Chapter 15: Thermochemistry

Key Notes:

Fundamentals Aspects

Thermochemistrys anareaof chemistrythatdealswith therelationshipbetween
energyand chemicalreactions. Chemistswould like to know if a proposed
chemicalreactionis going to be endo-or exothermic,if it will proceedto give

products, or if it will produce a mixture of reactantsand products.
Thermochemistrngeeksto answerthesequestiondy looking at thermodynamic
propertiesof the substancesvolved in a reaction. Computationalchemistry
allows oneto calculatepropertiesfor thesesubstance# orderto provide the

answerghemistgequire,without resortingto experimentameansf determining
this information.

Internal Energy

Theinternal energy(U) is the sum of the kinetic and potentialenergiesof the

particlesthat make up a system. Kinetic energyinvolves the motion of the
electronsnuclei,andthe moleculeshemselvesvhile potentialenergyis present
in chemicalbondsbetweernatomsandin intermolecularforces. Internalenergyis

a statefunction A statefunctiondependsnly on the presentstateof the system
andis completelydeterminedy variablessuchastemperatur@andpressure.As a

systemchangedrom onestateto another the internalenergychangesrom one
definite valueto a newdefinite value. The changen internalenergy(! U) equals
the differencein internalenergybetweerthefinal andinitial states.In termsof a

chemicalreaction,the changein internal energyis the differencebetweenthe

internal energy of the products and that of the reactants.

Enthalpy

Theenthalpy(H) is a propertyof a substancéhatcanbe usedto calculatethe heat
producedor absorbedn a chemicalreaction. Enthalpyis alsoa statefunction,
and we calculatethe enthalpychangefor a chemicalreactionby finding the
differencein enthalpybetweenthe productsandreactants.Enthalpyis relatedto
internal energy via its precise definition:

H=U+PV

whereP is the pressureandV is the volume. Chemicalreactionsthat release
energy (exothermic) are favored.

Entropy

The entropy(S) is a measureof the amountof disorder,or randomnessin a
system. Entropy is anotherstatefunction. For reactionsinvolving different
phasesye canoften predictthe sign of the entropychange. Solidshavea more
orderedstructuresince the constituentunits (atoms,molecules,or ions) have
definite locations. Liquids havelessorder(moreentropy)asthe units now move



freely within theliquid volume. Gasedavetheleastorder(mostentropy),asthe
constituentunits are free to move throughoutthe volume of the containerthat
holds them. Chemical reactions that involve an increase in entropy are favored.

Gibbs Free Energy
The Gibbs free energy(G), or Gibbs energy,is the thermodynamicquantity
defined by the equation:
G=HDTS

whereT is the temperature. As a chemicalreactionproceedspothH and S
change. Thesechangesgdenotedusingthe! symbol,allow the changein the
Gibbs energy to be calculated:

IG =H DTIS

If IG for areactionis positive,thereactionis nonspontaneoudf !G is negative,
the reactionis spontaneousA spontaneouseaction,oncestarted,will continue
to completion.

Calculating Thermochemical Parameters
Previouschaptershavediscussedariouscalculationghat wereall performedon
single moleculesin the gas phaseat a temperatureof 0 Kelvin. The
thermochemicapropertiesdiscussedboveare macroscopidn nature,andarise
from large collectionsof like molecules. Statistical mechanicsrelatesthe
microscopiccalculationsdoneearlierto the macroscopigropertieswe are now
interestedin. Statisticalmechanicsdependson the partition function The
partitionfunctionfor a singlemoleculeis a sumof exponentiatermsinvolving all
possiblequantumenergystates. Theseenergystatesinvolve contributionsfrom
translational,rotational, vibrational, and electronicmodes. Oncethe various
contributionsto the partitionfunctionarecalculateda numberof thermochemical
and macroscopicobservablesan be calculated,including U, H, S, and G.
Calculationsperformedon the moleculesinvolved in a chemicalreactionof
interest allow chemiststo determineif a particular reactionis endo- or
exothermic, spontaneous or nonspontaneous, etc.

Fundamental Aspects

Chemicalreactionseitherproduceheat(exothermic)or absorbheat(endothermic).In planninga
chemicalsynthesisgspeciallyfor a large scalereaction,it is importantto know the amountof
heatthatwill be producedor absorbedasan appropriatemethodfor removingor supplyingthe
heatmustbe devised. Chemistsaarealsoconcernedboutthe extentof a givenreaction,or where
the positionof equilibriumlies. Somereactiongproceedentirelyto products,othersproducean
equilibrium mixture of reactantsand products,andsomedo not producean appreciableamount
of productsatall. Beforeperformingareactionin thelab, it is importantto know if the planned
synthesisis feasible, that is, if a substantialamount of product will be formed.
Thermochemistryalso called chemicalthermodynamicscan guide the chemistin choosing



amongseveralpossiblereactionsthat will producea given product. Extensivetables(see
Chapter22) of thermochemicatlataexist. The valuessuppliedin thesetablescanbe usedto
determine H, _S and_G for areactionof interest. The problemis thatmanycompounddave
not hadthermochemicaparametersleterminedpr a chemistmay be interestedn synthesizing
an entirely new classof compoundsfor which this datais unavailable. In either case,
computationalchemistry can be usedto calculatethe quantitiesof interest. Before these
calculationscanbe discusseda review of someof the parameterand conceptdnvolvedis in
order.

Internal Energy

We havedefinedthe internalenergy(U) asthe sumof the kinetic andpotentialenergiesof the
particlesthatmakeup a system.In amolecularsystemkinetic energyis presenin the motion of
the electrons,nuclei, andthe translationalmovementof the moleculesthemselves.Potential
energyis presentin the chemicalbondsin a moleculeandalsoin forcesbetweenmolecules
(intermoleculaforces). Whena chemicalreactionoccurs theinternalenergyof the systemwill
changefrom one definite startingor initial valueto a definite final value. SinceU is a state
function, the detailsof how the changesn internalenergyoccurarenot important. Thatis, we
are not concernedvith exactly how the reactionhappens. The changein the internal energy
(_U) is found by taking the difference between the final valijegnd the initial valuelf):

_U:Uf'Ui

Foragivenreactionthechangesn U canbedeterminedy notingthe energyexchangédetween
the thermodynamicsystem(the mixture of reactantsiandits surroundinggsolvent,container,
etc). The energy exchange involves both heat and work.

Heat(q) will flow into or out of the systemdueto a temperaturalifferencebetweenhe system
andits surroundings.By convention heatflowing out of a systemis given a negativesign,and
heatflowing into a systemis given a positive sign. Exothermicreactionsproduceheat(-q)
which we detectasa temperaturencreasen the surroundings. Endothermicreactionsabsorb
heat from the surroundings(+q), which we detectas a temperaturedecrease. Careful
measurementf the amountof reactantaisedand the temperaturechangeof the surroundings
allows guantitative data to be obtained.

The otherform of energy,work (w), is the resultof someforce (F) moving an objectthrough
some distanced], or:
w=F d

In chemistry,work is usuallyassociateavith the productionof a gas,so-calledexpansionvork.
For example combustiorof the gasoline/aimixturein the cylinderof a carengineproduceseat
(exothermic)and gasesthat performwork by pushingagainstthe piston. Work doneby the
system(pushingthe piston)is given a negativesign, while work doneon the systemis givena
positive sign.

Energy,whetherin the form of heator work, is expressedn units of joules(J). During an
exothermicchemicalreaction,suchas combustionof gasoline,someof the potentialenergy



storedin the bondsof the moleculesmakingup the gasolinemixture is convertednto heatand
work. Thefirst law of thermodynamicstateshatenergycannotbe createdor destroyedbutcan
be convertedfrom oneform into another. In termsof the changein the internalenergyof a
system (U), we can restate the first law as:

_U=g+w
The change in the internal energy of a system is equal to the sum of the heat and work.

Enthalpy

For a reactioncarriedout at a constantpressuresuchasthe pressureof the atmospherdor a
reactiondonein anopenbeakerthe heatof the reactionis knownasq,. It turnsout thatthe
change in enthalpy for a reactiorH( is equal tayy:

_H=HPH; =qp

whereH; andH; arethefinal (product)andinitial (reactantenthalpyvalues respectively.If the
enthalpyvaluesof the reactantandproductmoleculesareknown, it is possiblecalculate H for
any reaction of interest. Units for enthalpy are typically joules per mole (J/mole) or
kilojoules/mole (kJ/mole).

Enthalpycannotbe measuredlirectly for a substance.Enthalpychangedor manyreactions
havebeenmeasuredandthesevalueshavebeenusedto createtablesof standardenthalpiesof

formation (_Hsj) for a variety of substances.The superscriptj denotesstandardconditions
(298K, 1 atm. pressure M solutionconcentrations).Thesetablescanbe usedto calculatethe

standard enthalpy changeH|) for a reaction:

_Hj =_ n_Hsj(products) B m Hsj(reactants)

wherethe O_G@ymbol meansthe OsunofOthe heatsof formationvaluesfor eitherreactantsor
products,and n andm refer to the stoichiometriccoefficientsfrom the balancedchemical
equation. For the reaction:

4 NHz(g) + 5Q(g) _ 6 BO(g) + 4 NO(9)

the relevant_Hysj values(kJ/mole)are: NHs(g), -46.2;04(g), 0; H>0(g), -241.8;NO(g), 90.4.
Substitution of these values into the above equation yields:

_Hj =[6(-241.8) + 4(90.4)] - [4(-46.2) + 5(0)] = [-1089.2] - [-184.8] =-904.4 kJ/mol
Thenegativevaluefor _Hj showsthatthis is an exothermicreaction.The standardenthalpyof

formation of elementsn their moststablestatesis equalto zero. (Note the value of zerofor
O2(g) above).



Entropy

The thermodynamiaquantity entropy (S) measureshe amountof randomnessr disorderin a
system. Sinceentropyis a statefunction, the amountof entropyfor a given amountof a
substances determinedby variablessuchastemperaturend pressure. If thesevariablesare
fixed, the amountof entropywill alsobe fixed. Typical units for entropyarejoules/Kelvin _
mole (J/K _ mole).

Theentropychangeor aprocess, S is calculatedhe sameway _H wascalculated. Thechange
in entropy is given by:
_S=§-5

where$ is the final entropyand S is theinitial entropy. The secondlaw of thermodynamics
stateghatthetotal entropyof a systemandits surroundingslwaysincreasedor a spontaneous
process. This meansthat entropyis quite distinct from energy. Energycannotbe createdor
destroyed during a chemical change, while entropy is created during a spontaneous process.

The experimentaldeterminationof entropyfor a substancenvolves measurementf its heat
capacity at different temperatures. This method finds its basis in the third law of
thermodynamicsvhich stateshata perfectlycrystallinesubstancat 0 K hasanentropyof zero.
As the temperatureof a substances increasedit absorbsheatand becomesmore disordered.
Theincreasdan entropyis gradual,but large,sharpincrease®ccurduring phasechanges.The
standardpr absoluteentropy(Sj) is the entropyvaluefor the standardstateof a specieswith
units of J/mole _ K.

Standardentropiesfor the substancesvolvedin a chemicalreactioncanbe usedto determine
the change in entropy (_Sj) for the reaction:

_Sj=_nS(products) B m§(reactants)

wheren andm referto the stoichiometriccoefficientsfrom the balancecchemicalequation. For
the reaction:

4 NHz(g) + 5Q(g) _ 6 BO(g) + 4 NO(9)

the relevantS; values(J/mol _ K) are: NHs(g), 192.5; 0,(g), 205.0;H,0(g), 188.7; NO(g),
210.6. Substitution of these values into the above equation yields:

_Si=[6(188.7) + 4(210.6)] - [4(192.5) + 5(205.0)] = [1974.6] - [1795.0] = 179.6 J/K

Thepositivevaluefor _Sj couldhavebeenpredictedfor this reactionas9 total molesof gaseous
reactantdorms 10 total molesof gasin the products. The productionof more molesof gas
means that an increase in entropy is expected.

Gibbs Free Energy
In planninga chemicalsynthesisa chemistwantsto know if a proposedeactionwill actually
proceedto give products,thatis, if the reactionis spontaneous.Whatis neededs a way to



determinereactionspontaniety.A quantitythatprovidesadirectway to do thisis the Gibbsfree
energy ). The Gibbs energy is defined by the equation:

G=HDTS

whereT is thetemperaturen Kelvin. Gibbsenergyhasunits of kilojoules per mole (kJ/mole).
As a chemicalreactionproceedsat constanttemperatureand pressurechangesn both the
enthalpyandentropyoccur. Thechangesn H andSresultin a changein the Gibbsenergyas
well, given by:

_G=_HDPT.S

If thereactantsandproductsinvolvedin areactionarein their standardstatesthe standardree
energy change can be calculated using the equation:

_Gj=_Hj bT_Sj

For a givenreactionwe canlook up therequired_H:j andSj values(if available)andcalculate
_Hj and_S;j. If _G;j is negativethenthereactionis spontaneouslf _G;j is positive,thereaction
is nonspontaneous. If5j equals 0, the reaction is at equilibrium.

The standardree energyof formation,_Gyj, for a substances definedasthe free energychange
thatoccurswhenl1 mole of a substancés formedfrom its elementsn their moststablestatesat

standardemperatureand pressure. Standardfree energyof formation valuescan be usedto

directly calculate Gj for a reaction using the equation:

_Gj = _n_Gsj(products) B m Gsj(reactants)

wheren andm arethe stoichiometriccoefficientsfrom the balancecdchemicalreaction. For the
reaction we looked at previously:

4 NHz(g) + 5Q(g) _ 6 BO(g) + 4 NO(9)

therelevant_Gs values(kJ/mole)are: NH3(g), -16.7;02(g), 0; HO(g), -228.6;NO(g), 86.7.
Substitution of these values into the above equation yields:

_Gj =[6(-228.6) + 4(86.7)] - [4(-16.7) + 5(0)] = [-1024.8] - [-66.8] = -958.0 kJ/mol

The negativevalue for _Gj showsthat this is a spontaneouseaction.Justas with standard
enthalpiesof formation, standardree energiesof formationfor elementsn their moststable
states are equal to zero. (Note the value of zeroAg) @bove).

Spontaneoushemicalreactionscanbe harnessetb performusefulwork. Think of our gasoline
combustionexample. The terminologyOfree@nergyis usedbecausehe free energychangeis
the maximumenergyavailable(free)to do usefulwork. In theory,if areactionwerecarriedout
to obtain the maximum useful wonkif,,), and no entropy were produced, then:



_G = Wiax
In reality the maximum amount of work is never obtained and some entropy is always created.

Oneof the mostimportantreasongor calculating_G;j for areactionis in determiningthe extent
of reactionas given by the value of the equilibrium constantk. Recallthat for the generic
reaction:

aA+bB _cC+dD

the equilibrium constant is given by:
K = [CI1D]" O[AI*(B]”

wherethe squarebracketsdenotesolutionconcentratiorunits of molarity. If gasesareinvolved
in thereaction the concentrations insteadexpressedisingthe partial pressuref thegasin units
of atmospheresLargevaluesof K meanthatthe reactionfavors productswhile small values
indicatethat reactantsare favored. Valuescloseto 1 meanthat the equilibrium mixture will
containbothreactantandproducts. Once_G;j hasbeencalculatedthe valueof K canbe found
using the relation:

_Gj =-RTInK

If a reactionoccursundernonstandardtateconditions,we usethe thermodynamiaeaction
guotient Q in placeof K. The value for Q is obtainedthe sameway as that for K. The
relationship betweenGj, G, andQ is given by:

_G= _Gj+RTInQ
Applying the above relationships to our earlier reaction:

4 NHz(g) + 5Q(g) _ 6 HO(g) + 4 NO(g)
and solving for the value ¢ gives:

K = e-CI"RT) = g386:8%9)= 1 021 x 18®

The very large value of K tells us that this reactiongreatly favors productsand proceedgo
completion as written.

Calculating Thermochemical Parameters

In the precedingdiscussionwe haveseenhow usefulthe parameters Hyj, Sj, and_Gsj areas
theyrelateto chemicalreactions. Whatif we areinterestedn reactionghatincludespecieghat
thesequantitiesare not availablefor? Whatif we canfind thesevalues,but our proposed
reactionconditionswill be at someothertemperaturehan298 K? In thesesituationswe can
calculatea numberof theseparametersor variouschemicalspeciesandusetheresultsto learn



moreaboutany reactionwe areinterestedn. This sectionlooks at someof the detailsof these
calculations.

In previouschaptersve havecalculatedsinglepoint energieselectrondensitiesjnfraredspectra,
etc. All of thesecalculationswere performedon singlemoleculesn thegasphaseatO0 K. The
thermochemicalparameterscoveredin this chapterresult from the interactionsof large
collectionsof like molecules. In otherwords, we needto relatethe resultsof a calculation
performedon a singlemoleculeto the macroscopigropertiesenthalpy,entropy,andGibbsfree
energy. Statistical mechanicwill help us make this connection.

In earlierchaptergjuantummechanicandthe Schrsdingerequationwereintroduced. Quantum
mechanicglependson the wavefunction_. Application of the appropriateoperatorto _ allows
the calculationof the variouspropertiesof interest. For example the Hamiltonian(H) appliedto
__gives the energyH) according to:

Statisticalmechanicsdependson the molecularpartition function q (not to be confusedwith
heat!). Forasinglemolecule,q is the sumof exponentiatermsinvolving all possiblequantum
energy states;:

all states

q — E e-ei/kBT
1

whereks is the BoltzmannconstanandT is thetemperaturen K. Oncethe molecularpartition
function (q) is known, the partition function (Q) for N identicalmoleculescaneasilybe found
via:

N
Q=" A

OncethepartitionfunctionQ is found,a numberof thermochemicabarameterandmacroscopic
observableganbe calculated. The thermochemicaparametersncludeH, S, andG asshown

below:

3 3 o Ian 1" InQ
H=U+PV=Kk,T #—,T ) + Kk TV# Ty
Uu-A dInQ
S= T =kBT( T )V + kg InQ

G=H!TS= kBTV§((ILVQ§/: F'kgTINQ

In orderto find Q, we first needto determinethe molecularpartition function,q. To getq we
needto know all the possiblequantumenergystates. The total molecularenergy( ;o) canbe
approximatedas a sum of variouscontributions. Theseinclude translational rotational,and

vibrational motions as well as electronic energy levels:

8t0t = gtrans + grot + gvib + gelec



The total molecular partition function;) then becomes a product of terms:

qtot = qtransQrotqvierlec

Thetotal enthalpy(H) andtotal entropy(Set) involve In(q) andcanbe expresseésa sum of
the various contributions:

Her = Hyans ¥ Hyoe + Hyp + H
S Srans-i-S +S/|b elec

To determinethermochemicaparametergor a molecule,the vibrational frequencieqi.e. the
infraredspectraresults)arefirst calculated.As discussedn Chapterl3, a badstartinggeometry
will give badvibrationalfrequencies.This will resultin incorrectthermochemicaparameters,
so the geometrymustfirst be optimized,thenthe vibrational frequencieshouldbe calculated
usingthe samelevel of theory. Oncethe vibrational frequencieshavebeendeterminedmost
computationachemistryprogramswill calculatethe variousthermochemicaparametersince
only a small amount of CPU time is necessary.

trans elec

The translational component of the molecular partition functigpd is given by:

]
2mMk
e

whereM is the molecularweight of the molecule,V is the molar gasvolume,andh is PlanckOs
constant. The rotational componegyt is given by the equation:

V18K T$%
qrot_ —# 2 & Il|2|3
(" h® %

where_is anumberrelatedto the symmetryof the moleculeandl; arethe momentsof inertiafor
the molecule. The vibrational component(q.i,) is a productof partition functionsfor each
vibration (), given by:

where3n-6is the total numberof vibrationsfor a nonlinearmoleculecomposef n atoms(See
Chapterl3). Thefinal componenbf the molecularpartitionfunctionis the electronicportion
(geleg- Sinceexcitedelectronicstatesypically lie muchhigherin energythanthe groundstate,
only the ground state need be considered. This means:

qelec =1



In comparingthe energiesof individual molecules(calculatedat 0 K with fixed nuclei) to
experimentaresults(typically gatheredat ~298 K with vibrating nuclei), two correctionsare
required: (1) the zero point energy)( and (2) the thermal energy correction.

At 0 K amoleculewill still havevibrationalenergy. This energyis known asthe zero point
energy(_o) andcanbe calculatedoy summingthe energycontributedby eachvibrationalmode
(—') normal
modes

1
go = Hyp(0) = Eh Evi

Most computationathemistryprogramsautomaticallycalculatethe zeropoint energyandaddit
to thereportedtotal energy. The programoutputwill typically list all of the contributionsto the
total energy and will also specify the value gf _

As amoleculeis heatedrom 0 K, it gainstranslationalyotational,andvibrationalenergy. The
amountof energygaineddepend®n thetemperaturef interest. At sometemperatur€T) above
0 K, the change in enthalpy is given by:

AH(T)= H g (T)+ H, o (T)+ AH,, (1) + RT

rans

whereR is the ideal gas constant. The translationaland rotational componentsare easily
calculated:

3 3
Hyno(T) = SRT Hy(T)= ~RT (= RTif linear)

The vibrational componentgaininvolvesa summationover all normalmodes(_;), taking the

temperature of interest into account:
normal
modes

l/z.
AH (1) = Ho(T) - H,y(0) = Nk ) =7 —
i g %BT—I

The output obtainedwill dependon the particular program and method usedto do the
calculation. As discussedn Chapter6, the energiesreportedfrom a molecularmechanics
calculationare not externallyreferencedandwill thereforenot be of usein investigatingthe
energetics of chemical reactions.

The semiempiricaimethods(Chapter8) MINDO/3, AM1, and PM3 availablein MOPAC (See
Chapter20) havebeenparameterizetb give reasonablenergyvalues. The programwill report
enthalpyand entropyvaluesat a variety of temperature$200 B 400K), including individual
partition function valuesfor vibration, translation,and rotation. The most useful number
reportedis the _Hsj value. This valuecanbe calculatedfor all reactantsandproducts,and_Hj
for thereactioncanbe calculatedasdemonstrate@bove. The Hj valuesobtainedin this way
are semi-quantitative at best (See example below).



Hartree-Fockand Density FunctionalTheory methods(Chapters7 & 9, respectively),using
eitherthe Gaussiaror GAMESSprogramgChaptersl8 & 19) reportenthalpy.entropy,andfree
energyvalueswith individual partition function valuesfor vibration, translationandrotationas
theresultof avibrationalfrequencycalculation. The energyvaluesreportedby theseprograms
arenot externallyreferencedthatis, they cannotbe directly comparedo experimentalalues.
Therelative energyvalues,however,areusefulandcanbe usedto determine_Hj for reactions
of interest. Excellentresultscanbe obtainedfor isodesmiaeactionswherethe numberof each
type of chemicalbondis the samein both reactantsand products. The similarity in bondtypes
leads to a cancellation of errors. An example of such a reaction is:

CO, + CH, _ 2 HCO

The reactionhasan experimentallydetermined Hj = 59.9+ 0.2 kcal/mole.The table below
shows representative calculated values:

Method | Result (kcal/mole)
AM1 25.7
PM3 29.9
B88-LYP 58.4




