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ABSTRACT: Rates of chemical reactions in aqueous solutions are often sensitive to low concentrations of added
solutes such as ureas, alcohalgmino acids and carbohydrates. In this work, several simple chemical reactions were
used to probe this sensitivity, which arises from interactions between added solute and the reacting solute. It was
found that derived interaction parameters provide a novel insight into interactions between solute molecules in
agueous solution. For example, it was possible to identify two interesting effects, which are termed (i) ‘destructive
overlap’ of hydration cospheres and (ii) ‘camouflage effects’ by water—solute interadfioh898 John Wiley &

Sons, Ltd.
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INTRODUCTION written by Ingold? The subject has made enormous
stride$™ but the complexity of even the simplest

The structure of liquid watéris dominated by strong  reactions in aqueous solutions is significantly greater

intermolecular hydrogen bonding, yet liquid water has a than that for reactions in organic solvefitsThe task of

modest (shear) viscosity, considerably lower than that of understanding this complexity is further complicated

glycerol. Furthermore, the volume of 1 mol of liquid when the aqueous solutions contain, in addition to the

water is higher than expected if the water molecules areorganic substance undergoing chemical reaction, other

otherwise close-packed. Clearly, cohesion increasessolutes in low concentrations such as alcohols, carbohy-

intermolecular separation, in contrast to the usual higherdrates andx-amino acids. We have approached this

density/lower volume found for strongly interacting problem by studying water-catalysed hydrolysis reac-

molecules. These properties of water contribute to the tions of activated amides and esters for which the reaction

complexity of processes occurring in aqueous solutfons. mechanisms are well understood.

We know that life processes nearly always occur in

water-rich systems. Therefore, there is a continuing

challenge to understand the role of water in these pAIRWISE INTERACTIONS

processes. In many cases, these reactions involve

complicated and large organic molecules. However, we Consider two solute molecules in solution &d S, a

have found that our understanding of these phenomenagistance apart:

can be improved by studying in depth the rates of

relatively simple organic reactions in aqueous solutions. S—1-% (1)

The role of solvents in determining the rates of In aqueous solution, the two solutes signal their presence
reactions involving organic solutes has been, and still to each other (‘molecular recognition’). This ‘pairwise
forms, an important challenge in physical-organic interaction’ involves a potential of average forcg(l),
chemistry with its origins in the classic monograph between the solutes that is given by

G(l) = Uss, (1) + G"(1) (2)
*Correspondence tol. B. F. N. Engberts, Laboratory of Organic and . . . .
Molecular Inorganic Chemistry, University of Groningen, Nijenborgh WhereUS:lS'z_(I) IS the_SOIUte_SOIUte Interaction potential
4, 9747 AG Groningen, The Netherlands. (work required to bring Sand S together in vacuum)
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and G"(l) is the contributionof waterto the intermole-
cular interaction.The latter termis particularly difficult
to quantify bothexperimentallyandcomputationallyand
depend<rucially on the hydrationpropertiesof S, and
S,.
We havefound a method,basedon chemicalkinetics,
which startsto answenrelevantquestiongelatedto such
pairwise interactionsin aqueoussolutions. We briefly
describethe hydrolysis reactionsthat we usedfor the
kinetic analysis.

NEUTRAL HYDROLYSIS OF ESTERS AND
AMIDES

Activated amides (1-acyl-3-substituted-1,2;#tiazoles)
and esters(aryl o,a-dichloroalkanoatesyindergowater-
catalysed(i.e. pH-independenthydrolysesin aqueous
solutions(Fig. 1). In afairly extensivegpH rangeroughly
betweer? and5, thereactionmechanisninvolveswater-
catalysedrate-determininghucleophilicattack of water
at the carbonyl moiety via an activated complex,
incorporatingtwo water moleculeswith three protons
in flight® (Fig. 2). During the activation process,the
hydrophobic substrate is transformed into a polar
activated complex. For our purposes,these types of
reactionshavedefiniteadvantagedi) thereactionsoccur
in theabsencef perturbingbuffersystems(ii) theextent
of the large changein polarity of the substrateduring
activation can be subtly varied by changing the
substituents;and (iii) the reactions have biological
significanceawith the mediumeffectsprovidingimportant
pointers for those occurring at the active sites of
proteolyticenzymes.

The neutralhydrolysisof p-methoxyphenyldichloro-
acetate (4) has been simulated by Lensink et al.®
Embedding semi-empirical quantum mechanics and
gquantumdynamicsin a classical molecular dynamics
simulation, the calculated rate constantand primary
kinetic deuteriumisotopeeffect arein closeagreement
with experiment.The computationakesultsconfirmthat
proton transferbetweenthe two water moleculesin the

O N /R2

I /¢ -
R!—C—N l 1. R =R =C¢H;

\C =N 2 Rl=Et, R* = tert-Bu
I|{ 3 R'=CH, R*=H
1-3
0

rR'ccne? 4 R'=H,X=0CH

Figure 1. The activated amides 1-3 and the activated ester
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Figure 2. Reaction mechanism for water-catalysed hydro-
lysis.

activatedcomplexis concertedvith the formationof the

new C—O bond. The proton transfer has an essential
quantuncharacteandis drivenby afluctuatingpotential
in the aqueousenvironment.The low probability that a

watermoleculeoccupiegherequiredpositionfor proton
transferaccountsfor the large and negativeentropy of

activationfor the hydrolytic proces$

REACTION ENERGETICS

Herewe turn our attentionto understandingpow therate
of a chemicalreactionis modified by adding different
solutesto the aqueoussolutionscontainingthe substance
undergoingchemical reaction. There are, in fact, two
themesto this subject.

The first themeconcernsthe descriptionof chemical
reactions:’ Within the framework of transition state
theory,eachmoleculeof reactanin solutionis theinitial
state,IS. The procesof reactionrequiresthata reacting
molecule proceedsfrom this IS over a Gibbs energy
barrier, the maximum correspondingto the activated
complex, AC.** The difference in Gibbs energies
(correctly the referencechemicalpotentials)of the two
statesis the Gibbs energy of activation, A“G°. The
changein rate constantresulting from the addition of
another solute (e.g. a monohydric alcohol) can be
expresse@sa changein this Gibbsenergyof activation.

Broadly, two classesof solutes are identified: (i)
hydrophilic soluteswhere water—soluteinteractionsare
strongetthanwater—wateinteractionsn thebulk and(ii)
hydrophobicsoluteswherethe water—solutenteractions
areweakerthan water—watefinteractionsin bulk water.
Controversystill surroundsthe nature of hydrophobic
hydration'? There is evidence that for hydrophobic
solutes the tangential orientation of water molecules
aroundan apolargroup possiblyresultsin an enhance-
mentof dispersiorforcesbetweerthe soluteandwater?
In any event, the conceptdevelopedby Gurney? is
extendedto describesolute—solutenteractionsin aqu-
eoussolutionin termsof, for neutralsolutes,overlapof
the water cospheresThe overlap may either raise or
lower the chemicalpotentialof a givensolutein aqueous
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solutionabovethe chemicalpotentialin the correspond-
ing ideal solution*

In the secondtheme we are concernedwith the
propertieof atraceamountof esteror amide(e.g.<10™°
mol dm~3) undergoinghemicalreactionvia anactivated
complex in an aqueoussolution containing an added
soluteof molality mes, In theseexperimentghe molality
of addedsolute, CS, is of the order 0.1-2 mol kg™
Under these circumstancesthe activity coefficient of
(neutral)solutej (eitherlS or AC) is relatedto mes by a
characteristicpairwise Gibbs energy interaction para-
meterg;,cs accordingto

IN(y") = (2/RT)gjcs - Mes(m?) (3)

wherem® = 1 mol kg~ . Equation(3) is appliedto both|S
andAC where,by definition, limit(mgs — O)yjT =1atall
temperaturesand pressuresTheseequationsare com-
bined"® in the contextof the formalismof transitionstate
theoryto accountor thedependencef rateconstantsor
agivenreactionon mgs

Solute-soluteinteractionsdeterminehow the Gibbs
energyof activation,A*G°(m.d), in a real solution with
molality m¢s differs from the standardGibbs energyof
activation(thatis, in theabsencef addedsolutes) A*G°
(mes=0) for the same reaction in an ideal aqueous
solution.

AANG® = A7G°(mgs) — A7G°(mes=0)  (4)

A quantitativeanalysisof kinetic mediumeffectsis based
on the following relationship'®—8

Infk(mes) /k(Mes = 0)] = (1/RT)G(c)Mes — NMaMs
(5)

wheremgsis themolality of addedsolute n is thenumber
of water moleculesincorporatedinto the AC, ¢ is the
practicalosmoticcoefficientof the water(¢ = 1 for ideal
solutions and is also effectively unity for the dilute
agueousolutionsconsideredhere),M; is themolarmass
of water and G(c) is the differencebetweenthe Gibbs
energyof interactionbetween(a) theaddedsoluteandthe
IS and(b) theaddedsoluteandthe AC. This parameters
a combinationof contributionsof different functional
groupinteractionsinvolving both IS and AC with added
soluteandis calculatedrom theslopeof thelinearplot of
In[k(meg/k(mes= 0)] versusm.s. Non-linearity of sucha
plot is indicative of higher order (e.g. triplet solute—
solute)interactionsThe secondermin Eqn(5) signifies
the fact that water is both a reactantand a solventand
providesa correctionfor the effectof theaddedsoluteon
the reactivity of water.

The approachoutlined herediffers considerablyfrom
previousanalysesof kinetic solventeffects*®?° Tradi-
tionally, rate constantsare plotted as a function of
microscopicor macroscopicolventparametersiecently
with emphasisplacedon solvatochromicmicropolarity
scales. Our theory is uniquely focused on pairwise
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interactionswith the addedsolute and providesa direct
link betweertransitionstatetheoryandthermodynamics.
The G(c) parameter$or addedsolutesaredeterminedy
hydrophobic—hydrapobic,  hydrophobic—hytbphilic
and hydrophilic—hydrophilic solute—soluteinteractions.
Generally, negative G(c) parameters,signalling rate
retardation by the added solute, are observed for
hydrophobiccosoluteswhich stabiliz&é* the IS relative
to the AC. By contrast, positive G(c) parameters
associatedwith induced rate accelerationsby added
soluteareindicative of stabilizationof the AC relativeto
the IS throughpolar interactionswith the addedsolute.
Furtherinsight into theseG(c) parameterss important
for understandinghon-covalentinteractionsin aqueous
solutions.

ADDITIVITY OF FUNCTIONAL GROUP INTER-
ACTIONS

The quantity g cs in Eqn (3) is re-expresseth termsof
pairwise group interaction parameteré® For example,
the solute pairwise interaction parameterg; (where
j = methanol)is re-expressed in terms of parameters
describingCH, --- CH,, CH, - OH and OH --- OH
pairwisegroupinteractionparametersthe latter setcan
bebriefly describedn turn ashydrophobic—hydrapobic,
hydrophobic—hydrdpilic and hydrophilic—hydrophilic
interactionparametersMoreover,acrossa relatedgroup
of solutes these group parametersturn out to be
characteristioof the groups.A similar patternemerges
from our analysisof the kinetic datafor a wide rangeof
chemicalreactionsn aqueousolutions:®*2allowing us
to identify important underlying common features
describingthe functional groupswhich are involved in
reactions and which control rates of reactions. For
example, the difference betweenG(c) parametersre-
cordedfor theeffectof addedethanolandaddedpropanol
canbe expresse@s

G(CH3CH,CH,0H) — G(CH3CH,0H)
= G(CH,) = 2G(CH) (6)
and
G(CH3CH,0OH) — 5G(CH) = G(OH) (7)

This SWAG (Savage—Woodhdditivity of Group inter-
actions)approach? predictsauniquevaluefor G(CH) for
all isomersof aparticularalkanol.This predictionis often
confirmedin practice,but thereareimportantexceptions
aswe describebelow.

MONOHYDRIC ALCOHOLS

The kinetic medium effects of an extensiveseries of
monohydric alcohols® with branchedand unbranched
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Table 1. G(c) parameters for the neutral h)édrolysis of 1in
agueous solutions containing 0-2 mol dm~> of mono- and
polyhydric alcohols

G(c) (expz) G(c) (calcga

Alcohol (J kg mol (J kg mol
Methanol 27+ 2 22
Ethanof© —120+6 —114
Propan-1-dt¢ —258+6 —250
Propan-2-ol —231+6 —250
Butan-1-of —4744 39 —386
Butan-2-of —405+ 12 —386
2-Methyl-propan-1-ol —425+ 24 —386
2-Methyl-propan-2-ol —392+ 14 —386
Cyclopentanol —379+ 18 —386
Glycol —40+ 6
Butane-1,2-diol —214+ 14
Butane-1,3-diol —-172+6
Butane-1,4-diol —108+6
Pentane-1,5-diol —216+6
Hexane-1,6-diol —410+ 4

a CalculatedJsmg G(CH) = —68 J kg mol~2 and G(OH) = +226 J kg
mol~2.

® H(c) =290+ 39 J kg mol 2 , T9(c) =339 kg mol~ 2
®H(CH)=345+52J kg mol 2 , TYCH)=410Jkg moI 2 H(OH) =
—1440+ 300J kg mol TS{OH) 1532Jkg mol 2

9'H(c) =980+ 66 J kg mol , TSc)=1202J kg mol™ 2

® Concentratiorange0—1 mol dm->.

alkyl chainson the neutralhydrolysisof 1 wereanalysed
in termsof G(c) parametersbtainedirom linear plots of

In[k(m.9/k(mes= 0)] againstm, at 298K. No evidence
was obtainedfor alcoholysisunderthe reactioncondi-

tions used.Low solubilities placean upperlimit on the

length of the alkyl chains.G(c) parameterssary from

27 + 2 Jkg mol~? for methanoto —392+ 14 Jkg mol—2

for 2-methyl propan-2-oland exhibit additivity upon

increasing the number of methylene groups in the

alcohol. The parametersan be analysedin termsof a

rate-enhancingontributionfrom the OH groups[pair-

wise Gibbs energy group interaction parameter
G(OH)=226 J kg mol~] and a rate-decreasingon-

tribution of CH groups[G(CH) = —68 J kg mol~?]. For

all alcoholsexceptmethanolthe hydrophobiceffects of

the alkyl group dominatethe kinetic medium effects
(Tablel). Stabilizationof theapolarinitial stateaccounts
for this behaviour. This conclusionis supporte@ by

kinetic datafor 1 in water-rich ethanoland water-rich
propan-1-olmixturesin the temperaturaange288-333
K.

BIFUNCTIONAL SOLUTES

Significantly,we havefoundthatkinetic dataandderived
G(c) parameterssignal how groups within the same
moleculeinteractand affect how the moleculesinteract
with watermoleculesin their cospheres.

A simplediagrammakegthe point. We imaginethatto
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asolutioncontainingreactingmoleculeZ we haveadded
a moleculehavingthe following generalformula:

_(CHZ)n_

The two groupsX andY are separatedy a chainof n
methylenegroups.In solution, the reactantmoleculeZ
‘sees’this moleculevia the cosphere—cospheinterac-
tions noted above and so its reactivity is modified in
termsof effectson both|S andAC. An obviousquestion
centreonthe extentto which theimpactof groupsX and
Y dependon the numbern.

Theoverwhelmingnfluencef suchhydrationeffects
on G(c) parameterss dramaticallydemonstratedby rate
constantsfor the pH-independenthydrolysis of 1 in
aqueoussolutionsin the presencef low concentrations
of dihydric alcohols*® The G(c) parametersiow depend
stronglyon the relative positionof the OH groupsin the
cosolute.Only for 1,4-, 1,5- and 1,6-diols canthe G(c)
valuesbe reasonablyreproducedusing the G(CH) and
G(OH) parameter®btainedfor monohydricalcohols.If
the two OH groups are in closer proximity, their
hydration shells overlap intramolecularly and the
G(OH) parametersare reduced below those of well
separatedDH groups.No additivity of groupinteraction
parametersis found. For polyhydric alcohols, these
effects are even more pronounced, and [G(OH)+
G(CH)] can actually become negative. Glycerol, for
exampleexertsarate-decreasingffectonthehydrolysis
of 1 [G(c)=-91+6 J kg mol~?] becausemutual
destructiveoverlap of the OH hydrationsphereswithin
themoleculeopposeshe otherwiserateincreasingeffect
of the individual OH groups. Similar intermolecular
hydration shell overlap effects are revealedby kinetic
medium effectsin solventscomprisingternary aqueous
mixturescontainingboth propan-1-olandurea’®

Whereasaureaitself hasa negligible effect on the rate
constantgor the hydrolysisof estersshownin Figs1 and
2 its presencalisturbsthe hydrophobichydrationshell of
the propyl group and drastically reduces the rate
decreasingeffect of the alcohol.

THE CAMOUFLAGE EFFECT

We haveshownthattheimpactof groupsX andY when
both are OH groups significantly dependson the
stereochemistrgf the linking alkyl chain.

Kinetic datafor chemicalreactionsin the presenceof
carbohydratetaveshownin a simplebut dramaticway
the role of the stereochemistryn determiningsolute—
solute interactions.We have identified a camouflage
effect?*?® The latter emergesif the hydrophilic OH
groups can fit into the three-dimensionalhydrogen-
bonded network of water molecules: Consequently,
theseOH groupsare camouflagedy the solventwater
from the reactantmoleculesin boththeir IS andAC. On
the other hand, the reactantmoleculesstill ‘see’ the
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Table 2. Some representative G(c) parameters for the neutral
hydrolysis of 1 in aqueous carbohydrate solutions (298 K)

Carbohydrat® G(c) (Jkg mol™3)
D-Arabinose —-98+8
D-Ribose —2234+10
D-Galactose —-1424+11
D-Glucose —-201+12
D-Mannose —227+12
D-Talose —2804+10
D-ldose —330+ 40
D-Fructose —222+12
Maltose —6594 49
Sucrose —5414+ 25
Lactose —472+ 37

& Concentratiord—1 mol dm™3.

hydrophobic C—H groups and respond as if the
hydration propertiesof the addedcarbohydratesolute
moleculesare dominatedby their hydrophobicproper-
ties, althoughthe high solubility is determinedby the
dominanthydrophilic characterof the carbohydrate.

All the carbohydratethatwe examineddecreasethe
rate constantsfor hydrolysis [G(c)between—98 and
—330Jkg mol~?]. All dataarein accordwith hydration
shell overlap effects, which dependcrucially on the
relative position of the OH groupsin the carbohydrate
molecule.As the fit of the OH groupsinto the three-
dimensional hydrogen-bondedstructure of water im-
proves,the propertiesof a given carbohydrateesemble
those of a ‘hydrophobic’ cosolute (Table 2). Two
contrasting examples are D-talose [good fit;
G(c)=—280 J kg mol? and D-galactose[bad fit;
G(c) = —142 J kg mol~?]. Of particularimportancefor
the fit of the soluteinto the water organizationis the
relative position of the OH(2) and OH(4) groups.This
interpretationis supportedby isentropic partial molar
compressiorf§ and by chromatographic retention
times?® A moleculardynamics(MD) simulation of f-
D-galactopyranas and «,f-D-talopyranosein aqueous
solution substantiateshe importance of next-nearest
neighbouroxygendistancesn the carbohydrateselative
to averageoxygen—oxygendistancesin water?’ We
suggesthatthe conceptof camouflageby OH groupsin
carbohydrateslissolvedin aqueoussolutionswill prove
generallyuseful.

Thatthis phenomenorcanbeidentified by measuring
theratesof chemicalreactiondn aqueousystemshows
the merit of the approachwhich we have exploitedin
these studies. We are developing this approach to
examine the impact of more complicated solutions
containing,for example mixturesof addedsolutes.Not
unexpectedlythe dataanalysisis not asstraightforward
asin the casediscussedere,but preliminary analyses
show that the methodologyhas considerablemerit in
probingwhat arevery complicatedsystems.

0 1998JohnWiley & Sons,Ltd.

ALKYL SULPHATES AND ALKYLAMMONIUM
SALTS

Kinetic mediumeffectsalsothrow light on a particularly
important issue of molecular recognition processesn

agueoussolution. This issue involves the notion that
almostall soluteshavean‘amphibious’naturesincethey
contain both apolar groups (which can engage in

hydrophobic interactions) and polar or ionic groups
(providingwatersolubility andwhich participatein polar
and/orhydrogenbondinginteractions) A simple caseis

representedby a soluteof type5:

CH3(CHp),—X
5

where X =a polar or ionic group. Unavoidably, the
hydrophobichydrationshell of the alkyl group and the
hydrophilic hydrationshell of group X interactintramo-
lecularly, leadingto destructiveoverlap effectsin their
contactzone®® In view of the previousdiscussionthese
overlapeffectsinfluencethe respectiveG(CH) and G(X)
parametergor the apolargroupsin 5. Extensivestudies
have been madé®=° for severaladdedsolutes5 with

=—0S0;~ andX = —N"R3 usingthekinetic probe3
and carefully avoiding micellization for longer alkyl
chains.A plot of G(c) for ionic cosolutesagainstthe
numberof CH groupsclearly showsthat the first three
methylene units attachedto the X functionality are
largely deprivedfrom exertinga rate-decreasinginetic
mediumeffectthroughstabilizationof the substrateThis
deviationfrom additivity demonstratethedelicacyof the
hydrophilic/hydromobic natureof solutessuchas alkyl
sulphatesand alkylammoniumsalts.Similar phenomena
occurin all biomoleculesandallow accuratdine-tuning
of non-covalenintermolecularinteractions®*

a-AMINO ACIDS

Zwitterionic a-amino acidsare a particularly important
classof compoundsfor examiningthe implications of

intramolecularhydrationshell overlap effectsfor inter-

molecularinteractionsin aqueoussolutions.The hydra-
tion shellsof the —NH3;" and—CO, moietiesgreatly
influencethe hydrationof the substituentt the o-carbon
atom.Using 1 asa kinetic probe,G(c) parameterdor a

seriesof a-aminoacidsand somederivativeshavebeen
determined®>2 Most of the «z-amino acidsinducerate
enhancementas quantifiedby the positive G(c) values.
Theseeffectsare accountedor in termsof stabilization
of the activatedcomplexthroughfavourableinteractions
with the carboxylatemoiety. Generabasecatalysiss not

involved. Evenfor valine and leucine,the hydrophobic
effectsof theisopropylandisobutylgroupsrespectively,
arecounteredy the hydrationshellsof bothionic groups
in closeproximity. Only in the caseof phenylalanineand
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3-phenylserineare the hydrophobicbenzyl substituents
sufficiently remotefrom the ionic moietiesand able to
exert their hydrophobic effects. Neutron scattering
experiments reveal the altered water organization
(comparedwith bulk water)in the hydrationspheresof
hydrophobica-amino acid analogues? Thesex-amino
acids now retard the rate of hydrolysis as a result of
initial state stabilization. Aromatic stacking cannot
explain theseresults becausesimilar rate retardations
are observed for substrate 2, lacking the benzoyl
substituent.As expected,phenylalaninamid, in which
the —CO,~ group is replaced by an uncharged
—CONH, moiety,exhibitsa muchstrongemhydrophobic
character,as indicated by the strongly negative G(c)
parametet’ (—1870+ 25Jkg mol~?). A similarbutless
marked difference exists between glycine [G(c)=
+875+21 J kg mol™?] and glycinamide [G(c)=
—148+ 2.5Jkg mol~?]. We contencthatintramolecular
destructivehydrationshelloverlapeffectsarealsohighly
relevantfor a quantitativeunderstandingf intermole-
cular interactions and conformational preferencesof
more complicatedbiomoleculessuch as proteins® and
oligosacharided®

In sum,thekineticanalysisoutlinedin termsof adirect
link betweerthermodynamicandtransitionstatetheory
offersa preciseindicatorfor non-covalentnteractionsn
aqueoussolutions. The required rate constantscan be
obtainedwith high precisionandthe conditionscan be
selectedfor analysing1:1 intermolecularinteractions.
However, the fact that the approachis basedon the
application of transition state theory necessitateshat
only chemical reactions can be used for which the
transitionstatestructuresarerelatively well defined.
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