝐠)   

∆𝐇𝐑
°

→   𝐇𝟐𝐎(𝐋)     ∆𝐇𝐑
° = ∆𝐇𝐟

°(𝐇𝟐𝐎(𝐋)) =  −𝟔𝟖, 𝟑𝟐 𝐊𝐜𝐚𝐥 

Calculate ∆UR° 

∆𝑯𝑹 = ∆𝑼𝑹 + 𝑹𝑻∆𝒏𝒈⟹ ∆𝑼𝑹 = ∆𝑯𝑹 − 𝑹𝑻∆𝒏𝒈 

∆𝒏𝒈 = 𝟎 − (𝟏 +
𝟏

𝟐
) =  −

𝟑

𝟐
 

⟹ ∆𝑼𝑹 = −𝟔𝟖, 𝟑𝟐 − (𝟐 × 𝟏𝟎
−𝟑) × 𝟐𝟗𝟖 × (−

𝟑

𝟐
) = −𝟔𝟕, 𝟒𝟐𝟔 𝑲𝒄𝒂𝒍/𝒎𝒐𝒍 

 

9- 5. Kirchhoff's Law - Enthalpy Change Law with Temperature Variation: 

Consider the following chemical reactions at T1 and T2 under constant pressure of 1 atm. 

 

 DHΔ+ CHΔ+ 2HΔ+  BHΔ+  AHΔ=  1HΔ  :Based on our diagram 
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⟹ ∆𝑯𝟐 = ∆𝑯𝟏 − ∫ (𝒂𝑪𝑷𝑨 + 𝒃𝑪𝑷𝑩)

𝑻𝟐

𝑻𝟏

𝒅𝑻 − ∫ (𝒄𝑪𝑷𝑪 + 𝒅𝑪𝑷𝑫)

𝑻𝟏

𝑻𝟐

𝒅𝑻 

⟹ ∆𝑯𝟐 = ∆𝑯𝟏 + ∫ [(𝒄𝑪𝑷𝑪 + 𝒅𝑪𝑷𝑫) − (𝒂𝑪𝑷𝑨 + 𝒃𝑪𝑷𝑩)]

𝑻𝟐

𝑻𝟏

𝒅𝑻  

 

And from this, we deduce Kirchhoff's law: 

∆𝑯𝟐 = ∆𝑯𝟏 + ∫ 𝜟𝑪𝑷
𝑻𝟐
𝑻𝟏

𝒅𝑻    In the absence of state transformations for both reactants 

and products 

𝜟𝑪𝑷 = ∑𝜶𝒊𝑪𝑷𝒊( 𝑷𝒓𝒐𝒅𝒖𝒄𝒕𝒔) −

𝒏

𝒊=𝟏

∑𝜷𝒊𝑪𝑷𝒊( 𝒓𝒆𝒂𝒄𝒕𝒂𝒏𝒕𝒔)

𝒏

𝒊=𝟏

 

 𝜷𝒊 و 𝜶𝒊 𝒔𝒕𝒐𝒊𝒄𝒉𝒊𝒐𝒎𝒆𝒕𝒓𝒊𝒄 𝒄𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕𝒔 
 

 Kirchhoff's relationship allows us to calculate the change in enthalpy for a reaction at 

any temperature if we know ΔH1° = ΔH298° for that reaction. 

  In the presence of state transformations, then: 

∆𝑯𝟐 = ∆𝑯𝟏 + ∫ 𝜟𝑪𝑷

𝑻𝟐

𝑻𝟏

𝒅𝑻 +  𝜟𝑸 

Practical Example 1: Calculate the change in enthalpy for the following reaction at T = 

50°C and at T = 120°C, knowing that the change in enthalpy for this reaction at 

 T = 298 K is ΔHR,298° = -136.62 Kcal. 
𝟐𝐇𝟐(𝐠) + 𝐎𝟐(𝐠)  →  𝟐𝐇𝟐𝐎(𝐋)      

            The data: 

2(g)H 2(g)O )L(O2H (g)O2H The element 

6,86 8,29 18 8 ( cal/mol.K) PC 

) = 9702 cal/mol(L)O2°(Hvap,373KH Δ 

Solution: 

• At T = 50°C, there are no changes in the physical state for both reactants and 

products. Therefore, we can apply Kirchhoff's law: 

∆𝑯𝑹,𝟑𝟐𝟑
° = ∆𝑯𝑹,𝟐𝟗𝟖

° + ∫ 𝜟𝑪𝑷

𝟑𝟐𝟑

𝟐𝟗𝟖

𝒅𝑻 
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𝜟𝑪𝑷 = 𝟐𝑪𝑷(𝐇𝟐𝐎(𝐋)) − 𝟐𝑪𝑷(𝐇𝟐(𝐠)) − 𝑪𝑷(𝐎𝟐(𝐠)) = 𝟐(𝟏𝟖) − 𝟐(𝟔, 𝟖𝟔) − (𝟖, 𝟐𝟗) = 𝟏𝟑, 𝟗𝟗 𝐜𝐚𝐥/𝐦𝐨𝐥 𝐊. 

 ∆𝑯𝑹,𝟑𝟐𝟑
° = −𝟏𝟑𝟔, 𝟔𝟐 + ∫ (𝟏𝟑, 𝟗𝟗 × 𝟏𝟎−𝟑)

𝟑𝟐𝟑

𝟐𝟗𝟖
𝒅𝑻 = −𝟏𝟑𝟔, 𝟔𝟐 + 𝟎, 𝟎𝟏𝟑𝟗𝟗(𝟑𝟐𝟑 − 𝟐𝟗𝟖) 

∆𝑯𝑹,𝟑𝟐𝟑
° = −𝟏𝟑𝟔, 𝟐𝟕𝟎 𝑲𝒄𝒂𝒍 

 

 :∆𝑯𝑹,𝟑𝟗𝟑
°   Calculation 

At a temperature of 120°C, there is a change in the physical state of water, where at this temperature, 

water is in the gaseous state, and thus we cannot apply the Kirchhoff's Law. 

We proceed with the following cycle: 

 

 

 ∆𝑯𝐜𝐲𝐜𝐥𝐞 = 𝟎 ⟹ ∆𝑯𝟏 + ∆𝑯𝟐 − ∆𝑯𝑹,𝟑𝟗𝟑 𝑲
° − ∆𝑯𝟑 − ∆𝑯𝟒 − ∆𝑯𝟓 − ∆𝑯𝑹,𝟐𝟗𝟖 𝑲

° = 𝟎

 ⟹ ∆𝑯𝑹,𝟑𝟗𝟑 𝑲
° = ∆𝑯𝟑 + ∆𝑯𝟒 + ∆𝑯𝟓 + ∆𝑯𝑹,𝟐𝟗𝟖 𝑲

° − ∆𝑯𝟏 − ∆𝑯𝟐 

∆𝑯𝟏 = ∫ 𝟐𝑪𝑷(𝑯𝟐(𝒈))𝒅𝑻 = 𝟐(𝟔, 𝟖𝟔)(𝟑𝟗𝟑 − 𝟐𝟗𝟖) = 𝟏𝟑𝟎𝟑, 𝟒 𝒄𝒂𝒍
𝟑𝟗𝟑

𝟐𝟗𝟖

 

∆𝑯𝟐 = ∫ 𝑪𝑷(𝑶𝟐(𝒈))𝒅𝑻 = (𝟖, 𝟐𝟗)(𝟑𝟗𝟑 − 𝟐𝟗𝟖) = 𝟕𝟖𝟕, 𝟓𝟓 𝒄𝒂𝒍
𝟑𝟗𝟑

𝟐𝟗𝟖

 

∆𝑯𝟑 = ∫ 𝟐𝑪𝑷(𝑯𝟐𝑶(𝑳))𝒅𝑻 = 𝟐(𝟏𝟖)(𝟑𝟕𝟑 − 𝟐𝟗𝟖) = 𝟐𝟕𝟎𝟎 𝒄𝒂𝒍
𝟑𝟕𝟑

𝟐𝟗𝟖

 

∆𝑯𝟒 =  𝟐∆𝑯𝑽𝒂𝒑(𝑯𝟐𝑶(𝑳)) = 𝟐(𝟗𝟕𝟎𝟐) = 𝟏𝟗𝟒𝟎𝟒 𝒄𝒂𝒍 

∆𝑯𝟓 = ∫ 𝟐𝑪𝑷(𝑯𝟐𝑶(𝒈))𝒅𝑻 = 𝟐(𝟖)(𝟑𝟗𝟑 − 𝟑𝟕𝟑) = 𝟑𝟐𝟎 𝒄𝒂𝒍
𝟑𝟗𝟑

𝟑𝟕𝟑
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∆𝑯𝑹,𝟑𝟗𝟑 𝑲
° = 𝟐𝟕𝟎𝟎 + 𝟏𝟗𝟒𝟎𝟒 + 𝟑𝟐𝟎 + (−𝟏𝟑𝟔, 𝟔𝟐. 𝟏𝟎𝟑) − 𝟏𝟑𝟎𝟑, 𝟒 − 𝟕𝟖𝟕, 𝟓𝟓 

∆𝑯𝑹,𝟑𝟗𝟑 𝑲
° = −𝟏𝟏𝟔, 𝟐𝟖 𝑲𝒄𝒂𝒍 

 

Application Example 2: Let the following reaction be: 

𝑪𝑯𝟒(𝒈) +  𝟑𝑪𝒍𝟐(𝒈)     →   𝑪𝑯𝑪𝒍𝟑(𝑳) +  𝟑𝑯𝑪𝒍(𝒈) 
 

And which occurs at a temperature T = 298 K and releases a heat amount of 302.3 kJ. Calculate the change 

in enthalpy for this reaction at T = 330 K and the heat under constant volume, ΔUR,330K
°. 

Given data. 

4(g)CH 2(g)Cl 3(L)CHCl (g)HCl The compound 

35,7 33,9 112,2 29,1 (J/mol K) PC 

) = 61,17 °C =334,17 K3(L)(CHCl boiling T 

Solution: 

∆𝑯𝑹,𝟐𝟗𝟖 𝑲
° = −𝟑𝟎𝟐, 𝟑 𝑲𝒋    𝑵𝒆𝒈𝒂𝒕𝒊𝒗𝒆 𝒔𝒊𝒈𝒏 𝒃𝒆𝒄𝒂𝒖𝒔𝒆 𝒕𝒉𝒆 𝒓𝒆𝒂𝒄𝒕𝒊𝒐𝒏 𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒔 𝒉𝒆𝒂𝒕 

∆𝑯𝑹,𝟑𝟑𝟎
° = ∆𝑯𝑹,𝟐𝟗𝟖

° + ∫ 𝜟𝑪𝑷

𝟑𝟑𝟎

𝟐𝟗𝟖

𝒅𝑻 

𝜟𝑪𝑷 = 𝑪𝑷(𝑪𝑯𝑪𝒍𝟑(𝑳) )+  𝟑𝑪𝑷(𝑯𝑪𝒍(𝒈))− 𝑪𝑷(𝑪𝑯𝟒(𝒈))−𝟑𝑪𝑷(𝑪𝒍𝟐(𝒈)) 

 𝜟𝑪𝑷 = 𝟏𝟏𝟐, 𝟐 + 𝟑(𝟐𝟗, 𝟏) − 𝟑𝟓, 𝟕 − 𝟑(𝟑𝟑, 𝟗) = 𝟔𝟐, 𝟏𝒋/𝒎𝒐𝒍𝑲 

∆𝑯𝑹,𝟑𝟑𝟎
° = −𝟑𝟎𝟐, 𝟑 + ∫ (𝟔𝟐, 𝟏. 𝟏𝟎−𝟑)

𝟑𝟑𝟎

𝟐𝟗𝟖

𝒅𝑻 = −𝟑𝟎𝟐, 𝟑 + 𝟎, 𝟎𝟔𝟐𝟏(𝟑𝟑𝟎 − 𝟐𝟗𝟖) = −𝟑𝟎𝟎, 𝟑𝟏𝑲𝒋 

Calculate  ∆𝑼𝑹,𝟑𝟑𝟎 𝑲
°  :  

 ∆𝑯𝑹,𝟑𝟑𝟎 𝑲
° =  ∆𝑼𝑹,𝟑𝟑𝟎 𝑲

° + 𝑹 (𝟑𝟑𝟎)∆𝒏𝒈 

 ∆𝒏𝒈 = 𝟑 − 𝟒 =  −𝟏 

⟹ ∆𝑼𝑹,𝟑𝟑𝟎 𝑲
° = ∆𝑯𝑹,𝟑𝟑𝟎 𝑲

° −  𝑹 (𝟑𝟑𝟎)∆𝒏𝒈 

⟹ ∆𝑼𝑹,𝟑𝟑𝟎 𝑲
° = −𝟑𝟎𝟎, 𝟑𝟏 − (𝟖, 𝟑𝟏𝟒) × 𝟑𝟑𝟎 × 𝟏𝟎−𝟑 × (−𝟏) =  −𝟐𝟗𝟕, 𝟓𝟕 𝑲𝑱 
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9-6 Chemical Bonding Enthalpy: The enthalpy of formation of the chemical bond A-B is the energy 

accompanying the formation of the bond starting from the two atoms in their free and gaseous state. 

 

Note: The greater the absolute value of ∆𝑯𝒇
° (𝑨 − 𝑩) indicate that the bond A-B is more stable. 

Calculating the energy of the chemical bond using the thermodynamic method: 

This method enables the calculation of bond energies in complex molecules. 

Example (1): 

 



22 
 

Example (2): Let the following reaction be: 

 

Applied Example 1: 
The combustion of 1 mole of ethylene under standard conditions (T = 298 K , P = 1 atm), according to the 

following equation, releases a quantity of heat equal to 1387.87 kilojoules to the surroundings. 

C2H4(g)  +     3O2(g)      →  2CO2(g)   +   2H2O(l)        ∆H°
R,298°K = ? 

Using standard molar enthalpies of formation, bond energies, and the sublimation enthalpy of carbon: 

 Calculate the standard molar enthalpy of formation for the formation of C2H4(g). 

 Calculate the bond energy of the C=C bond in C2H4(g). 

Data: at 298 K 

ΔH°
f(CO2(g)) = -392.9 kJ.mol-1, ΔH°

f(H2O)L = -284.2kJ.mol-1.   ΔH°Sub(C) =716.2 kJ.mol-1 

H-H C-H Bond 

-434.7 -413.8 )Kj/mol( f,298
°ΔH 

Solution: 

 Calculate ΔHf(C2H4(g)) 

According to Hess's law: 
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 Calculate the bond energy of C=C in the molecule C2H4(g): 

    We have the formation reaction equation for C2H4(g) as follows (under standard conditions T = 298 K and 

P = 1 atm): 

 

 
Note: The bond energy A-B is related to the environment of these two atoms, and thus the C-H bond 

energy is not the same in CH3-H or CH3-OH. Therefore, the thermodynamic method for calculating bond 

energy provides approximate results and is not precise. 

Example 3: 

Consider the following reaction at a temperature of 298 K: 

HCl (g)+      Cl (g)3CH  →      (g)2Cl+       (g)4CH 

 Calculate the standard molar enthalpy change for this reaction, ΔH°R,298. 

 Calculate the bond energy of C-H at a temperature of 298 K. 

 Calculate the standard molar enthalpy of sublimation for carbon at a temperature of 298 K. 

Data: 

HCl (g) Cl (g)3CH (g)4CH The compound 

-22 -20 -17.9 )Kcal/mol( f,298
°ΔH 
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H-H H-Cl C-Cl Cl-Cl Bond 

-104 -103 -78 -58 ΔH°
f (Kcal/mol) 

Solution: 

 Calculate ∆H°
R,298°K : 

According to Hess's law: 

 
 Calculating the bond energy of C-H in the molecule CH4(g) 

 

∆𝑯𝟏 = 𝟒𝑬𝑪−𝑯    

∆𝑯𝟐 = 𝑬𝑪𝒍−𝑪𝒍   

∆𝑯𝟑 = −𝟑𝑬𝑪−𝑯 − 𝑬𝑪−𝑪𝒍 − 𝑬𝑯−𝑪𝒍 
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⟹ 𝚫𝐇𝐑,𝟐𝟗𝟖
° = ∆𝑯𝟏 + ∆𝑯𝟐 + ∆𝑯𝟑 =  𝟒𝑬𝑪−𝑯 + 𝑬𝑪𝒍−𝑪𝒍 − 𝟑𝑬𝑪−𝑯 − 𝑬𝑪−𝑪𝒍 − 𝑬𝑯−𝑪𝒍 

⟹ 𝚫𝐇𝐑,𝟐𝟗𝟖
° = 𝑬𝑪−𝑯 + 𝑬𝑪𝒍−𝑪𝒍 − 𝑬𝑪−𝑪𝒍 − 𝑬𝑯−𝑪𝒍 

⟹𝑬𝑪−𝑯 = 𝚫𝐇𝐑,𝟐𝟗𝟖
° − 𝑬𝑪𝒍−𝑪𝒍 + 𝑬𝑪−𝑪𝒍 + 𝑬𝑯−𝑪𝒍 = −𝟐𝟒, 𝟏 − 𝟓𝟖 + 𝟕𝟖 + 𝟏𝟎𝟑 

⟹𝑬𝑪−𝑯 = 𝟗𝟖, 𝟗 𝑲𝒄𝒂𝒍/𝒎𝒐𝒍 
 

 Calculating the standard molar enthalpy of sublimation for carbon : 

 




