2] Equiibrium and Thermodynamics
Equilibriom is conirolled by the thermodynamics of a chemical reaction. The heat absorbed

o released (enthaiyy) and the degree of disoeder of reactants and products (2iropy) independently
contribute to the degree to which the reaction is favored or disfavored.

Enthalpy

The enthalpy change, AH, for a reaction is the heat absorbed or released when the reaction

takes place under constant applied presstre.! The standard enthalpy change, AH", refers to
the heat ahsorhed when all reactants and products are in their standard states.”

HCHg) = H'lagh + Cl (ag) AW = -TABSKimola 5C  (63)

The negative sign of AH" indicates that heat is released by Reaction &3—the solution be-
comes warmer. For other reactions, AH is positive, which means that heat is absorbed.
Consequently. the solution gets colder duning the reaction. A reaction for which AH is pasi-
tive is said to be endothermic. Whenever AH is negative. the reaction is exothermic.

Entropy

The entropy, 5, of a substance is @ measure of its “disorder.” which we will not attempt fo
define in a quantitative way. The greater the disorder, the greater the entropy. In general, 2 gas
15 mare disordered (has higher entropy) than a liquid, which is more disordered than a solid.
lons in agqueous solution are normally more disordered than in thedr solid salt:

KClis) = K'iog) + Ol (ag)  AF = +764 W(K-mol) st 5°C  (64)

AS" s the change in entropy (entropy of products minus entropy of reactants) when all species are
in their standard states. The positive value of AS® indicates that a mole of K" (ag) plus & mole of
C1 fag) is more disordered than & mole of KCIs). For Reaction 6-3, AS® = —130.4 JiK -mod)
at 25°C. The aqueous kas are less disordered than gaseous HCI.

Free Energy

Systems af constant temperature and pressure, which are common laboratory conditions, have
3 tendency toward Jower enthalpy and higher entropy. A chemécal reaction is driven toward
the formation of products by a nepalive value of AH (heat given off) or a positive value of AS
(more disorder) or both. When AH is negative and AS is positive, the reaction is clearly
favored. When AH is positive and AS is negative, the reaction is clearly disfavored.

"The definiton of the sandand stair contains ssbileies beyond the scape of this book. For Reaction 6.3, the
standhard stale of H' o 01 is the bypothetical state in which ach ion is present ol 2 concentratin of 1 M
but hehgves os if & were in wn infinitely dilule sobotin. Thet is, the standerd concentration is | M, b the
standard behavior is what would be cheerved in o very dilute salution in which each ion is unaffeced by
surrounding ions.
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When AH and AF are both positive or both negative, what decides whether a reaction will
be favored? The change in Gibbs free energy, A, is the arbiter between opposing tenden-
cies of AH and AS. At constant temperature, T,

Free energy: AL = AH — TAS (6-5)

A reaction i favored if AG is nepative.
For the dissociation of HC {Reaction 6-3) when all species are in their standard states.
AN favors the reaction and AS® disfavors it. To find the net result, we evaluate AG™

ALY = AH — TAS®
= (—T4.85 = 10F Fmol) — (298,15 K){— 130.4 J'K-mal)
= —35.57 kl/mol

A" is negative, 50 the reaction is favored when all species are in their standard states. The
favoruble influence of AR™ is greater than the unfavorable influence of A3 in this case.

The point of discussing free energy is to relate the equilibrivm constant to the energetics
(AH*® and AS") of a reaction. The equilibrium constant depends on AG® in the following
manner:

Free engrpy and equilibeium: E = g 3o (66

where R is the gas constant [ = 8314 472 I/{K-mol) ] and T is temperatare (Kelvin) The
maode negative the value of AGP, the larger is the equilibrium constant. For Reaction 6-3,
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Because the equilibrinm constant is large, HCI ) is very soluble in water and is nearly com-
pletely fonized to H and C1 when it dissolves.

T summearize, a chemical reaction is favored by the liberation of heat (AR negativa) and
by an increase in disordier (AS positive). A takes both effects into account to detenmine
whether or not a reaction is favorable. We say that a reaction is spoafaaecus under standard
conditions if AG® is negative of, equivalently, if £ = 1. The reaction is not spontaneons if AGT
is positive (K < 1) You should be ablz to calcalate K from AG® and vice versa,

Le Chatelier's Principle
Suppose that a system at equilibriom is subjected to a change that disturbs the system. Le
Chételier’s principle states that the direction in which the system proceads back to aquilib-
rium is such that the change is panially offset.

T see what this statement means, let’s see what happens when we attempt to change the
concentration of one species in the reaction

By, + 20" + 4H.0 = B + COn05 + 8H' (6T
Bromate  ChromiumiIIT Diichmmais

¥ [Br JIC,0% JIH'J*
= 2
[R5 J[Cr ]

In one particolar equilibrium state of this system, the following concentrations exist:
[H'] = 50M, [Cr;ﬂ% ] =00 M, [Er"'] = 3 O M, [Br | = 1.OM, and [Brls | =
0,043 M. Suppose that the equilibriem is disturbed by adding dichromate to the solution o
increase the concentration of [Cr,08 | from 0.10 to 0.20 M. In what direction will the reac-
tion proceed to reach equilibium?

According to the principle of Le Chétalier, the reaction should go back to the left to par-
tially offset the increase in dichromate, which appears on the nght side of Reaction &7, We
can verify this algebraically by setting up the reaction quotient, {2, which has the same form
a5 the equilibrium constant. The only difference is that (J is evaloated with whatever concen-
trations happen to exist, even thoogh the solution is oot at equilibriem. When the system
reaches equilibrium, @ = K. For Reaction 6-7,

= 1 x 10" at 25°C

{109 (0.200(5.00%

— - 1x" >k
(0.043)(0.003 0

CHAPTER & Chemical Equilibrism



Because () = K, the reaction muost go to the laft to decrease the numerator and increase the

denominator, until ( = K.

I. If a reaction is at equilibriom and products are added (or reactants are removed), the
reaction goes to the left.

L If a reaction is at equilibriom and reactants are added (or products are removed). the
reaction goes bo the right.

When the temperature of o system is changed, so is the equilibrinm constant. Equations
&5 and &% can be combined to predict the effect of temperature on £
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is constant). The terme "™ increases with increasing temperature if AH® is positive and

decreasas if AN is negative. Therefore,

I. The equilibium constant of an endothermic reaction (AH™ = +) increases if the
temperature is raisad.

1. The equilibriuvm constant of an exothermic reaction (AN = —) decreases if the
temperature is raised.

These statements can be understood in terms of Le Chitelier's principle as follows.
Consider @ endothermic reaction:

Heat + reactants = prodicis

If thi temperature is raisad, then heat is added to the system. The reaction proceeds to the right
to partially offset this change.®

In dealing with equilibrium problems, we are making thermodynamic predictions, not
kinetic predictions. We are calculating what must happen for a system to reach agquilibrinm,
bat mot how long it will take. Some reactions are over in an instant; others will not reach equi-
librium in & million years. For example, dynamite remains unchanged indefinitely, until a
spark sets off the spontaneous, explosive decomposition. The size of an equilibriem constant
tells us nothing about the rate (the kinetics) of the reaction. A large equilibrium constant doas
not imply that a reaction is fast.
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