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 (AU).

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:

. - Cylinder containing gas
Cylinder containing gas
After a while

r 3‘.H7 Pext =:=" ' ?
7L —

The matchstick goes out
Moveable piston

Burning matchstick
During the ignition of the matchstick ——) Thermal energy ——p» Heat quantity — It works to increase the kinetic energy of gas molecules

And thus, causing the piston to move by a distance x —) Meaning that thermal energy has been converted into mechanical work

e 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:

The integral of the elemental mternal energy

Work dUu = W + 85Q
_nfrfhw o AU = wi + @f
quantity of heat AL — U;‘ - U[-

Notes:

e For an isolated system evolving from state (1) to state (2) (with no heat or work exchange with the
external surroundings), it follows that:

AU=0= W+Q=0=0Q=0 ,W=0



e 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.

(1) AU = AU, = AU
(2) 14 = =
A > Qi+Wi=Qz+Wz2=0Qs + W
(A —o—B
However -

Qi = Q% Qs
Wiz W2== Ws

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

e 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.

®—&L ) AU = AU1 + AU, 4 AU;

11
Cyclic process

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:

VCst >dV=0=>W=0=dU=0Q = AU = sznfCVdT

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:

AU = Uf—Ul-=W+Q= —pAV + Qp = _P(Vf_Vi)'I'QP
- Uf—UizQP— P(Vf—Vl)=> sz(Uf_Ul)-l_P(Vf_Vl)
= Qp= (U, +PVy) — (U, +PV) = Hy—H; = AH



— 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 = AH is the amount of heat exchanged between the system and the surroundings at constant
pressure.

QV = AU is the amount of heat exchanged between the system and the surroundings at constant
volume.

oH oH
H=H(T,P)= dH = (—) dP + (—) dT
T oT/p

oP
U=UT,V) = dU = (GU) v + (GU) dT
B ’ B oV T oT 174

2-AH = [nCpdT ; AU = [nCydT

3- AHcyclic process — 0 ; AUcyclic process — 0

5- The relationship between Cp and Cy (for ideal gases):
V Cst = AU = nCyAT
P Cst = AH = nCpAT

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:
= (Cp — Cy)dT = PdV = RdT



Cp —Cy =R The Mayer relationship (for ideal gases)

P ) C

= — 'C: =
14 2 S

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 = —P,,.,dV

Reversible transformation = P,y = Py = Psys = Pg = P
= dW = —PdV
So: dU= —PdV;dU =nCydT ; PV = nRT

nRT dVv
nCydT = —PdV ;P =V = nCydT = —nRT7
- ¢ dT RdV dT R dV

=R — = ——
YT v T Cy V
Tzdr R (Vzdv
— —_ - — N
r, T Cvly, V
T2 dT (Cp—Cy) (VzdV V2 qv
= T ¢ y == 5
Ty 14 Vq Vi
tn () = ~0r - vin () = 0~ Din (i)
el —_ = — —_ —_— ] = — i
"\1, Y "\, =Y " \v,
T 174 -1
- <_1) — TZVZ(Y—l) — T1V1(y_1)
T, V>

So, in the general case of a transformation for a system (adiabatic) and its reversible
counterpart for an ideal gas:
TV = 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)= TVOD =Cst
P=f(V) = PV" =Cst

1-y

T =f(P) = TP(T) = 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 AH, AU, Q, and W.

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

P Cst
The initial state » 1he final state

AP =0 P.V2,T2

P,V1, T1
N Constant ( Number of moles ) closed system

 Calculating the work, W:

dW = - Pexx dV
Reversible transformation c——_———~ Pext = Pint = Psys =Py =P

Va2

C—— —— Wi=-P| dv [—— — Wiz=-P(VzVi)

Vy

e Calculating the heat quantity Q and the change in enthalpy AH1y:

at PCst ———— Qu2=Qpr = A H1z =[nCPdT

C—— —= Qiz= AH12 = nCPAT

e (Calculating the change in internal energy AUjy:

AU1z2 = Q12 + W12 = nCeAT - P(V2-Vh)
PCst ———— PVi=nRTi ; PV2=nRT: ———— V1 = nRTi/P; V2= nRT2/P

AUtz = nCpAT - P ( DRT: nPRTz ) = nCrAT - NR (T2-Th)
P

—— AUz = nCAT




Clapeyron diagram P = f(V)

Platm)4

P [at "
PCst (@ mj1 PCst
(2) < (1) (1) (2)
Ph=P=Py]—-- =pP; = ——

! ! P,=Py=P : = :

1 1 i I

: \ . ' i

Vi v, V(L) v vi V(L)

Cooling : T:>T; ;vi<v, Heating : 1.>7, ;v,<v
- F | i 1 2

7-2- Isochoric transformation (cooling, heating):
V Cst
The initial state » The final state

P1, T1,V Av=0 Pz ,T2, V

e Calculating the work, W:

dW = - Pext AV
VCst —=—dV=0 —=>W:.=0

e Calculating the heat quantity Q and the change in internal energy AU1»:
VCst ——/— Qu2=Qv

—————— AUz = Qiz + W12 = Q12 = Qv = nCvAT

— = AUz = Q12 = nCvAT
e Calculating the change in enthalpy AH1»:

AHi1z = nCpAT
Clapeyron diagram P =f(V)
P[atm}T Platm)4 vea
Puf- - - - - (1) vest Pif- = = = = 2)
P === (2) Pibee=-- (1)
| 1
V=WV, \.}{L’ V=V, G“—l
Cooling : T,>7T; ; P, <P, Heating : 71,>7, :P, <P,



7-3- Isothermal transformation (expansion, compression):

T Cst .
Initial state » Final state

Pr Vi, T AT=0 P2, Vo, T
e Calculation of work W:

dW = - Pext dV
Reversible transformation =—"— Pex=Pm=Psys=P;=P

v,
— W12=-[ pdv

i

Va

Ideal gas == PV = nRT =i p=RT —~— Wi = -[nF.tTﬁ
vz dVV .
TCst —== Wi2=- nRT f T == Wi = -nRT Ln(V2/V1)

Vy
according to Boyle's Law ; PiVi=PV: S0 :

Wiz = -nRT Ln(V2Vi)= - nRT Ln(P1/P2)

e Calculation of the change in internal energy (AUi2) and the change in enthalpy
gAHu!Z
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.

According to the first law of Joule —"—==- AU2=0 at TCst

According to the second law of Joule /——=""=== AHz =0 at TCst

e Calculation of the heat guantity O:

AU= Quz+ Wi =0 = Q12 =-Wq
" Q12 = - W12 = NRT Ln(V2/V1)= nRT Ln(P4/P2)



Clapeyron diagram P=fV)

Patm)4
P (atm)4
puf = = o0 |
b TCst
I
! 1
p ---J-%Llllj Py (1)
: 1
i ' . I
i 1 > v +*
Vi Vi W) V; 1 VL
Expansion : v,>v, ;p,<p, compression : v,>v, ;p, <P,

7-4- Adiabatic and reversible transformation of an ideal gas:

Q=0

Initial state » Final state

P11, V1, T Pz, V2, T2

e Calculation of work W:

dW = - Pexx dV

Reversible transformation ——"""—— Pext = Pt = Psys = Pg =P

C— = W= -[- pdv

Y
Adiabatic transformation m— PV =Cst —r—=u sz;r= P1V;r
¥ .
—— b PV: P
UT ‘UY ‘ )
vz dv yp v 1”7 Ay Y
Wiz =- [ P1V;r _T' =- PiVi v ] - . P1V-T [ Va Vi J
Vi v - 1y Vi 1y

T 1y T 17

PiVi V2 . PiVi v, 1 Y
Wiz=- [ 21 ! / PaV:= P1V1T
-T -

Y 17 LI ¢
Wi =- [ PaV: Vo o PIVi V7 _ P PaVe L PV ]
1=y - [ 1-y
PaVz - P1V1
Wiz =
y -1

e Calculation of the heat guantity O:
Qiz=0




Calculation of the change in internal enerqy (AU12)

PzV: - P1V1
AUz = Qaz + Wiz = Wiz = nCv AT =
Y -1
The explanation of the relationship :
P:V:=nRT:z2 ; PiVi=nRT
—— W= nRT: - nRT: = NR_AT = NnCvAT
Y -1 y-1

e Calculation of the change in enthalpy (AH12):
AHiz = nCPﬂ.T

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 (Ts = 360
K).
- Anisochoric transformation takes the system to state C such that Ta = Tc.
- Expansion at constant temperature brings the system back to state A.
e Calculate the variables Va, Vg, Pg, and Pc.
e Represent these transformations on a Clapeyron diagram.
e Calculate for each transformation and for the entire cycle W, Q, AU, AH summarizing your results in
a table. What conclusions can be drawn?
Given data:
Cr=5/2R, Cy=3/2R, R =0.082 atm.l/mol.K = 8.314 J/mol.K

Solution to the application example:

Adiabatic compression

transformation
State A » State B

Pa=1atm Pe=7
Ta=300 K 1 Te=360 K
Va=2 TCst vest VB =12

State C

Pc=7?

Tc=300 K

Yc=7

1- Calculate each of VA, VB, PB, PC :
_ nRT; _ 1x0,082x 300

= =24,61
A7 p, 1




Since the transformation from A to B is adiabatic, then:

TVY-D = Cst
r-1) r-1) Ty =
TAVA = TBVB — VB = (T_B> X VA

1

Vg = (300)<§j> X 24,6 =18,711
B~ \360 T

_ nRTp _ 1x0,082 % 360
B™ vy 18,71

= 1,58 atm

p _ MRTc _ 1x0,082 %300
T v, T 18,71

=1,31 atm

2- Clapeyron diagram:
P (atm) 4

PB =1.58 atm

PC=1,31 atm

PA=1 atm

-
VB=VC=18,711 VA=2461 v

3- Calculate Q, W, AU, AH for each transformation:
The transformation from Ato B :

Qap =0
AUpp = Qup+ Wyp= Wy =n.Cy(Tp —T,)

3
AU,p = 1% 5 X 8,314 X (360 — 300) = 748,26]

5
AHup = n.Cp(Tg —Ty) = 1% 5 X 8,314 X (360 — 300) = 1247, 1]

10



The transformation from B to C :

WBC == 0
AUpc = Qpc+ Wpc= Qpc =n.Cy(T¢—Tp)

3
AUpc =1 X % 8,314 X (300 — 360) = 748,26/

5
AHpc = n.Cp(Tc — Tp) = 1 x5 x 8,314 X (300 — 360) = ~1247,1)

The transformation from Cto A :
According to the first law of thermodynamics: AUca= 0
According to the second law of thermodynamics: AHca=0

AUpc = Qca+Wep=0= Qcp= —Wgy

Va Pc
WCA = —nRTALn (V_) = —nRTALn (P_)

c A
We, = —nRT Ln (K—‘C‘) = —1 X 8,314 x 300 x Ln(18"71) = —682,63]
Q.4 = 682,63]

AH (J) AU (J) W (J) Q) Jeaill
1247,1 748,26 748,26 0 B.A
-1247,1 -748,26 0 -748,26 C B

0 0 -682,63 682,63 A SIC

0 0 65,63 -65,63 4ala)

AUcycIe=0, AHcycIe:O
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).

11



The following table provides the physical state of some elements under standard
conditions.

Chemical symbol

B r I H C "Va ‘N 0 of the element
Bh I} H) Cgraphire ‘Va ,N) 0) The pure substance

(O A ) I () SR DR AR Tho piysical state

e Based on this definition, the standard-state enthalpy of formation for pure simple
substances is equal to zero.
Examples :

AHz95(02)g = 0; AHp9(N3)g = 0; AH,gg(H)g = 0

A ;9.5' (graphite) = O but AH;::; (diamant) 7 o)

2- Enthalpy of Formation of a Compound AHf:
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:

1
Hyg) + 50249 — Hz0q AH;(H20))
Formation reaction of ethanol:

1
zcgrahite (s + 3H2(g) + 502(9) - CH3CH20H(L) AHf(CHgCHon(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:
1 3
T1 =298 K ENz(g) + EHZ(g) 4 NH3(g) Q1 = —22,08 Kcal = AH2298(NH3(g))
1 3
TZ =398 K ENZ(g) + EHz(g) - NH3(g) QZ = —23,05 Kcal = AH2398(NH3(g))

e The enthalpy change can be positive or negative:
Endothermic reaction — AH =0

Exothermic reaction — AH <0

12



Examples:

Cgraphite s) T Oz2yy — €Oz  AH; = —94,05Kcal Exothermic
2Cgraphite s) + Hze — CzHzyy ~ AH; = 54Kcal  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:
1 AHy o o
Ty =25°C Hyg + 5024 — Hy0q AHp = AH{(H;0)) = —67,5 Kcal

2
. 1 AHg o o
T; =110°C Hye + 50z — HpOp) AHp= AH¢(H,0(g) = —57,8 Kcal

9- How to calculate the change in enthalpy for a reaction (AHg = AHy):
9-1- Direct Method: The change in enthalpy for a reaction can be
calculated using calorimetry by relying on the zeroth law of thermodynamics

Q. Q,), 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.

AHg
— B
. . AHg = AH, + AH
ﬂHz\ /ﬂ..H2 ) 1 2
X
Example:
Consider the following reaction at T = 298 K:
1 AHg
CO@g) + 5029 — COz) *
1 AH; o o
(1) Ceraphite(s) + 50299 — €O AH; = AH{(CO(g)) = —26,42 Kcal/mol
AH, o o
(2) Cgraphitets) + O2¢g) — €Oz AH; = AH(COz)) = —94,05 Kcal/mol

To obtain the change in enthalpy for the reaction (*), we do the following:
We reverse equation (1):

AHg 1 o 0
(3) CO(g) — Cgraphite(S) + EOZ(g) AH3 = —AHI = 26,42 Kcal/mol

+=(3) + (2) = AHR = AH; + AH, = —AH; + AH,
AHg = —(—26,42) + (—94,05) = —67,63 Kcal/mol

13



9-3- Hess's Law: Consider the following reaction:
AHg
aA+ bB — cC+dD
AHg = cAH;(C) + dAH;(D) — aAH;(A) — bAH,(B)

That is, in the general case:
AHg = z a; AH;( products) — 2 B; AH;(Reactants)

«; s 3; are the stoichiometric coefficients
Notes:

e 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: AHf®gs.

Example:
AHp 298
Coraphite;s) T Oz(g) €Oz
AHg 295 = AHy95(C02(g)) — Ay 295 ( Coraphitecs)) — AHy205(02(g)) = AHg 205(CO02q))

A simple and pure
compound under standard
conditions

A simple and pure
compound under standard
conditions

e The compound is more stable if the absolute value of AH®¢ is large.

Example: at 298 K:

AH¢(COg)) = —26,42 Kcal/mol
AH((CO,()) = —94, 05 Kcal/mol
Therefore, CO,(q) is more stable than COyy).

Dissociation enthalpy, AHq:
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:

14



(1)
Hae) + 22 Oz o H20¢)
(2)

Direction (1) corresponds to AH¢(H;0g))

Direction (2) corresponds to &H;(Hzﬂ{g})

AH =0 === AH(H;O(y) + ﬂH;(HZD{B}) =0
Cycle X
e AH[(H0()) = - AH (H20())

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

AHj
(1) CzHy) + 2Hpg) — CoHgg
AH,
(2) COz(g) + Hzg — COG) + Hy0(,
AHg
(3) CH4(g) + ZOZ(g) b COZ(g) + ZHzo(g)

Calculate the change in enthalpy for the previous reactions.

Data:

The compound C2Hz) | H20(g) | H20() | CHag) | CO(g) | CoHe(g) | CO2(g)
AH’s 255 (Kcal/mol) 54,19 | -57,80 | -68,32 | -17,89 | -26,42 | -24,86 | -94,05

Solution:

.."_":.H; = "E"H;'(CZHHH}) — ﬂH;(CzHZ{g}) _ zﬂ'H;’(HZ'[H})

AH; = -24,86 -(-54,19)= -79,05 Kcal Exothermic reaction

AH; = AH(CO(y ) + AH (H20,,) — AH (COzg,) — AH(Hzg, )
=0
AH; = -26,42 + (-57,80)-(-94,05) = 9,83 Kcal/mol Endothermic reaction

AH3 = AH{(CO3) + 2AH{(H20(y)) — AH{( CHygg)) — 28H(02(g))
=0

,ﬁ[—[; = -94,05 +2(-57,80) - (-17,89) = - 191,76 Kcal/mol Exothermic reaction

15



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:

H}ﬂm — H_:rﬂm

And it is represented by the change in enthalpy for this transformation AH’fs or Lius, 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:

H:lﬂm —> H_}Gfgj

And it is represented by the change in enthalpy for this transformation AH®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:

I = I

And the reverse process of this transformation is condensation.
e 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.

Co = Ca

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 AH¢s® = -248 kl/mol, then the change in enthalpy for
the reverse transformation is AHcond® = +248 kJ/mol.

9-4 The relationship between AHr and AUr 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)

= AH = AU+ PAV P Cst

e |f 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.

= Vf =V, =>AV=0
= AHp = AUp = Qp = Qy
e |f gases are present among the reactants or products, then:

PV = nRT = A(PV) = A(nRT) = RTAn (T Cst)
An=(c+d)—(a+b)

16



So:
AHgp = AUg + RTAn,
And only the coefficients of gaseous elements are considered in the calculation of An.

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

1 AHg o 0
Hyg + 502¢9p — H0q) AHg = AH¢(H,0(,)) = —68,32 Kcal

Calculate AUR®

AHR =AUR+RTAng$AUR = AHR—RTAng

An, =0 <1+1)— 3
Mg = 2)~ T2

3
= AUp = —68,32 — (2 x1073) x 298 x (— E) = —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.

aA + bB » cC + dD at T4
T
aA + bB » cC + dD 2

Based on our diagram: AH1 = AHA + AHg + AH>+ AHc+ AHp

Cpp=——p Awi Cpp ———B; Cpt — C ; Cpp=—— D

ﬂHz = ﬂH:[ - ﬂHA—ﬂHE- ﬂHg - ﬂHD

AH, = aCpy(Ty — T4)
AHg = bCpp(T; — T4)
AH¢ = cCpe(Ty — T3)
AHp = dCpp(Ty —T3)

AH = nCp AT =

17



T, T,

- AHZ = AHl - f (aCPA + bCPB) dT - f (CCPC + dCPD) dT
T1 T,

T,

= AH, = AH, + f [(cCpc + dCpp) — (aCpy + bCpg)] AT
Ty

And from this, we deduce Kirchhoff's law:

AH, = AH, + fTT: ACp dT In the absence of state transformations for both reactants

and products
n

n
ACp = z a;Cp;( Products) — z BiCp;( reactants)
= i=1
Bi s a; stoichiometric coef ficients

e Kirchhoff's relationship allows us to calculate the change in enthalpy for a reaction at
any temperature if we know AH1° = AH98° for that reaction.
e Inthe presence of state transformations, then:

T,
AH, = AHy + f ACpdT + AQ
Ty
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 AHR,208° = -136.62 Kcal.
ZHz@) + O2¢g — 2H20(,

The data:
The element H20() | H20() | Oz | Hzg)
Cpr ( cal/mol.K) 8 18 8,29 | 6,86
AH vap,373K°(H20(|_)) =9702 caI/moI
Solution:

e At T=50°C, there are no changes in the physical state for both reactants and
products. Therefore, we can apply Kirchhoff's law:
323

AHp 353 = AHp g + J ACpdT
298

18



ACp = 2Cp(H;0,)) — 2€Cp(Hz(g) — Cp(02(g) = 2(18) — 2(6,86) — (8,29) = 13,99 cal/mol K.
AHp 33 = —136,62 + (13,99 x 107 dT = 136,62 + 0,01399(323 — 298)
AHp 3,3 = —136,270 Kcal

:AHg 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:

R,298 K
T=298 K 2H3(g) + Oz ’ » 2H20q
AH
k J
@ 2H,O(y 373 K
AH1 AH, AH ,
v
2H20(g) 373 K
AH
v v L J
T=303 K 2Hz) + Oz » 2H20(q)
AH R, 393 K

AHcyge =0 = AH; + AH, — AHp 393 —AH3 — AHy — AHg — AHp 95 = 0
=> AHp 393 = AH3 + AHy + AH5 + AHg 595 x — AHy — AH,

393
AH, = j 2Cp(Hy(y))dT = 2(6,86)(393 — 298) = 1303, 4 cal
298

AH,

393
j Cp(03(4))dT = (8,29)(393 — 298) = 787,55 cal
298

373
AH; = f 2Cp(H,0;)dT = 2(18)(373 — 298) = 2700 cal
298

AH, = 2AHy,,(H,0(y) = 2(9702) = 19404 cal

AH:

393
f 2Cp(H,04 )dT = 2(8)(393 — 373) = 320 cal
373
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AHp 393k = 2700 + 19404 + 320 + (—136,62.103) — 1303,4 — 787,55
AHpg 393 = —116,28 Kcal

Application Example 2: Let the following reaction be:

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, AUR 330k .

Given data.

The compound | HClg | CHCl3 Clyg) | CHa)
Cp(J/molK)| 29,1 112,2 33,9 35,7
Tboiling (CHC|3(L)) =61,17 °C =334,17 K

Solution:

AH;,Z%K = —302,3 Kj Negative sign because the reaction releases heat
330

AHp 330 = AHp,og + f ACpdT
298

ACp = Cp(CHClg(L) ) + 3Cp(HCl(g)) - CP(CH4(g)) - SCP(Clz(g))

ACp = 112,2 + 3(29,1) — 35,7 — 3(33,9) = 62, 1j/molK
330

AHg 330 = —302,3 + f (62,1.1073)dT = —302,3 + 0,0621(330 — 298) = —300, 31Kj
298
Calculate AUp 330 :

AHp 330k = AUg3sox + R (330)Any
An,=3-4= -1

= AUp33ox = AHp330x — R (330)An,

= AUg330x = —300,31 — (8,314) x 330 x 1073 x (-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.

A t = 9go =
A @ * 50[“{9] PR () at T=25°C sP =1 atm
E(A=B)

o
E"Hf ( Ae= B ) : Itis the energy required to form the bond Ae= B

E (A-B ) : Itisthe energy required to break the bond A=B

ﬂHg (A=B) <0 = Because elements in the state of free and
f gaseous atoms are less stable

We have ﬂH:{A_B}q.E{A_B} =0

= ﬂH:{A_E}=-E[A_B}

E(A=B) > 0 = Itis the energy required to break the hond A== B

Note: The greater the absolute value of AH}(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):
AH
R,298
H2g + 1/2029g) =y H20 ()
A _ AH; (H20 1))
AH (H-H)= E (HH) | 112 E (0=0) AH ( H20 )
dissociation T (9)
2 Hig) + 0(g) —— HzO(
o g)
2AH, (0-H)
Lewis structures :
H20 : H-0-H
H2 . H—H
02 : 10=0!
AH( (H20 L) = E (uH) + 12 E (0=0) + 2AH_ (o) + AH ( H20 )

liquefaction
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Example (2): Let the following reaction be:

AH

R
C.Hrz = {:HEEE}' e o Hz(g}

E(C-C) @%‘

E ( H-H) T
+4E (C-H) —

T}

aHf[c-{:HﬁaH;ic-H:

zc{gJ+4H{s} + 2Hgy

Lewis structures - H H
CHy=CH, : w'c.¢on
H, : H-H

H H

CH;—CH; - aed A

b

ﬂ.HR” = E(CC) +4E (C-H)+E(H-H) + AH,(C-C) +6AH, (C-H)

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.
C2Ha(g) + 302(g8) = 2COz(g) + 2H:0(I) AH°R,298°K =?

Using standard molar enthalpies of formation, bond energies, and the sublimation enthalpy of carbon:
e Calculate the standard molar enthalpy of formation for the formation of CaHag).
e Calculate the bond energy of the C=C bond in C2Hag).
Data: at 298 K

AH’{(coz(g)) = -392.9 kJ.molt, AH fH20) = -284.2k).molt.  AH°sub(c) =716.2 kJ.mol?
Bond C-H H-H
AHt 208 (Kj/mol) -413.8 -434.7

Solution:

e (Calculate AHf(C2Ha(g)
According to Hess's law:

AHp 205 = 20H7(C02y)) + 20H 7 (H,0,) — OHf(CoH, () — 33&}(6!@)

= 1
A simple and pure
compound under standard
conditions
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= AH((CH, () = 20H(CO4)) + 2AHF(H;0,) — AHp 08
= AH[(C,H, (5) =2 (-392,9) + 2(-284,2) - (-1387,87) = 33,6 K]/mol

e Calculate the bond energy of C=C in the molecule C2Ha():

We have the formation reaction equation for C2Hag) as follows (under standard conditions T = 298 K and
P =1 atm):

zcg]“ﬂ'pf”fﬂ (s) + 2 HZ[H} R CZH‘*(S:

2 afguh (Cs) -2 i‘sH} (H-=H) Ny

2C g + 4 Hy,

: — y CoHyim
ﬂH&m = AHj 545 (C2Ha(y)

2 - AH': (H- * (C=C) + 4AH[(CH) - AH C2Hyg)) =0
= 20H - AHp (HH) 4+ AHp (C=C) + 40H[(CH) f 208 (C2Hag))

° (C=C) = AH" ° (H-H) - £(C-H
= ﬂH.f (C=C) = ﬂH,r 298 (Cqu.{g:) - za’gub{C5}+2ﬂHf (H-H) 4:’:’1..”;!: )
B &H} (C=C) = 33,6 - 2( 716,2) + 2(-434,7) - 4(-413,8) =
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 CH3z-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:

CH4(g) + Clx(g) - CHsCl(g) + HCI(g)

e Calculate the standard molar enthalpy change for this reaction, AH®R29s.
e Calculate the bond energy of C-H at a temperature of 298 K.
e Calculate the standard molar enthalpy of sublimation for carbon at a temperature of 298 K.

Data:

The compound | CHa(g) | CHsCI(g) | HCI(g)
AH’t 205 (Kcal/mol) -17.9 -20 -22
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Bond| CI-CI| C-CI| H-ClI| H-H
AH’¢ (Kcal/mol) -58| -78| -103 | -104

Solution:

e Calculate AH'R 208° :
According to Hess's law:

= aH; yos = aH}{ HCI (g) ) + ﬂH}(CH;CI (g) ) - aH}{ CHyl(g)) - aH}{uz[g”
: >

= AH_ - =(22)+(-20) - (-17,9) = 24,1 Kcal

e Calculating the bond energy of C-H in the molecule CHag)

AH r 29k
CHyg) + Cly, > CH;Cl, + HCly,

D

A H1 AH2

AH

Y  J
C(g) +4Hig) + 2Clg)

Free atoms in the gaseous state

AH]_ = 4EC—H
AH = Ec¢;_¢
AH3 = —3Ec_y—Ec_ci— Ep-a
Lewis structures

HeC—H CH 4

H-c1 : HCI

H—-%'—Cl : CH3Cl
H
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= AHg 93 = AHy + AHy + AH3 = 4E¢_y+ Eci_ci— 3Ec_y — Ec—ci — En-ci
= AHp 398 = Ec—p+ Eci—ci — Ec—c1 — En—ci

= E¢c_y = AHps0 —Ecic1+ Ec_c1+ Eg—c1 = —24,1—58 + 78 + 103

= Ec_yg = 98,9 Kcal/mol

e Calculating the standard molar enthalpy of sublimation for carbon :

AH (CHy(y))

H,g)

Cs) + 2H; )

AH’ l zﬂH::llss[H-H] 6

Sub (C(s)) = 2E (H-H)

v Y
Ca + 4 Hg

AH_ (CHy5))= AH 2 (H-H) + 44H .

Sub (C(s))
) = AH’ H) . 4AH°

AH Sub (C(s)) ﬂHf (CHy(g)) - 2E(H-H) f(C-H)

AH' = 17,9 -2(104)- 4(-98,9) = 169,7 Kcal/mol

Sub (C(s))
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