Review of Chemical Thermodynamics 7.51 September 1999

If you haven't had thermodynamics before, you'll probably need to do some background
reading. Possibilitiesinclude: Moore, W.J. (1972) Physical Chemistry, 4th edition,
Prentice-Hall, Inc.; Eisenberg, DS & Crothers, DM (1979) Physical Chemistry with
Applications to the Life Sciences, Addison-Wesley Publishing Co.; Tinoco, |, Sauer, K.,
& Wang, JC (1994) Physical Chemistry: Principles and Applicationsin Biological
Sciences, 3rd Edition, Prentice-Hall, Inc., van Holde, KE (1985) Physical Biochemistry,
Prentice-Hall, Inc.

Thermodynamics allows us to predict how chemical reactions will change as a function of
temperature and how changesin the structure of molecules might affect the equilibrium
properties of a population of these molecules.

There are four basic thermodynamic properties:

AG — Changein free ener gy between reactants and products; this measures the ability
of the system to do work. Reactions with negative AG’ s proceed spontaneously and can
be used to do work. Reactions with positive AG’s require an input of energy for the
reaction to proceed.

AH — Change in enthalpy between reactants and products; thisis the heat given off or
absorbed by areaction at constant pressure. Reactions that absorb heat have positive AH’'s
and those that produce heat have negative AH’s.

AS — Change in entr opy between reactants and products; entropy is a statistical measure
of the number of states or accessible conformations. A positive AS is an indication that the
disorder or number of accessible of the system isincreasing and vice versa.

ACp — Change in heat capacity between reactants and products; when a solution of
moleculesis heated, some of the thermal energy increases the kinetic energy of molecules,
increasing the temperature, whereas some of the energy resultsin faster vibrations or
rotation of the molecule. Heat capacity measures how much energy can be stored by a
moleculein these internal vibrations or rotations.

AG provides a basic accounting function for chemical reactions.

The free energy change for areaction can be calculated from the equilibrium constant for
that reaction using the equation shown below.
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gas constant
‘ equilibrium constant

\
AG° = -RT InK

A
absolute temperature
standard Gibb's free energy

AG° isafunction of the equilibrium constant for the reaction, the gas constant R (1.9810-3
kcal/mol-deg), and the absolute temperature (in °K). Remember that T(°K) = T(°C) + 273.
Some politically correct biochemists use kJ/mol rather than kcal/mol. The conversionis
relatively painless as 1 kcal/mol = 4.2 kJ/mol and R = 8.3 «10-3 kJ/mol-deg in these units.

AG? is called the standard Gibb’' s free energy, where the naught specifies a standard set of
reaction conditions that include constant pressur e (almost always 1 atm for biochemical
reactions), a given temperature, and a set of standard-state concentrations. The
temperature used in calculating AG® isthat for which Keg for the reaction was measured.
The standard-state concentrations of reactants and products are assumed to be 1 M unless
different values are explicitly specified.

It's useful to be able to estimate AG® values without using a calculator. The easiest way to
dothisisto use AG° =-2.3RT log(K) = -1.35 log(K) at room temperature. So an
equilibrium constant of 10-10 M corresponds to aAG® of 13.5 kcal/mol. Similarly, a 10-
fold changein K will change AG® by 1.35 kcal/moal.

Knowing AG® for areaction allows one to calcul ate the equilibrium constant by using:

-AG°/RT
Keq = e

What exactly does AG®° measure? It’s not the free energy required to completely convert 1
M reactantsto 1 M products at some specified temperature and pressure. We do need to
convert one mole of reactants to one mole of products but we're interested in the free
energy of this process when the reaction proceeds without changing the concentrations of
reactants and products. For thereaction, A+B = AB, imagine that we have a solution
containing 1M [A], 1M [B], and 1 M [AB]. Now alow 1 molecule of A tohind 1
molecule of B to form anew AB complex. Clearly the bulk concentrations of A, B, and
AB don’t change in any way that would be measurable. |f we could measure the amount of
free energy that was produced or consumed by this single association event, then we would
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multiply this value by 61023 molecules'mol to calculate AG® for the association reaction.
WEe'll see below how AG for areaction changes when the concentrations of reactants and
products are permitted to change

Recall that equilibrium constants are defined for the reaction proceeding from the molecular
species of the reactants represented on the bottom of the equilibrium expression to those of
the products represented on the top. When we use an equilibrium constant to calculate
AG°, the resulting free energy change is also for the reaction proceeding from top to
bottom.

[A][B]

AG%i$:'RTIn Kd:'RTln W

Thus, for bimolecular reactions, if Kq is used to calculate AG®, then the free energy is that
associated with dissociation of the complex and the free energy change will be positive if
Kg<1M. Thismakessense. If Kqis 106 M, then it will require energy to dissociate the
complex when al speciesare present at 1 M concentrations. If K5 isused to calculate AG®,
then the free energy isthat of association of the complex.

AG%=-RTINKy=-RTIn 102
= a [A][B]

For areaction with K5 > 1 M-1 the free energy change of association will be negative when
all speciesare present at 1 M concentrations. 1t will always be true that AG°gjss = -AG® assn-
When unimolecular equilibrium constants are use to calculated AG®, the resulting free
energy changeis again for the reaction proceeding from the species on the bottom to those
on top.

U
AG® . =-RTInK,=-RTIn %

AG° is a function of AH°, AS°, and temperature.
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free energy enthalpy entropy

SIS

AG®° = AH®° —-TAS’

!

absolute temperature

AH° for areaction can be determined directly using a calorimeter and simply measuring the
amount of heat that is produced or consumed by the reaction. As discussed below, we can
also determine AH® by measuring the temperature dependence of the equilibrium constant.

AS’ for most chemical reactionsis not measured directly but is calculated from AG®, AH®,

and the temperature. We can, however, calculate AS° for simple dilution processes. The
entropy of astate is proportional to the number of energetically accessible states.

S=RIn (# states)

[#final states]
[#initid Sates)

AS=RIn

In dilution reactions, the number of statesisinversely proportional to concentration; there
are more states accessible to amolecule a low concentrations than at high concentrations.
Thus, the change in entropy upon dilution is positive (favorable) aslong astheinitial
concentration is higher than the final concentration.

_ [#final states] _ [initial conc]
AS41 = RIN Tt states] = RN “Tfinal cong)

In linked reactions, AG’s are additive.
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A <«»B <« C

K1 Ko

For coupled equilibria, we know that the equilibrium constant for the overall reaction isthe
product of the equilibrium constants for each step.

B] [C C

The free energy change for the overal reaction from A to C isjust the sum of the free
energy changes for each step.

AGoyeral = AG1 + AGy
If we substitute -RT In K1 for AG1 and - RT In K2 for AG» and then simplify, we get
AGoveral = - RT IN KKz =- RT In Kgq

In coupled reactions, AH® and AS® are also additive.

ASoveral = AS + AS,

AHoveral = AH1 + AH

In any cyclic process, the overall changesin AG, AH, and AS must be zero and the overall
product of the equilibrium constants must be 1.
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AG, + AG, + AG, =0
AG;\ /ZGZ 1 2 3
C

Why do concentrations matter for AG?

For bimolecular reactions, AG® isthe free energy change for converting reactants to
products at the standard-state concentrations of 1 M. These aren’t the concentrations of
reactants and products that are likely to be of interest though. AG for thereaction AB -
A+B can be calculated at non-standard state conditions by using the equation

[YallZp]
[Xabl

AG =AG° +RT In

where[Y g, [Zp], and [X ] are the concentrations of [A], [B], and [AB] for the reaction of
interest.

To derive this equation, construct a thermodynamic cycle for a dissociation reaction. The
top reaction isfor dissociation under standard-state concentrations of 1 M for al reactants
and products. The bottom reaction isfor dissociation at any other set of concentrations of
reactants and products. The vertical reactions are dilutions.
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AG°
AB(1M) — A(L M) + B(1L M)

AGq i lAGZ lAGg

AB(X M) —>A(Y,M) +B(Z,M)

AG°® + AG2 + AG3 = AG + AG,

Because AG1, AG, and AG3 are free energies of dilution, only the entropy change will
matter because bonds aren’t being made or broken. Thus AHgj = 0 and

AGgi| = AHdil - TASqiI = - TASi|

v/ > Y
< O | dilute . o 7
)® — >
r~ 7 o
>o/\ v N

Hence, the thermodynamic cycle becomes:
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AG°
AB(1M) —A(1L M) + B(1 M)

_ 1 _ 1 |. 1
RTInXl iRTInY lRTInZ

AB(X M) —» A(Y,M) + B(Z, M)
AG

AG + RT In (Xap) = AG® + RT In (Ya) + RT In (Zb)

rearranging terms gives,

[YallZpl
[Xabl

AG =AG° +RT In

There are two specia conditions: When [Y a] =[Zg] = [XaB] = 1M, then AG = AG°, as
would be expected because there would be no dilution. When[Y ], [Zg], and [Xag] are
equilibrium concentrations, then

[AIIB] | or i [AIB] _

AG=-RT In —
[AB] [AB]

There are anumber of ways to express the fact that AG = 0 for a system that has cometo
equilibrium. Systems at equilibrium can’t do work. No free energy is gained or lost by
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converting reactants to products under equilibrium conditions. At equilibrium, thereisno
net driving force for the reaction.

For aunimolecular reaction, A = B, the free energy change at concentrations other than
standard state can be cal culated from:

[products]
[reactants]

AG =AG° +RT In

It'simportant to understand why the free energy changeis afunction of reactant and
product concentrations for al reactions. AG can be viewed as an indicator of whether the
local free energy landscape for the reaction is uphill or downhill; negative AG’ s represent
downhill reactions and positive AG’ s represent uphill reactions. Consider a dissociation
reaction, AB = A+B, withKg =1 uM. Now initiate different dissociation reactions with
different initial concentrations of [ABg] = [Ag] =[Bo]. To what extent will each
dissociation reaction proceed.

[ABo] =[Aq] =[Bogl =1 M dissociation uphill AG = 8.2 kcal/mal
[ABo] =[Aq] =[Bg] =1 M system at equilibrium AG = 0.0 kcal/moal
[ABg] =[Aq] =[Bo] =1 pM dissociation downhill AG =-8.2 kcal/mol

For the unimolecular reaction, A = B, AG will be equal to AG® aslong as[Ag] = [B]
because the entropy of dilution of the reactants will be equal to the entropy of dilution of the
productsin the thermodynamic cycle. If [Ag] # [Bo], then AG # AG°. Consider, a
reaction with an equilibrium constant of K.

[Ag] = 10:[Bo]/K A - B downhill AG = -1.35 kcal/mol
[Ao] = [Bo] /K system at equilibium  AG = 0.0 kcal/mol
10:[Ao] = [Bgl/K A —.B uphill AG = 1.35 keal/mol

Again, the free energy landscape can be uphill or downhill depending on the concentrations
of reactants and products.

Temperature dependence of AG, AH, AS, and Keg.
The equation AG® = AH° - TAS® can be deceptive because it looks like asmple linear
equation with temperature (T) asthe only variable. In fact, however, both AH® and AS®

change as afunction of temperature if there is a difference in the heat capacities of the
reactants and products.
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Theintegrated solution is
AH = ACpe T + AHoek

Thus, AH® isasimple linear function of temperature and one can measure AC;, as the slope
of aplot of AH® values determined at different temperatures. In the plot shown below,
ACp = -1.5 kcal/mol-degree and AH® = 0 kcal/mol at 298 °K. Notice that AH® for the
reaction changes sign, and the reaction changes from being endothermic to exothermic at
this temperature.

40 —+
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AH® (kcal/mol)
o

20 +

-40 4L
temperature (°K)

Knowing AC, and AH® at one temperature allows AH® to be calculated at any other
temperature.

AH1 = AH2 + ACpe(T1-T2)

Entropy is aso afunction of temperature.

© RT Sauer 1999 10



0AS _ AC,
oT T

Theintegrated solution in thiscaseis:
AS1 = ASp + ACpeln (T1/T2)

The graph below, for areaction with AC, = -1.5 kcal/mol and AS, = 0.004 kcal/mol-deg at
298 °K, shows how -TAS changes with temperature. The plot has avery dight curvature
that reflects the logarithmic dependence on temperature. For the reaction shown, AS°® for
the reaction changes sign near room temperature.

40 T
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-TAS® (kcal/moal)
o

-20 +

-40 L+
temperature (°K)

Because the heat capacity change determines how the enthalpy and entropy of the reaction
change with temperature, AH® and AS® will be independent of temperature if and only if
ACpisequal to O, which israrein biological systems.

Because AH°, AS°, and T are all functions of temperature, AG® will also change with

temperature as shown in the plot below where at 298 °K, AH® = 0 kcal/mol, AS® = 0.004
kcal/mol-deg, and ACp = -1.5 kcal/mol.
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In comparing the plots of AH®, TAS® and AG® as afunction of temperature, notice that there
are large changesin AH® and TAS® as one goes from 270 to 315 °K but relatively small
changesin AG°. This occurs because the change in AH® compensates for much of the
changein TAS®, aprocess called entha py-entropy compensation. To see how AG°®
changes with temperature, start with:

AG°® = AH° - TAS®
taking the derivatives of al termswith respectto T

0AG°/0T = 0AH®/0T — TOAS® /0T —AS°0T/0T

substitute ACp, for JAH®/AT and substitute (ACy/T for dAS°/0T) and notice that the first two
terms cancel each other. This cancellation isthe origin of enthal py-entropy compensation;
the major part of the changein TAS® with temperature directly cancels the changein AH®
with temperature.

0AG

ot - A4S

© RT Sauer 1999 12



Thus, the dope of the plot of AG® vs temperature is-AS° and AG® will reach a minimum or
maximum value when AS° = 0.

Equilibrium constants also change as a function of temperature in amanner shown by the
van't Hoff equation. The derivation of thisrelationship is shown below.

-RT In (K) = AG® = AH° - TAS®

RiIn(K) = 2 ps
2 dIn(K) _ 06(1/T)
—or - AH

A@

D> «—
o
ke,

pdIn(K) _ 00T
R5@m = A%t

dIn(K) _ AH°
(LT R

In(K) and therefore K change with temperature unless AH® = 0.

An dternative form of the van't Hoff equation is:
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dIn(K) _ AH°
oT RT2

By measuring equilibrium constants at different temperatures, we can calculate AH® from a
slope of the plot of In(K) vs. 1/T. If ACy # 0, then the van't Hoff plot will be curved and
ACp can be calculated as the second derivative. If AC, = 0, then the van't Hoff plot will be
linear and AH® will be independent of temperature.

In (K) ®

. . ®
aCD is 2nd deriv. ~

1/Temperature

Review of how thermodynamic parameters are determined.

The equilibrium constant (K) is calculated from the equilibrium concentrations of reactants
and products.

The free energy change for areaction under standard-state conditions (AG°®) is calculated
from -RT In (K).

The free energy change for areaction under non standard-state concentrations (AG) is
calculated from AG® + RT In ([products]/[reactants]).

The enthalpy change for areaction under standard-state conditions (AH°) is determined by

calorimetry or by measuring equilibrium constants at different temperatures and using the
van't Hoff equation.
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The heat-capacity change for areaction under standard-state conditions (ACp) is determined
by measuring the temperature dependence of AH°.

The entropy change for areaction under standard-state conditions (AS°) is calculated as
(AH°-AG®)/T .

Summary of useful equations.
AG° =-RT In (K) = AH° - TAS®

-AG°/RT
Keq = e

for AB = A+B

[YallZp]
[Xabl

AG =AG° +RT In

for reactants < products

[products]

AG=AG° +RT In
[reactants]

temper ature dependence of thermodynamic parameters

AH = AHref + ACp‘(T-Tref)
AS = ASret + ACpeIn (T/Tref)

AG = AHyref - TASref + ACp*(T — Tref - Teln (T/Tref))
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T - 8Cp
dAS _ AC,
oT T
NG
T - A4S
dIn(K) _ AH°
o(LT) R
dIn(K) _ AH°
oT RT2
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